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Executive Summary 
 
Particulate matter (PM) refers to all airborne solid and liquid particles (except pure water), 
microscopic in size. PM10 refers to those particles less than or equal to 10 µm, which includes 
a fine fraction of particles 2.5 µm or less (PM2.5) and a coarse fraction of particles between 2.5 
and 10 µm (PM10–2.5). PM2.5 originates primarily from combustion processes—transportation, 
industrial processes and burning—while PM10–2.5 is mostly associated with mechanical 
processes such as wind erosion, road dust raised by vehicular motion and grinding 
operations.  
 
In June 2000, Environment Ministers from across Canada (except Quebec) signed the 
Canada-Wide Standards (CWS) for PM2.5 and ozone (O3). Despite the indications that PM2.5 is 
the most problematic size fraction of PM from a health standpoint, larger particles (up to 10 
microns) have also been implicated in adverse health effects (US EPA 1996; WGAQOG PM 
SAD 1999). In anticipation of the publication of additional research on this question, direction 
was given to revisit this issue and report back on the scientific basis for a CWS for PM10–2.5. In 
2003, Health Canada finalized the first Canadian risk assessment on coarse PM (Health 
Canada, 2003; internal report), reviewing in detail peer-reviewed publications published before 
2002 investigating the health effects of coarse particles. At that time, the existing evidence on 
the health effects of coarse particles indicated a possible role for this PM size fraction in the 
development and expression of effects, especially in the upper respiratory tract. The primary 
evidence was provided by studies of the relationships between short-term exposure to coarse 
particles and respiratory symptoms such as cough, phlegm, rhinitis and indications of asthma, 
with some support from respiratory hospital admission studies.  
 
This document brings together new peer-reviewed literature published from 2002 through 
December 2011 and discusses how it extends the state of knowledge on the health effects of 
coarse particles. The main objective of this assessment being to determine if the scientific 
evidence on coarse PM has advanced since our prior review in 2003 (Health Canada, 2003; 
internal report). 

Sources/Ambient Levels/Personal Exposure Studies 
Environment Canada compiles emission summaries and trends, including emissions reported 
by facilities, to the National Pollutant Release Inventory (NPRI). A variety of emissions 
estimation methodologies are used, including a geographical information system (GIS) 
coupled with socioeconomic statistics (including population, dwelling and labour force data at 
very fine geographic resolution) to estimate the magnitude and distribution of emissions from 
industrial and non-industrial sources. Coarse PM is not inventoried directly by Environment 
Canada; estimates have been derived by subtracting PM2.5 total emission rates from those for 
PM10. It should be noted that a high degree of uncertainty is inherent to those emissions. In 
2010, total coarse particle emissions for Canada can be estimated at 4.8 million tonnes.  
 
Estimations of coarse PM emissions for Canada from all sources indicate that  approximately 
98% of all coarse PM is from “open sources,” with only 2% from industrial sources and less  
than 1% from either mobile or natural sources. Within the open sources category the highest 
emissions are from unpaved road dust (53%), with agriculture, construction and dust from 
paved roads together contributing the remaining 47%. Within industrial sources mining and 
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quarrying is the largest emitter at 31%, with various other industries contributing to a lesser 
degree. Emissions can also be broken down by province, with annual emissions for 2010 in 
Alberta being significantly higher than in any other province or territory, followed by Ontario, 
Saskatchewan and then Quebec. All provinces/territories follow the Canadian trend, with the 
vast majority of coarse PM emissions arising from open sources, with only Yukon having 
emissions almost equally divided between open and natural sources.  Industrial coarse PM 
emission contributions in the various provinces/territories appear to reflect the relative 
importance of various industries to the economies of these provinces/territories. Overall, 
based on the Canadian inventory, the largest source of coarse particles in Canada is open 
sources and the composition of these particles may be much different from those in other 
parts of North America or more urbanized countries of the world. 
 
Ambient coarse PM levels in Canada summarized in this report are based upon data from the 
National Air Pollution Surveillance (NAPS) monitoring network and are relatively low. Daily 
mean ambient levels measured from 49 filter-based sites from 1985 through 2012 were 
almost exclusively below 10 µg/m3 except for one site in Montreal, QC, two sites in Windsor, 
ON and two sites in Alberta. The highest levels of coarse PM mass are found in large urban 
areas and near roadways with non-urban areas experiencing much lower levels. Non-exhaust 
traffic emissions are the main urban source of coarse PM. The majority of these emissions 
originate from the re-suspension of accumulated deposited PM, including road salt and sand 
as well as road-wear related particles, with much less coarse PM resulting from primary tire 
and brake wear. Examination of monthly and seasonal patterns in monitored PM10-2.5 mass 
indicate that levels are generally higher in spring, consistent with the re-suspension of 
accumulated road salt and sand detritus and also higher on weekdays versus weekends by a 
ratio of 1.5 for the years 1985-1998 and 1.8 for the years 2010-2012. Data from 1985-2012 
dichotomous samplers indicates a decreasing trend in annual mean and 90th percentile PM10-

2.5 concentrations nationally and in most Canadian cities. Coarse PM compositional analysis 
has been carried out since 1987, with 22 elements typically being quantified, with this data 
being used to calculate an estimated soil component (SOIL) as well as an estimated other 
trace elements (TEO) component. Soil accounts for an average of 50% of total PM10-2.5 mass, 
with organic mass accounting for 20-40% of total PM10-2.5 mass in rural areas and 10-20% at 
urban sites. Sites with nearby industrial point sources; however, can yield substantially 
elevated TEO levels in the coarse PM emissions.  
 
The Exposure Assessment Section of Health Canada has carried out several studies in which 
coarse PM was one of the pollutants monitored in several locations across Canada via 
Harvard Cascade Impactors (HCIs) located in various locations during different seasons. 
Comparison between cities is difficult as the sampling durations differed at each location. No 
clear seasonal trends were observed in cities where samples were collected for 14-d periods: 
Hamilton, ON, Ottawa, ON, Halifax, NS, and Calgary, AB. With respect to the other monitoring 
locations, Regina, SK, summer levels were approximately 3 times greater than the winter 
concentrations, perhaps indicative of the intense agricultural activity occurring in 
Saskatchewan in the summer months.  
 
Personal exposure to coarse particles has been investigated in a very small number of studies 
and the mean concentration across studies ranged from 1.62 to 76 μg/m3. Unpublished data 
from a monitoring field study performed in Windsor, Canada found that the mean coarse PM 
concentration; measured during an integrated five-day period, was respectively 12.0 µg/m3 
(SD = 4.5) and 13.7 µg/m3 (SD = 5.7) in the summer and winter periods in healthy adults. One 
new Canadian study of subjects suffering from chronic obstructive pulmonary disease (COPD) 
used an estimating procedure and derived a relatively lower exposure estimate of 2.5 µg/m3 
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(SD= 2.1). While limited work has been done directly on coarse particles, some of the results 
available indicate that certain issues may be important when examining PM10–2.5 in 
epidemiological investigations. Coarse particle estimates are usually obtained through a 
difference method from co-located PM10 and PM2.5 central monitors (PM10–PM2.5), which 
introduces error that is not seen with direct measurement. Coarse particle exposure is also 
influenced by the spatial variability of coarse PM in ambient air, the levels of coarse particles 
in indoor environments, and personal activity patterns. Misclassification of exposure through 
measurement error is a well-recognized, inherent limitation of epidemiologic studies of 
disease and the environment and some studies have suggested higher random exposure 
measurement error for the coarse PM fraction than for the fine PM fraction, in part as a 
consequence of greater spatial heterogeneity in the ambient levels of coarse PM and poorer 
infiltration of coarse PM into buildings.  
 
Based on the limited literature currently available personal exposure to coarse particles, as 
measured by personal exposure monitors, tends to be higher than either indoor or outdoor 
levels of coarse PM. Personal activity patterns appear to have considerable influence on 
exposure as there is generally a poor correlation between personal exposures to coarse PM 
and indoor or outdoor air levels. The lack of correlation has been attributed to the physical 
nature of coarse PM, which has a short atmospheric half-life due to its increased deposition 
rates compared to fine particulate and the lower infiltration rates. Activities that increase 
indoor concentrations of coarse particles, including cooking, dusting, vigorous movement over 
carpets, play activities and exercising in a school gym, as well as time spent in some outdoor 
microenvironments (near construction sites, in transit, at traffic junctions) are also expected to 
affect personal exposure. The increasing number of people actually present in the home has 
also been showed to be an important contributor to indoor levels of coarse particles.  
 
Because of the time spent indoors, the majority of exposure to coarse particles is thought to 
result from indoor sources. It has also been suggested that children, because of their 
increased activity levels, have potentially higher levels of exposure to coarse particles than 
less active members of a household.  
 

Dosimetry Studies 
The majority of the new dosimetric studies have investigated the deposition pattern of ultrafine 
and fine particles. However, a small number of studies have been published in which either 
the deposition patterns or the biological/physical factors influencing the dosimetry of coarse 
particles in the respiratory tract were modelled or measured in experimental settings.  
 
On the whole, the new information from dosimetric studies continues to support the 
conclusions reached in previous US EPA assessments of PM—particles with a diameter of 10 
µm or less are considered inhalable by humans, and this diameter still remains a reasonable 
cut-off for particles that penetrate and potentially deposit in the thoracic regions of the lungs. 
With nasal breathing, a significant fraction of coarse particles deposits in the extrathoracic 
(ET) region, but these particles can also penetrate to and deposit in the tracheobronchial (TB) 
and alveolar (A) regions. Mouth breathing bypasses much of the filtration capabilities of the 
nasal passages and leads consequently to increased deposition in the TB and A regions of 
the lung. The new literature also showed that particle deposition will vary according to several 
factors (age, gender, ventilation parameters, and lung disease), as demonstrated in past 
studies. Knowledge of where different-sized particles deposit in the human respiratory tract, 
as well as of the amount of deposition and the factors affecting it, is necessary to 
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understanding and interpreting the health effects associated with exposure to these particles. 
For coarse particles, the mathematical models predict higher particle deposition in the lungs of 
children, exercising healthy adults, and patients with lung disease (chronic fibrosis).  

Epidemiological Studies  
The effects of coarse particle exposure on human health have been investigated in a number 
of epidemiological studies, which have primarily evaluated the impact of these particles on 
respiratory and cardiovascular outcomes.  

Acute Effects—Mortality 
Twenty-six studies, which investigated the relationship of daily variations in mortality with 
some measure of coarse particles (PM10–2.5 or PM10 from dust storm events which contain high 
levels of crustal material i.e. material from the Earth’s crust) using modern time-series 
methods or case-crossover design, were reviewed in this report. Of these studies, eight were 
performed in North America—two in Canada and six in the United States, one study was 
performed in South America, nine were performed in Europe and seven in Asia; one study 
was a reanalyzed meta-analysis of studies performed throughout the world and one evaluated 
the impact of extreme air pollution events, bushfires and dust storm, in Australia. Most studies 
have examined the impact of coarse particles on total daily mortality as well as on both 
respiratory and/or cardiovascular mortality, while a limited number have focused their attention 
on cerebrovascular and cancer mortality. Some studies have also looked at more specific 
health outcomes, including myocardial infarction (MI), stroke and intracerebral hemorrhage.  
 
All 18 studies investigating the association between coarse particles and total mortality 
reported positive associations, although statistically significant associations were observed in 
only seven studies. A limited number of epidemiological studies have studied the effect of 
coarse particles on mortality specifically due to respiratory diseases; most of these studies, 
conducted in different areas around the world, have found positive associations, with only 
some of them reporting statistically significant associations in single-pollutant models. In 
single-city studies, the independent effect of coarse particles was assessed in only two study 
and the reported associations were no longer significant after the inclusion of fine particles in 
the model. For cardiovascular mortality, all studies performed, except one, also found positive 
associations with coarse particles. In Vancouver, BC, where fine particles were not found to 
be an important predictor of all-cause mortality, coarse particles were positively and 
significantly associated with increased cardiovascular deaths while, in contrast, no significant 
relationships were found in Spokane, WA, where coarse PM levels are expected to be higher 
than in Vancouver. Strong associations have also been observed in Barcelona, Spain, and in 
Italy between coarse particles and mortality from both cardiovascular and cerebrovascular 
diseases, whereas coarse particle levels found in Helsinki, Finland, were not related to 
cardiovascular mortality. Significant associations were also observed in Tokyo, Japan, 
between PM7 and MI; the increased mortality within 1–6 h after high PM concentrations 
suggested that the onset of MI occurs shortly after PM exposure.  
 
In addition to the single-city studies, the well-designed US multi-city study provided strong 
evidence of associations between coarse particles and mortality for all-cause, cardiovascular 
and respiratory effects. The observed effects for all-cause, stroke and respiratory mortality 
remained significant after inclusion of PM2.5 in the model. The associations observed between 
PM and the various mortality outcomes were, however, highly variable across season and 
region, with greater variations observed for coarse particles than for fine particles, suggesting 
an important role for the composition of these particles. A Californian multi-city study also 
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provided evidence of an association between short-term exposure to coarse particles and 
both all-cause and cardiovascular mortality; stronger associations were found in lower 
socioeconomic subgroups, Hispanics and non-high school graduates. To minimize exposure 
misclassification the authors of this study only included populations living within 20 km of 
collocated PM10 and PM2.5 monitors, which might have strengthened the associations. A multi-
city study performed in China has also reported positive and significant associations with both 
cardiovascular and respiratory mortality. These coarse particle associations were, however, 
no longer significant when fine particles were included in the model, while they remained 
statistically significant for the fine particles.  
 
Some of the new mortality studies have been conducted in areas where PM10 or PM10–2.5 
levels are dominated by crustal materials and/or windblown particles, and these studies seem 
to support the previous hypothesis that windblown dust found from high-wind-speed 
conditions in non-urban areas is less toxic than finer particles generated in urban areas. For 
example, results from Asian studies provide only limited evidence that crustal coarse PM from 
Asian dust storm (ADS) events has an effect on mortality, in spite of the extremely high levels 
of PM10 from dust storms. Traffic-related particles in Athens, Greece also demonstrated more 
toxic effects than the particles originating from long-range transport.  Strong and robust 
associations have, however, been reported in Barcelona, Spain, between both PM1 and PM10–

2.5 and cardiovascular and cerebrovascular mortality; these associations even remained robust 
and significant with the inclusion of the other PM fractions in the model. It was also observed 
in that study that coarse particles found on Saharan dust days led to a higher risk of mortality 
than did those collected on non-Saharan dust days. Moreover, coarse particles collected 
during these Saharan dust days have been shown to have the highest inflammatory activity in 
toxicological assays as compared with other PM fractions. Similar associations have also 
been observed in Italy with cardiovascular mortality, and they were stronger during Saharan 
dust outbreaks than on dust-free days, suggesting that crustal-derived particles can also be 
detrimental to health. These associations could either reflect an effect of the crustal Saharan 
dust per se or specific components of these particles, such as biological materials or 
anthropogenic pollutants that have accumulated during the long transit over the 
Mediterranean. Dust storm particles in Sydney, Australia were also shown to be associated 
with mortality three days following the dust event. 
 
The health database supporting the relationship between coarse particles and mortality 
outcomes has grown over the past few years. Consistent positive associations, through often 
non-significant, have been reported in several single-city studies performed in different 
locations around the world. In addition, strong associations were observed in inherently more 
powerful multi-city studies. Overall, the association between coarse particles and mortality is 
clearly not as strong as the association between fine particles and mortality. The associations 
are, however similar in magnitude, although less precise than those observed for fine particles 
likely due to the fact that fine particles are being better estimated and are impacted by less 
exposure measurement error. In those studies that included multi-pollutant models, 
associations with coarse PM were often (but not always) reduced and non-significant when 
other pollutants were included. Some authors have speculated that the chemical composition 
of PM10–2.5 could explain why coarse particles exhibited stronger associations than fine at 
some sites. Uncertainty remains due to the different methods utilized to estimate coarse PM 
concentrations across studies and the potential for confounding by the fine PM fraction and 
gaseous co-pollutants. 
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Acute Effects—Morbidity 
The 2003 coarse PM assessment (Health Canada, 2003; internal report) concluded that the 
existing evidence on the health effects of coarse PM indicated a possible role for this PM 
fraction in the development and expression of effects on the upper airways. The primary 
evidence was provided by studies of the relationship of short-term PM measures with upper 
respiratory symptoms (cough, phlegm, rhinitis) and supported by hospital admission studies, 
which indicate a role for this PM fraction in asthma exacerbation. In this report, we have 
reviewed 13 hospitalization studies, most of which focused on respiratory outcomes. Six were 
conducted in Canada, either in Toronto, ON, or Vancouver, BC, while the others were 
performed in different locations of the United States and Europe except for one undertaken in 
Turkey.  
 
The Toronto and Vancouver research provides strong evidence of links between short-term 
exposure to coarse particles and respiratory hospital admissions in children. In Toronto 
children, significant associations were observed between coarse particles and both respiratory 
infections and asthma hospitalizations. The studies used both time-series and case-crossover 
designs, which yielded similar results. These associations remained significant in multi-
pollutant models with gaseous pollutants. Moreover, no significant associations were found 
with fine particles in these studies. Significant associations between coarse particles and 
respiratory hospital admissions in children were also noted in Vancouver, and the 
relationships persisted similarly in multi-pollutant models with gaseous pollutants. In the first 
European multi-city study, strong and consistent associations with hospital admissions for 
respiratory diseases and respiratory infections were also observed in children. The results of 
some of these new studies indicated that coarse particles may have stronger health effects 
than fine particles, especially in children. 
 
Some new morbidity studies have investigated the impact of coarse particles on respiratory 
hospital admissions among the elderly population of Vancouver. In general, these studies 
suggested that exposure to very low levels of ambient coarse particles is associated with 
respiratory hospital admissions in the elderly. Coarse particles were more strongly associated 
with readmissions than with first hospital admissions for respiratory illness in the elderly, 
suggesting that these particles could act through exacerbation rather than induction of 
respiratory diseases. The results of these studies were also robust to various analytical 
approaches and remained significant in multi-pollutant models with gaseous pollutants, except 
for admissions related to COPD. This relationship between PM10–2.5 and COPD admissions 
remained positive but was reduced and became non-significant when PM2.5 was included in 
bivariate analysis; similar results were also observed for PM2.5 in bivariate analyses with 
gaseous pollutants and coarse particles. Positive, but non-significant associations between 
coarse particles and hospitalizations due to respiratory diseases in the elderly were also 
reported in the both the US and French multi-city studies, although this association was 
diminished after controlling for fine particles in the US multi-city study.  
 
New hospitalization studies also investigated the impact of coarse particles on cardiovascular 
diseases (CVD) and most of them have focused on the elderly age group as well. Significant 
associations have been reported in the elderly in single-pollutant models from a large 
American multi-city study; the association with coarse particles remained but diminished and 
was no longer statistically significant after taking fine particle levels into account in the models, 
while the effect of fine particles remained statistically significant. Based on their results the 
authors concluded that the associations between CVD and coarse particles were weaker than 
with PM2.5. Fine particles were also more related to cardiovascular hospitalizations, especially 
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in the elderly age group, in the European multi-city study. Strong and significant associations 
were, however, observed between coarse particles and ischemic disease hospitalizations. 
 
In contrast to these Canadian studies, no significant associations between coarse particles 
and respiratory or cardiovascular hospital admissions were found in Spokane, WA, (all-age 
group); the fine PM fraction appeared to be more strongly associated with the various health 
endpoints. Little evidence of an association between short-term coarse PM exposure and 
respiratory hospital admissions for children has also been reported in London, England, where 
the source apportionment analysis suggested that secondary nitrates and sulphates may be 
more relevant to respiratory hospital admissions. In Finland, long-range transported and 
traffic-related particles also appeared to be more related to the cardiorespiratory health 
(coronary heart disease, stroke, arrhythmia, pneumonia, asthma + COPD) of the elderly 
population. A significant association was, however, observed between exposure to coarse 
particles (same day) and hospital admissions for asthma + COPD.  
 
Overall, the new studies of hospital admissions support results from previous research, where 
significant associations were observed between coarse particles and respiratory hospital 
admissions or increased respiratory symptoms in areas with relatively low coarse PM levels. 
Results across various studies indicated that coarse particles were often more strongly 
associated with respiratory endpoints, especially in children, while fine particles were more 
related to cardiovascular hospitalizations, especially in the elderly. 
 
Previously, very few investigations of the relationship between coarse particles and 
emergency room visits (ERVs) were available. Eight new studies that investigated the impact 
of coarse particles on ERVs/clinical visits due to respiratory or cardiovascular endpoints have 
been reviewed in this assessment. While positive associations were found with almost all the 
endpoints, it is difficult at this stage to form any specific conclusions, given that most were not 
statistically significant. Significant associations were only observed in Atlanta, GA, with both 
ERVs and ambulatory care acute visits for child asthma or upper and lower respiratory 
infections and in Helsinki, Finland, where the associations between coarse particles and 
asthma/COPD in the elderly group became non-significant after the inclusion of either ultrafine 
particles (UFPs), PM2.5 or gaseous pollutants (nitrogen dioxide (NO2) or carbon monoxide 
(CO)). 
 
Results from 19 new published respiratory panel studies are consistent with previous research 
supporting the fact that coarse particles are more closely related to upper respiratory 
symptoms, whereas fine particles seem more strongly associated with decreases in lung 
function. Strong associations with increased respiratory symptoms (cough and runny nose) 
have been demonstrated in asthmatic children living in Spokane, WA, although no 
associations were observed in the asthmatic adult panel. Moreover, an independent 
relationship between wheeze and coarse particles was also observed with two-pollutant 
models including fine particles in a study of asthmatic children of Fresno, CA. Some additional 
analyses in this cohort also showed evidence of effect modification; stronger associations 
were observed with coarse particles in children who were skin-test positive to cat dander or 
common fungi, suggesting that more attention should be directed to the components of coarse 
particles that might contribute to asthma morbidity. In Baltimore, MD, significant associations 
were also found in both atopic and non-atopic preschool asthmatic children between several 
respiratory symptoms (cough, wheeze or chest tightness, nocturnal symptoms, symptoms 
slowing down children`s activity, symptoms limiting speech, rescue medication use) and 
exposure to indoor coarse particles, while no associations were reported with ambient coarse 
particles. 
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In addition, some new studies indicated that coarse particles could also be associated with 
decreases in some lung function parameters. The Vancouver panel study that observed 
coarse PM-related decrements in ΔFEV1 in adults with COPD is considered especially 
relevant. Not only was it conducted in a Canadian city with coarse PM levels similar to those 
observed in much of the country, but the effect was more strongly associated with the 
estimated personal exposure than with levels measured at a central site monitor. This more 
direct measure of exposure would be expected to result in lower measurement error than 
reliance on a central site monitor. The relation of coarse particles to lung function decrements 
in non-smoking children suffering from persistent asthma was also stronger for coarse 
particles than for fine particles in Chapel Hill, NC, where coarse particles were measured 
directly with a dichotomous sampler. The effect of coarse particles was more pronounced in 
children without measureable CD14 expression on circulating neutrophils, an endotoxin 
receptor involved in the detection of bacterial lipopolysaccharide, and might suggest that 
asthmatic children with muted expression of CD14 on their neutrophils may have reduced 
capacity to respond to endotoxin exposure. In Taiwan, personal exposure to coarse particles, 
measured with a portable particle monitor, had comparatively larger decreasing effects on 
peak expiratory flow (PEF) than smaller PM fractions in asthmatic children. Decrements in 
both morning and evening PEF were also observed in asthmatic subjects living in Sao Paulo, 
Brazil, with various ionic species of coarse particles that were measured directly with a 
dichotomous sampler. Results from these studies suggested that coarse particles, or some 
chemical species, could contribute to asthma exacerbation. The improved measurements may 
account for the fact that the researchers found an association between coarse particles and 
decrements in lung function where no significant association has appeared in other studies.  
 
A limited number of recent panel studies have also investigated the potential link between 
exposure to coarse particles and various biological markers. Significant associations observed 
with low levels of coarse PM and increased circulating eosinophils in adult asthmatics are 
suggestive of a general pro-allergic effect of coarse particles even in the absence of airway 
effects. Small but consistent associations between exhaled nitric oxide (eNO), a sensitive 
marker of inflammation, and coarse particles were also measured in asthmatic children living 
at the US–Mexico border but not in non-smoking (and non-asthmatic) elderly of St. Louis, MO, 
where eNO was sampled before and after repeated diesel bus trips.  
 
Generally, the association observed in recent panel studies between coarse particles and 
upper respiratory symptoms (such as cough and runny nose) as well as with asthma 
medication use adds to the growing literature suggesting a role for this particular PM fraction 
on upper respiratory symptoms and aggravation of asthma. Results from newly published 
studies suggest that children suffering from asthma might be more sensitive than asthmatic 
adults; eNO results noted in some studies are consistent with an apparent asthma 
exacerbation and greater sensitivity of children. 
 
The 2003 coarse PM assessment found little indication that the coarse PM fraction affects 
measures of cardiac health; non-significant associations were, however, found between 
coarse particles and some cardiovascular biomarkers. In contrast, fine particles were 
significantly associated with cardiovascular endpoints. Since 2002, 12 new panel studies have 
examined the association between coarse particle exposure and cardiovascular changes. 
Findings from single-city studies performed in various locations around the world have 
showed inconsistent results for both time and frequency domain heart rate variability (HRV) 
parameters; both decreases and increases in HRV have been demonstrated following 
exposure to coarse particles. Strong and consistent reductions in HRV indices have been 
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reported among adult asthmatics in Chapel Hill, an area with low levels of coarse particles 
(5.3 ± 2.8 µg/m3), suggesting that this group of people might be more susceptible to these 
particles. In several small studies of elderly subjects with cardiopulmonary conditions exposed 
to low or moderate levels of ambient coarse PM, there were associated reductions in HRV, 
but these were only statistically significant in the Coachella Valley, CA, in which exposures 
were relatively high. Significant associations between personal exposure to coarse particles in 
a panel of cardiac/hypertensive patients and HRV parameters have also been reported in one 
of the two studies performed in Taipei, Taiwan. Other cardiovascular endpoints examined in 
individual studies, including supraventricular ectopy, ST-segment depression and heart rate 
(ventricular tachyarrhythmic events and bradycardia), were not significantly related to coarse 
PM. Cardiac repolarization in non-smoking elderly subjects who survived an MI was, however, 
significantly related to exposure to coarse particles; prolonged corrected QT intervals (QTcs) 
were observed following exposure to all PM fractions (PM10, PM10–2.5 and PM2.5), and these 
prolongations were more pronounced in patients with minor allele frequencies of genes 
involved in detoxification pathways; more specifically the nuclear factor (erythroid-derived 2)-
like-2 (NFE2L2) SNPs rs2364725 gene, which is believed to play a role in the defence against 
oxidative stress. In most of these studies, the evidence was more suggestive of a role for 
smaller size fractions in the health effects observed, with the exception of the research 
performed in the Coachella Valley and Chapel Hill, where HRV was not associated with PM2.5. 
Results from some of these panel studies are, however, in agreement with results observed in 
new controlled human exposure studies where exposure to very high but still realistic 
concentrations of freshly collected “real world” coarse particles was able to elicit 
cardiovascular effects (modest decrements in HRV and small increases in heart rate) and 
warrant further investigation.  
 
Some new morbidity studies of medical events have also investigated the impact of crustal-
derived coarse particles. Most were performed in Taiwan during ADS events and have looked 
at hospital admissions and clinical visits for either respiratory or cardiovascular outcomes. 
Significant associations were only found with primary hemorrhagic stroke and pneumonia 
admissions in the all-ages category as well as with respiratory hospital admissions in 
preschool children. The findings from these studies support results from mortality studies 
performed in those areas, suggesting that these crustal-derived particles seem less toxic than 
finer particles generated in urban areas. New panel studies published since 2002 have also 
confirmed that combustion particles are more strongly related to respiratory and 
cardiovascular effects than crustal-derived particles. Two new panel studies have examined 
the association of crustal-derived particles with respiratory effects and medication use, while 
two others assessed the cardiovascular or respiratory effects of source-derived particles on 
subjects with pre-existing conditions. High levels of crustal-derived particles from dust storm 
events could be, however, linked to respiratory health effects in some susceptible subjects, 
such as asthmatics and elderly persons suffering from CVD. This indicates that these people 
may be affected by crustal and/or soil-derived particles. The evidence remains equivocal, 
given uncertainties with respect to a possible role for the fine PM fraction, inconsistency in the 
direction of the effects, or a lack of statistical significance.  

 
Chronic Effects 
There have been relatively few studies that examine the effects of long-term or chronic 
exposure to coarse particles. Since 2002, only five prospective cohort studies have examined 
the effect of chronic exposure to coarse PM air pollution in the US. These newer findings, like 
previous results, do not provide clear evidence of a role for the coarse PM fraction. Relative 
risks (RRs) for all-cause mortality were not significant or were reduced in magnitude when 
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adjusted for other factors, and the association was usually stronger with fine PM in all the 
available studies. In the Adventist Health Air Pollution (AHSMOG) study, where separate 
effect estimates were developed for males and females, an elevated risk of fatal coronary 
heart disease (CHD) was observed with ambient levels of fine and coarse particles in females 
but not in males. Stronger risks for all-cause mortality and fatal CHD were also observed in 
the female Nurses’ Health Study (NHS) than in the all-male Health and Professional Follow-up 
Study (HPFS), which were performed in the same geographical area and using identical 
exposure estimation methods. The authors noted differences, however, in the health 
indicators and the socioeconomic status between these two cohorts. Further studies with 
larger cohorts and/or with longer follow-up times are needed to substantiate this gender-
differential effect.  
 
In the past, the small dataset on chronic respiratory morbidity did not provide significant 
insight into the role played by the coarse PM fraction. While associations of such effects were 
found with PM measures, interpretation was limited by the relatively high correlations between 
the size fractions. Six new studies of respiratory morbidity in relation to ambient coarse PM 
have been recently published and focused solely on children. Four of them found some 
significant associations between coarse particles and upper respiratory symptoms, adding 
support to the previous findings. No association was found, however, between the incidence 
of bronchitic symptoms in asthmatic Californian children and long-term exposure to PM10–2.5, 
though there was an association with fine particles. An interaction between coarse particles 
and owning pets at home was reported in relation to increased prevalence of bronchitic 
symptoms in asthmatic children in California. Based on their results, these investigators 
hypothesized that an interaction between endotoxin and air pollutants could be a plausible 
explanation for the observed results, given that dog ownership has been shown to be a strong 
predictor of increased endotoxin levels in house dust. Moreover, the significant link reported 
by one team in California between coarse particles and wheezing in the summer (but not 
winter) season could also be due to adsorbed endotoxin in coarse particles. The only study 
conducted in Canada found positive but non-significant associations between coarse particles 
and eNO, as well as pulmonary function. Results from this study suggested that eNO could be 
a more sensitive health indicator than the traditional measures of lung function used in 
epidemiological studies. 
 
In the past no studies had investigated the association between long-term coarse PM 
exposure and cardiovascular morbidity or any other health effects. The association between 
long-term coarse PM exposure and cardiovascular morbidity has since been investigated in 
two distinct cohorts—the NHS and HPFS subjects—and no evidence has been found of an 
association between these particles and several cardiovascular outcomes, including first and 
non-fatal CHD as well as nonfatal MI, ischemic and hemorrhagic strokes. The relationship 
between incident diabetes mellitus and PM air pollution had also been investigated using 
participants of these two cohorts, and weak associations were observed with all PM fractions, 
including coarse particles.  
 
In general, evidence of an association between long-term exposures to coarse PM and either 
mortality or morbidity still remains limited and does not allow significant insight into the role, if 
any, played by the coarse PM fraction. Further research is, however, needed to better 
characterize the potential association of coarse particles with fatal CHD in women and asthma 
exacerbation in children during the summer season, when higher endotoxin levels are 
adsorbed in coarse particles, as well as in asthmatic children owning pets.  
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Developmental Outcomes  
In the past there had been no studies investigating the impact of coarse particles on 
reproductive, developmental, prenatal and neonatal outcomes. A limited number of studies 
have contributed to the relatively new but growing literature on adverse birth outcomes 
associated with exposure to coarse PM air pollution. With respect to spatial variability, the 
mother`s residence at time of birth was used to determine exposures to air pollutants in most 
of these studies. This approach is a recognized weakness in these types of studies, as it does 
not account for residential moves occurring during pregnancy or day-to-day movements of 
expectant mothers. No studies have yet investigated whether the effects of coarse particles on 
birth weight may differ by gender. No investigations have looked at other endpoints such as 
intra-uterine growth restriction (IUGR), small-for-gestational age, birth defects and 
reproductive endpoints. The number of studies on developmental outcomes remains limited, 
the findings are not entirely consistent, and there are important uncertainties with respect to 
the possible role of co-pollutants, the appropriate measure of exposure to PM, and critical 
periods of exposure during pregnancy. 
 
Coarse particles have not been implicated in infant mortality; these particles were not found to 
be linked with the incidence of respiratory postnatal mortality or sudden infant death syndrome 
(SIDS) in Canadian cities. Moreover, no associations were observed between chronic coarse 
PM exposure and both all-cause and respiratory-related infant mortality in a survival analysis 
performed in Seoul, South Korea, even though ambient levels were much greater than those 
in Canada.  
 
The more recent literature reviewed in this assessment indicated some evidence of coarse 
PM-related effects on reduced birth weight. A US study using nationwide natality data showed 
that coarse particles appeared to have a negative effect on birth weight. These associations, 
however, varied widely with the geographical locations, the study samples and the covariates 
included in the model. Maternal exposures to coarse particulate air pollution in a Californian 
birth cohort of singleton births were also related to lower infant birth weight. Significant 
associations persisted during all trimesters but were slightly stronger for the entire gestational 
exposure period. Decreases in birth weight associated with exposure to coarse particles for 
the full pregnancy exposure period remained robust in the two-pollutant models with the 
gaseous pollutants (CO, NO2, O3 or SO2), and the negative change in birth weight was more 
pronounced in non-Hispanic Blacks. No reduction in birth weight in full-term infants due to an 
increase in coarse particle concentrations during late pregnancy was reported in an Atlanta, 
GA, birth cohort of singleton births; fetal growth was especially affected by traffic-related air 
pollutants (NO2 and PM2.5 elemental carbon).  
 
One time-series study performed in Atlanta has investigated the impact of coarse particles on 
preterm birth; exposure to these particles during early or late pregnancy was not found to be 
related to this fetal outcome. Positive (but still non-significant) associations were, however, 
observed for preterm births that occurred within 4 miles of the monitoring station where coarse 
particles were measured.  
 
Overall, the database implicating coarse particles in developmental outcomes is inadequate 
and precludes the drawing of any specific conclusion about the role played by these particles.  
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Controlled Human Exposure Studies  
No controlled human exposure studies on ambient coarse particles had been conducted when 
the 1999 PM SAD and the 2003 coarse PM assessment were finalized. With only a limited 
number of new studies, evidence from controlled human exposure studies provides limited 
support for the findings of epidemiological studies. Three new studies indicate that exposure to 
very high but still realistic concentrations of freshly collected “real world” coarse particles is able 
to elicit cardiovascular effects (modest decrements in HRV and small increases in heart rate), 
changes in mediators involved in the coagulation process (decrease in plasminogen activator 
levels) as well as mild pro-inflammatory effects (airway inflammation and phagocytic response) 
in healthy young adults, although these effects are not always consistent across studies. 
Currently, it is difficult to form conclusions based on this small clinical dataset. Results of these 
studies lend support to the cardiovascular and respiratory health effects associated with coarse 
PM in panel studies as well as in toxicological studies. 

Toxicological Studies 
Toxicological studies of coarse particles have mostly used in vitro models to investigate the 
inflammatory and genotoxic effects of exposure to these particles. Exposure to coarse PM has 
been linked with a number of biological effects: inflammatory responses, adjuvant potency, 
oxidative stress, apoptosis, lipid peroxidation, cell proliferation, histopathological changes in 
lungs, and induction of cell surface molecules. Some new in vivo animal studies have also 
been performed; however, they used routes of administration less relevant to human 
exposures (intranasal or intratracheal instillation, or subcutaneous injection) due to the 
challenges exposing rodents to coarse particles via inhalation. 
 
Some recent studies have demonstrated that ambient coarse particles are more active than 
fine particles in stimulating epithelial cell cytokine production, suggesting that coarse particles 
can be the more potent PM fraction in inflammation responses. It was also demonstrated 
through these studies that biological responses vary from place to place, from season to 
season, and between different emission sources; the importance of different PM size fraction-
related health effects may be more a question of compounds adsorbed to their surface than of 
the actual particle sizes. Given the difference in composition between fine and coarse 
particles it is expected that the particles are recognized by different receptors in airway cells 
and stimulate different activation pathways. The specific component(s) of particles responsible 
for stimulation of various biological parameters are presently unknown; however, metal 
contaminants, polycyclic aromatic hydrocarbons (such as benzo(a)pyrene) as well as 
biological matter (such as endotoxin) have been implicated. The coarse PM fraction is 
believed to contain large amounts of such biological materials as endotoxin, and levels of this 
substance have been an important factor in the activation of alveolar macrophages (AMs) in 
several in vitro toxicological studies. In addition, most of the in vitro studies of size-fractionated 
ambient PM collected simultaneously from the same airshed have shown stronger pro-
inflammatory effects for the coarse particles than for the fine particles, supporting a role for 
endotoxin. 
 
The findings from these new toxicological studies indicate that the effect of the ambient coarse 
PM fraction should not be neglected. However, it should also be noted that the in vitro studies 
do not take into account particle deposition and clearance, which may filter out most of the 
coarse PM inhaled. When exposure takes place in vivo, by inhalation, the toxic effect of coarse 
PM may be quite different; the potential health effects of coarse particles should therefore be 
examined using inhalation exposures.  
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Risk Characterization 
The body of evidence on the health effects of coarse PM has grown since the previous 
assessment but is still limited compared to that available on fine PM. The respiratory system 
appears to be the critical target for adverse effects following exposure to coarse particles. 
Overall, the data on the health effects of coarse particles are weaker than for fine particles 
and subject to larger measurement errors. These particles are also characterized by a more 
heterogeneous chemical composition. However, based on dosimetric, epidemiological, and 
toxicological studies performed in industrialized/urban areas, the existence of adverse health 
effects on the respiratory system resulting from short-term exposure to coarse particles cannot 
be dismissed.  
 
There is considerable evidence of an association between coarse particles and morbidity 
effects, including respiratory hospital admissions and increased respiratory symptoms. The 
database on respiratory health effects exhibits strength of association, consistency, 
coherence and biological plausibility and therefore provides a basis to conclude that 
the evidence is suggestive of a causal relationship between short-term exposure to 
coarse particles and respiratory morbidity. Despite the general coherence of the 
respiratory health effects database important uncertainties, including measurement error 
however remains. The extent to which co-pollutants may modify or contribute to the health 
effects of coarse particles can also be an important source of uncertainty. These limitations 
increased the uncertainty surrounding the concentrations at which PM10-2.5-respiratory 
associations are observed. Some susceptible populations appear to be at more risk from 
these particles, including children and the elderly, especially those suffering from asthma. The 
continued appearance of a mortality signal in some well-conducted single-city studies and in 
limited multi-city studies provides evidence of an association between ambient coarse PM 
exposure and mortality and warrants some consideration. Overall, this association is similar in 
magnitude, but less precise, than the association observed for fine particles. Uncertainty also 
remains about the potential of confounding by the fine PM fraction and/or gaseous pollutants. 
Cardiovascular effects also appear to be associated with short-term exposure to coarse 
particles, although the health database supporting this relationship is not as large and 
consistent as that seen for respiratory effects, and important issues, such as the possible role 
of fine particles and/or gaseous pollutants and the lack of statistical significance likely due to 
measurement error also remain to be resolved. Coarse particles in urban/industrial locations 
are likely to be enriched by anthropogenic components which tend to be more toxic than 
windblown crustal material which dominates coarse particle mass in arid rural areas (US EPA, 
2009). However, some new studies suggest that high levels of crustal-derived particles from 
dust storm events are associated with respiratory health effects in asthmatics and with CVD in 
the elderly. Generally, the epidemiology data and the results from limited controlled 
human exposure and toxicological studies are suggestive of a causal relationship 
between short-term exposure to coarse PM and both mortality and cardiovascular 
effects.  
 
In regard to the chronic effects of coarse PM, the health database is inadequate to infer 
a causal relationship with mortality, respiratory and cardiovascular health outcomes, 
as well as with the incidence of developmental outcomes. 
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1.0  Introduction 
 
Ambient particulate matter (PM) is composed of solid and liquid particles that come from 
various sources such as vehicle exhaust, road dust, smokestacks, forest fires, windblown soil, 
volcanic emissions, and sea spray (Health Effects Institute, 2002). Particles are often 
classified by size into ultrafine, fine, or coarse. Coarse particles (those with an aerodynamic 
diameter between 2.5 µm and 10 µm) are mostly derived from soil and sea salts, whereas fine 
particles (0.1–2.5 µm in aerodynamic diameter) and ultrafines (<0.1 µm in diameter) 
predominantly result from the combustion of fossil fuel (Nel, 2005). For urban, suburban and 
industrial ambient air, coarse particles generally arise from sources and processes related to 
human activity, including resuspension of road dust, traffic itself and industry. In rural areas, 
the majority of coarse particles come from soil, as a result of natural and human activities, 
while coastal climates experience substantial coarse PM loading due to sea salt.  
 
Canadian air quality objectives for PM (total suspended particulate, or TSP) were first 
developed in the 1970s and revised in the 1980s. At that time, the body of evidence on the 
health effects of PM appeared to indicate that episodes of severe pollution could result in 
adverse health and environmental impacts, but that exposure to lower concentrations of PM, 
such as those generally experienced across Canada, did not result in significant effects. By 
1990, serious doubts were cast on this assumption, due to the emergence of a significant 
number of studies from the United States (US), Canada and Europe. These studies 
demonstrated that PM was associated with cardiorespiratory health, including increases in 
both hospitalizations and premature mortality, at pollutant levels that were often far below 
existing air quality standards. These findings prompted a re-examination of PM air quality 
objectives, not only in Canada, but also in the US, the European Community and elsewhere. 
 
In 1998, the Canadian Council of Ministers of the Environment (CCME) identified PM as a 
priority substance for development of a Canada-wide Standard (CWS). At the same time, the 
Federal/Provincial Working Group on Air Quality Objectives and Guidelines (WGAQOG) 
completed a Science Assessment Document for PM (PM SAD) that examined PM air pollution 
and its possible consequences on human health and the environment. That document was 
prepared as the first step toward developing a new Canadian National Ambient Air Quality 
Objective (NAAQO) for PM. The PM SAD presented a critical evaluation of scientific data on 
PM, covering issues related to the sources and levels of PM in Canadian air, personal 
exposure, and its effects on human health and the environment. This document was published 
in 1999 and covered research published up until early 1998. Overall, studies appeared to 
indicate that the fine fraction of PM (PM2.5) had the greatest effects on human health.  
 
In response to the growing evidence of harmful effects of PM, a CWS was developed under 
the Canada-wide Standards Sub-agreement of the Harmonization Accord of the CCME. On 
June 5–6, 2000, all federal, provincial and territorial governments (except Quebec) agreed to 
a new CWS for PM that superseded the development of the NAAQO and focused on PM2.5. 
This CWS for PM2.5of 30 µg/m3 (24-h averaging time) was to be achieved by 2010, with 
additional non-numeric aspects (Keeping Clean Areas Clean/Continuous Improvement) that 
are intended to acknowledge the non-threshold nature of the health effects science 
(http://www.ccme.ca/ourwork/air.html?category_id=99).  
 
 

http://www.ccme.ca/ourwork/air.html?category_id=99
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Despite the indications that PM2.5 was the most problematic size fraction of PM from a health 
standpoint, there remained evidence that larger particles (up to 10 µm) were also implicated in 
adverse health effects. The 1999 PM SAD presented limited evidence on the subject. 
However, in anticipation of the publication of additional research on this question, direction 
was given to revisit this issue and report back on the scientific basis for an additional CWS 
that covered the coarse fraction of PM (PM10–2.5).  
 
In 2003 Health Canada finalized the first Canadian risk assessment on coarse PM, entitled 
“Human Health Effects of the Coarse Fraction of Particulate Matter: Update in Support of the 
Canada-Wide Standards for Particulate Matter and Ozone” (Health Canada, 2003; internal 
report). It reviewed in detail the peer-reviewed publications of studies published before 2002 
investigating the health effects of coarse particles. At that time, the existing evidence on the 
health effects of coarse particles indicated a possible role for this PM size fraction in the 
development and expression of effects in the upper respiratory tract. The primary evidence in 
this regard was provided by epidemiological studies of the relationship of short-term PM 
measures with symptoms such as cough, phlegm, rhinitis and indications of asthma 
exacerbations. Some support was also provided by hospital admission studies, which 
indicated a role for this PM fraction in admissions related to upper airway symptoms. More 
studies of a similar nature and additional work on other health endpoints (especially from 
hospital admissions) were felt to be necessary for corroborating these results, as well as more 
fully characterizing the effects of coarse particles.  
 
A number of relevant papers investigating the health effects of coarse particles have been 
published since the 2003 review. This current document does not examine the entire health-
related literature for coarse particles, but instead builds on the previous coarse PM health risk 
assessment prepared by Health Canada (Health Canada, 2003; internal report) for the health 
effects and on both the 2004 PM Air Quality Criteria Document (AQCD) and the 2009 
Integrated Science Assessment (ISA) for PM published by the US Environmental Protection 
Agency (EPA) for exposure and dosimetry (US EPA, 2004, 2009). It should be noted, 
however, that there is considerable overlap between this assessment and the 2009 US EPA 
ISA for PM due to the covered study periods. 
 
Most subject area sections initially summarize the findings of the coarse PM health risk 
assessment (Health Canada, 2003; internal report) and the major conclusions of the US EPA 
(US EPA, 2004, 2009) and then critically review the new literature and discuss how it extends 
the state of knowledge on the health effects of coarse particles, referencing peer-reviewed 
studies published from the beginning of 2002 to December 2011. One of the main objectives 
of the current assessment is to determine if the scientific evidence on coarse PM has 
advanced since the prior review performed in 2003 (Health Canada, 2003; internal report). In 
general, more weight has been given to studies where the exposure was expected to be 
relevant to ambient exposures in Canada in terms of composition, sources, levels and 
environmental conditions. For example, more detail is presented for Canadian studies, where 
available, as well as for studies performed in the US and Europe. Studies from semi-tropical 
and tropical countries are discussed in less detail, because of differences in climate, building 
types, time-activity patterns, socioeconomic factors, etc., that are expected to make the 
findings potentially less relevant.  
 
The present evaluation focuses on PM10–2.5 particles, but studies investigating crustal or soil-
derived particles were also reviewed, as they can also shed some light on the health impacts 
of coarse particles since open sources are by far the largest contributor to the Canadian 
ambient coarse PM levels. The search strategies employed in the identification of relevant 
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scientific literature to assess the potential effects of coarse particles on the human health are 
presented in Appendix A. Included in this document are evaluations of exposure, and 
dosimetric, epidemiological, clinical and toxicological studies, followed by an overall risk 
characterization. 
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2.0  Sources, Ambient Levels and 
Exposure 

 
This section examines the current knowledge relevant to the exposure of Canadians to coarse 
ambient PM. While PM from indoor sources is discussed briefly, the information is largely 
focused on PM from ambient sources in order to support the assessment and management of 
sources that affect ambient air quality in Canada. 
 
PM is a mixture of chemically and physically diverse dusts, aerosols, soot, smoke, and other 
chemical constituents that are small enough to be suspended in the atmosphere (US EPA, 
2004). Under the Canadian Environmental Protection Act, PM is defined on the basis of its 
size (aerodynamic diameter).PM10 refers to those particles less than or equal to 10 µm, which 
includes a fine fraction of particles 2.5 µm or less (PM2.5) and a coarse fraction of particles 
between 2.5 and 10 µm (PM10–2.5). PM has both natural and anthropogenic sources. PM2.5 
originates primarily from combustion processes—transportation, industrial processes and 
burning—whereas PM10–2.5 is largely associated with mechanical processes such as wind 
erosion, road dust raised by vehicular traffic and grinding operations, though some coarse PM 
also originates from combustion sources. For urban, suburban and industrial ambient air, 
coarse particles are generally derived from anthropogenic sources and processes, including 
resuspension of road dust, and traffic and industrial-related sources. In rural areas, the 
majority of coarse particles come from soil as a result of natural and anthropogenic activities, 
while coastal climates experience substantial coarse PM loading due to sea salt. Coarse PM 
in the atmosphere has a relatively high deposition rate, with an atmospheric lifetime of only 
minutes to hours (Hinds, 1982 in Rojas-Bracho et al., 2002).  

2.1 Canada-Wide Coarse PM emissions 
Environment Canada compiles emission summaries and trends in collaboration with 
provincial, territorial, and regional environmental agencies. The summaries include emissions 
reported by facilities to the National Pollutant Release Inventory (NPRI), as well as emissions 
estimated by Environment Canada for the year 2010. The department does not directly 
inventory coarse PM. Canada-wide coarse PM emissions reported below were derived from 
Environment Canada, 2010 Air Pollutant Emissions for Canada by subtracting PM2.5 annual 
emission rates (total mass) from annual emission rates of PM10. Since coarse PM is not 
inventoried directly, the method used within this report was an adequate method to estimate 
coarse PM emissions.  
 
Environment Canada emissions estimation methodologies include using a geographical 
information system (GIS) coupled with socioeconomic statistics (including population, dwelling 
and labour force) at very fine geographic resolution to estimate the magnitude and distribution 
of emissions from industrial and non-industrial sources. The national road network data is also 
used to help estimate and distribute emissions contributions from road dust and road 
transportation. In addition, other internally generated geographic parameters are used to 
spatially distribute emissions from various sources (aircraft, marine, railroad activities, etc.) 
within specific corridors, buffer zones and areas. Different techniques are used by industry to 
estimate emissions to air for the purposes of NPRI reporting; these include direct 
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measurement (e.g. stack test data), use of emission factors in conjunction with activity data, 
and a mass balance approach. It should be noted that there is, however, a high degree of 
uncertainty in the coarse PM emissions presented.  
 
Figure 2.1 illustrates the breakdown of total estimated coarse PM emissions for Canada in 
2010 from all sources and clearly indicates that the vast majority of Canadian coarse PM 
emissions are from open sources (such as road dust, agriculture and construction) with only 
approximately 2% of the total being industrial emissions.  
 
 
 
Figure 2.1 Canadian coarse PM source categories 

 
 

 
The predominant sources of coarse particles in the open source category are presented in 
Figure 2.2. Clearly road dust is the dominant category of open source Canadian coarse PM 
emissions, comprising almost two-thirds of the emissions, with unpaved road dust acting as by 
far the largest single source. 
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Figure 2.2  Characterization of Canadian coarse PM from open sources  

 
 
 

Within the above breakdown of open sources, the agriculture category is further sub-divided 
as shown in Figure 2.3. 
 
 
Figure 2.3  Components of agriculture NPRI emissions category 
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As expected, tilling and wind erosion comprise the largest agricultural sources of coarse PM, 
at approximately 80%. 
 
With respect to the 2% of Canadian coarse PM coming from industry, the Canada-wide 
breakdown is included in Figure 2.4. 
 
 
Figure 2.4  Characterization of Canadian coarse PM from industrial sources 

 
 
Approximately 45% of Canadian industrial coarse PM emissions are as a result of mining and 
quarrying, with the next two largest sources being the grain and cement/concrete industries at 
14, and 9%, respectively. Together, these three sources account for over two-thirds of total 
Canadian industrial coarse PM emissions, with 12other sectors contributing the remainder. 
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Canadian coarse PM emissions can also be broken down by province/territory as illustrated in 
Figure 2.5. In 2010, total coarse particles emissions for Canada were estimated at 
approximately 4.8million tonnes. Alberta is by far the largest coarse PM emitter, contributing 
more than twice (approximately 1.9 million tonnes) the amount from the next highest province, 
Ontario, at close to 0.9 million tonnes annually. In contrast, the Atlantic Provinces and the 
territories together contribute approximately the same mass of coarse PM as Manitoba to the 
total. Table 2.1 provides the emissions categories for coarse PM for all provinces and 
territories. 
 
 
Figure 2.5  Coarse PM emissions by province/territory 

 
 
 
Table 2.1  Coarse PM emission categories by percentage of total coarse PM for 

Canadian provinces/territories 
Province/Territory Industrial 

Sources 
Mobile 

Sources 
Open 

Sources 
Natural 
Sources 

Alberta 1 0 99 0 
British Columbia 17 0 86 2 

Manitoba 2 0 99 0 
New Brunswick 5 0 96 0 

Newfoundland and Labrador 10 1 91 2 
Nova Scotia 5 0 96 0 

Northwest Territories 1 0 99 0 
Nunavut 1 0 99 0 
Ontario 3 0 98 0 

Prince Edward Island 1 0 99 0 
Quebec 5 0 97 0 

Saskatchewan 2 0 98 0 
Yukon 1 0 53 46 
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The relative contribution of open sources comprised over 90% of the total coarse PM 
emissions for all provinces/territories with the exceptions of B.C. and Yukon where only 86 % 
and 53% of coarse PM emissions are attributed to open sources, respectively. In B.C., 
industrial emissions account for 11% of the total emissions, the highest percentage of any 
province or territory and in Yukon, almost half of coarse PM emissions are attributed to natural 
sources, specifically forest fires. 
 
As shown below in Table 2.2, dust from unpaved roads comprised the largest percentage of 
open source coarse PM in most provinces and territories, followed by dust from paved roads. 
Manitoba and Saskatchewan contribute a large proportion of coarse PM via agricultural 
activities, whereas the territories (Nunavut, Yukon and NWT) record no emissions from 
agricultural activities but significant (95% in the case of Yukon) emissions as a result of 
construction. 
 
 
Table 2.2  Characterization of coarse PM from open sources for Canadian 

provinces/territories 

 
 
 
With respect to the industrial coarse PM sources, there are also differences in the relative 
contributions by province/territory, as shown below: 
 
 
 
 
 
 
 
 

 
Province/Territory 

 
Agriculture 

 
 

 
Bridge/Road 
Construction 

 
 

 
Dust: 
Paved 
Road 

 
Dust: 

Unpaved 
Roads 

 
Mine 

Tailings 
 

Alberta. 12 27 2 59 0 
British Columbia 4 3 41 51 0 

Manitoba 40 5 11 44 0 
New Brunswick 3 3 36 59 0 

Nfld./Lab. 0 5 34 61 0 
Nova Scotia 2 6 35 58 0 

N.W.T. 0 95 1 4 0 
Nunavut 0 44 0 55 2 
Ontario 8 13 19 61 0 
P.E.I. 17 2 30 50 0 

Quebec 7 8 23 62 0 
Sask. 52 22 2 24 0 
Yukon 0 50 10 40 0 
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Table 2.3 Percentage of industrial coarse particulate matter by industrial sector for 
all Canadian provinces/territories 

 
Industrial Sector AB BC  MB  NB  Nfld/ 

Lab  
NWT  NS  NVT  ON  PEI  QC SK  YT  

Abrasives Manufacture 0 0 0 0 0 0 0 0 0 0 0 0 0 

Aluminum Industry 0 1 0 0 0 0 0 0 0 0 8 0 0 

Asbestos Industry 0 0 0 0 0 0 0 0 0 0 0 0 0 

Asphalt Paving Industry 18 0 2 26 2 0 15 0 2 0 19 4 0 

Bakeries 0 0 0 0 0 0 0 0 0 0 0 0 0 

Cement and Concrete Industry 8 4 7 4 2 7 8 30 17 53 14 2 6 

Chemicals Industry 8 0 3 0 0 0 0 0 1 0 0 3 0 

Mineral Products Industry 0 0 0 0 0 0 4 0 0 0 0 0 0 

Foundries 0 0 2 0 0 0 0 0 1 0 2 0 0 
Grain Industries 22 1 43 3 0 0 2 0 15 0 10 54 0 

Iron and Steel Industries 0 0 0 0 0 0 0 0 4 0 4 0 0 

Iron Ore Mining Industry 0 0 0 0 59 0 0 0 0 0 6 0 0 

Mining and Rock Quarrying 16 83 20 19 17 93 30 70 44 10 23 34 94 

Non-Ferrous Smelting and  
Refining Industry 

1 0 7 1 0 0 0 0 4 0 1 0 0 

Pulp and Paper Industry 1 5 15 3 0 0 16 0 4 0 4 0 0 

Wood Industry 4 5 1 40 0 0 21 0 2 0 7 1 0 

Upstream Petroleum Industry 17 0 0 0 15 0 1 0 0 0 0 0 0 

Downstream Petroleum 
Industry 

2 0 0 2 3 0 1 0 4 0 1 0 0 

Other Industries 3 0 1 0 0 0 1 0 3 38 1 1 0 

Petroleum Product  
Transportation and 
Distribution 

0 0 0 0 0 1 0 0 0 0 0 0 0 

 
For several industries the relative contributions to coarse PM are similar (e.g. downstream 
petroleum, mineral products, chemicals, non-ferrous smelting/refining), but there are wide 
discrepancies for some other sectors. For example, the upstream petroleum industry 
contributes 15 and 20% of industrial coarse PM emissions in Alberta and 
Newfoundland/Labrador and essentially nothing in any other province or territory, whereas the 
grain industry is by far the highest individual industrial contributor to coarse PM in 
Saskatchewan and Manitoba and a much smaller or non-contributor elsewhere. These relative 
contributions reflect the importance of these industrial sectors to their respective provincial 
economies.  
 
Overall, it is clear that open sources are by far the largest contributor to Canadian ambient 
coarse PM levels (98% Canada-wide in 2010) with road dust and agriculture (depending upon 
province/territory) acting as the largest individual open source contributors. Industrial coarse 
PM emissions comprise only approximately 3% of the national total emissions, with 
provincial/territorial industrial contributions reflecting their industrial profiles. 
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2.2 Canadian Levels and Trends for Ambient PM10–2.5 

2.2.1  National Air Pollution Surveillance  
The National Air Pollution Surveillance (NAPS) Network, which has existed since 1970, is a 
cooperative program of federal, provincial, territorial and some regional governments 
measuring air quality throughout Canada. The goal of the NAPS program is to provide 
accurate and long-term ambient air quality data across the country. Since 1984, 
measurements of coarse PM mass have been collected at NAPS Network sites using 
dichotomous samplers, which measure coarse PM directly rather than from the difference 
between PM10 and PM2.5.  Assistance with the analysis was given by a recognised expert in 
the NAPS Network.  
 
Data meeting completeness criteria adopted by NAPS for annual statistics and by the 
Canadian Environmental Sustainability Indicators (CESI) for 20 year trends have been used. 
24h PMlO-2.5 mass concentration data from 49 monitoring stations, that produced at least five 
valid annual averages in the years 1985 through 2012, were used by Environment Canada to 
perform boxplot analysis. Sites have been classified according to the criteria below:  
 
Table 2.4  Station Classification 

Code ID Station type 
 

LU Large Urban.  Stations in Population Centres with pop ≥ 100,000 
 

MU Medium Urban (MU).  Stations in Population Centres with pop ≥ 30,000 < 
100,000 

SU  Small Urban (SU).  Stations located in Population Centres with pop ≥ 
1,000 < 30,000 
 

NU Non-Urban Stations in areas not classified as urban (above) 
 

T 
 

Traffic (or transportation) - influenced Stations “near” major roadways 
(near was determined by the contractor based on his expert judgement).   

PS 
 

Point Source-influenced stations (sites near point sources may have 
enhanced levels of metals in soil due to long term deposition) 
 

 
The majority of sites were in large urban areas, with two in medium urban areas and six in 
small urban areas. Six of the sites are classified as non-urban but none of the sites are 
thought to be significantly influenced by unpaved roads. Of the transportation impact sites, the 
Duncan/Décarie site (active 1985 to 1995) was likely the most impacted by a nearby major 
expressway. The point source influences vary from pulp and paper mills in Quebec City and 
Prince George, iron and steel in Hamilton, a non-ferrous smelter in Flin Flon (since closed) 
and a gold ore roaster in Yellowknife (since closed). 
 
Figures 2.6 to 2.9 show boxplot analyses of the distribution of 24h average PM10-2.5 
concentration for the entire data set, arranged by site ID and by city code. Sites are broken 
into east (east of the Ontario/Manitoba border) and west groups and arranged east to west on 
the plots. The Walpole Island site is not included in Figure 2.6 because of the unusually high 
(and unexplained) PM10-2.5 mass concentrations measured at that site on a number of days. 
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For the years 1985 through 2012, filter-based samplers of most NAPS sites showed that the 
daily median concentrations for the 49 sites were almost exclusively under 10 µg/m3, with the 
exceptions of the Montréal Duncan/Décarie, the Windsor downtown sites located in the east 
(Figure 2.6) and two sites in Alberta (316-7th avenue and Calgary central) where the median 
levels were slightly above 10 µg/m3 (Figure 2.7).  
 
The highest levels of PM10-2.5 mass concentrations are found in large urban areas and near 
major roadways with the lowest levels found in non-urban areas. Non-exhaust emissions by 
road traffic have been identified as the main source of PM10-2.5 in urban areas. These 
emissions mainly originate from re-suspension of accumulated deposited PM (including road 
salting and sanding) and road wear related particles, while primary tire and brake wear 
contribute only a small amount to PM10-2.5 mass. Other sources include stationary source 
combustion and industrial emissions, construction dust and biological matter. At non-urban 
sites agricultural operations and unpaved roads may have an impact, but generally ambient 
concentration levels are much lower than at urban sites. 
 

 

Figure 2.6  Boxplot analysis of PM10-2.5 concentrations (µg/m3) for eastern sites for 
entire data period (1985-2012). Note that sites vary in available time period. 
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Figure 2.7  Boxplot analysis of PM10-2.5 concentrations (µg/m3) for eastern sites by 
site code for entire data period (1985-2012). Note: Walpole Island not 
included in NU sites. 

 
 
 
 
Figure 2.8  Boxplot analysis of PM10-2.5 concentrations (µg/m3) for western sites for 

entire data period (1985-2012). Note that sites vary in available time period. 
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Figure 2.9  Boxplot analysis of PM10-2.5 concentrations (µg/m3) for western sites by 
site code for entire data period (1985-2012). 

 
 
 
Seasonal and Day of Week Patterns  
Monthly and seasonal patterns in PM10-2.5 mass were examined for three 4-year time periods 
1985-1988, 1995-1998, 2005-2008 and for the last three of years of data 2010-2012 (multi-
year grouping of data enables a greater sample size by month and day). For each site at least 
60 sampling days were required in the period to generate an output.  
 
Figure 2.10 shows the mean (and 90% CI) results by month and by time period for all sites 
and Day of week patterns were examined for the same time periods. For each site at least 60 
sampling days were required in the period to generate an output. Figure 2.11 shows the mean 
(and 90% CI) results by day and by time period for all sites. Most sites recorded higher 
concentrations in spring than in other seasons; consistent with the re-suspension of 
accumulated deposited road sanding and salting detritus in the late spring months. The 
importance of transportation sources is illustrated by day of week patterns in concentration 
measured at the dichotomous sampler sites.  The ratio of peak weekday dichotomous sampler 
PM10-2.5 mass to Sunday PM10-2.5 mass was 1.5 in 1985-1998 and 1.8 in 2010-2012 (even 
though average absolute levels decreased substantially).  
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Figure 2.10  Monthly variation in mean PM10-2.5 mass concentration (µg/m3) by time 
period. Mean and 90% CI are shown. 

 
 
 
Figure 2.11  Day of week variation in mean PM10-2.5 mass concentration (µg/m3) by time 

period. Mean and 90% CI are shown. 
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Recent trend analysis has demonstrated that coarse PM concentrations in Canada have 
decreased from 1985-2012, as illustrated in Figures 2.12 and 2.13.  
 
Annual means were calculated for all sites by year for the period 1985 to 2012. A site was 
considered to have a valid annual mean if there were at least 5 observations in a quarter and 
at least 3 valid quarters in a year. Stations were then selected for inclusion in the trend 
periods using the following criteria: 
 
 
28 years (1985 – 2012):  at least 21 years of data and missing no more than 3 years at 

start or end of period 
 
20 years (1993 – 2012): at least 15 years of data and missing no more than 2 years at 

start or end of period 
 
10 years (2003 – 2012):  at least 7 years of data and missing no more than 2 years at 

start or end of period 
 
 
 
 
Figure 2.12  Composite annual mean PM10-2.5 concentrations (µg/m3) by year for trend 

sites. N.B.: For clarity the outliers and extremes are not shown in the plot 
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Figure 2.13   Trend in Canadian composite annual mean, 98th percentile and 90th 
percentile PM10-2.5 concentrations (µg/m3) from dichotomous sampler 
sites: 1985–2012 

 

 
 
Over the years, the trend in coarse PM mass has been very similar to that of fine PM. Using 
data for the 1985 to 2012 period from the dichotomous sampler sites statistically significant 
(99.9% CL) decreasing trends in annual mean and 90th percentile PM10-2.5 concentrations were 
recorded nationally and in most cities. The national trend was also significant for the 1993 to 
2012 period (but with a smaller slope) but not for the 2003 to 2012 period. 
 
 
Coarse PM composition  
Beginning in 1987 the fine and coarse PM samples from the dichotomous sampler were 
analyzed for total elements by energy dispersive x-ray fluorescence (ED-XRF). Typically 22 
elements were quantified (Al, Si, S, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Zn, Se, Br, Rb, Sr, Cd, Sn, 
Cu, Cs, Ba, and Pb). The analytical limits of detection (LOD) were in the range of 1-15 ng/m3. 
Typical analytical uncertainties were estimated to be in the range of 5-15% for Si, Fe Ca, K, 
Ti, S, and 5-25% for the remaining elements analyzed (Brook et al, 1997, Dabek et al, 2011). 
These data were used to calculate an estimated soil component (SOIL) and an estimated 
other trace elements component (TEO) as follows (Malm, 2007): 
 
[SOIL] =  3.48[Si] + 1.63[Ca] + 2.42[Fe] + 1.41[K] + 1.94[Ti] 
[TEO] = 1.47[V] + 1.29[Mn] + 1.27[Ni] + 1.25[Cu] + 1.24[Zn] + 1.32[As] + 1.08[Pb] + 

1.2[Se] + 1.37[Sr] + 3.07[P] + 1.31[Cr] 
 
The multiplicative factors are to go from the element to the oxide form. Aluminum is not used 
in the soil equation due to interference from the aluminum components of the sampler. 
Measurement of SO4

-2 ion also began in 1986 and Na+ and Cl- ions were measured beginning 
in 1992 using water extraction and ion chromatography. (Ammonium nitrate is lost from filter 
samples during EDXRF analysis, so even though results for these ions are available they 
were not used). At some sites the measurement of ions on coarse filter samples was 
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terminated in 2005 (due to the start-up of the fine particle speciation program).The only other 
major component of coarse PM that was not measured was organic carbon.  
 
The distribution of calculated PM10-2.5 SOIL and TEO concentrations (different scales) for all 
sites are shown in Figure 2.14 for eastern sites and Figure 2.15 for western sites (same sites 
as in Figures 2.6 and 2.8). Crustal elements (soil) account for an average of 50% of PM10-2.5 
mass. Various studies have shown that organic mass can account for 20 to 40% of total PM10-

2.5 mass at rural sites (Malm, 2007) and 10 to 20% at urban sites (Graham, 2009; US EPA, 
2011). Without carbon measurements it was not possible to differentiate between crustal soil 
and road dust as was done in Graham, 2009. 
 
 
 
Figure 2.14  Boxplot analysis of PM10-2.5 SOIL and TEO concentrations (µg/m3) for 

eastern sites for entire data period (1987-2011). Note that sites vary in 
available time period. 
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Figure 2.15  Boxplot analysis of PM10-2.5 SOIL and TEO concentrations (µg/m3) for 
western sites for entire data period (1987-2011). Note that sites vary in 
available time period. 

 
 
 
 
In Figure 2.16 the typical composition of PM10-2.5 mass by season is shown for Winnipeg and 
Montreal using all sampling days with a complete set of observations for the period 1993 to 
2012. The ‘other’ component would be expected to be mostly comprised of organic carbon. 
Although TEO (which includes elements such as V, Cr, Mn, Ni, Zn, Se, Cd, and Pb) generally 
accounts for a negligible portion of PM10-2.5 mass, levels can be substantially higher at sites 
with nearby industrial point sources. 
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Figure 2.16  Average composition of PM10-2.5 mass (µg/m3) by season for  

Winnipeg and Montreal. 

 
 
 
Due to a limited data set and some inconsistencies in light element calibration factors in the 
early years of the data set, estimated soil concentrations are quite variable prior to 1993. For 
this reason only data from the years 1993 to 2011 are included in the trend analysis. Figure 
2.17 shows the trend in composite mean PM10-2.5 mass and SOIL for 1993 to 2011. The slopes 
of both lines were very similar. The fraction of mass accounted for by soil is shown in Figure 
2.18 by year. This ratio is quite constant from 1993 to 2006, averaging approximately 0.5 but 
then shows a steep change from 2006 to 2007. This change may be due to a change in 
EDXRF instruments and subsequent light element calibration factors rather than an actual 
change in the composition of PM10-2.5 mass. 
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Figure 2.17  Trend in composite mean PM10-2.5 mass and SOIL concentrations (µg/m3) 
for 1993 to 2011. Mean and 90% CI are shown. 

 
 
 
Figure 2.18  Yearly variation in mean SOIL fraction of PM10-2.5 mass for 1993 to 2011. 

Mean and 90% CI are shown. 
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2.2.2 Health Canada’s Clean Air Research Agenda 
The Exposure Assessment Section of the Air Health Effects Assessment Division of Health 
Canada has undertaken several exposure studies in different Canadian locations where PM10–

2.5 was one of the pollutants monitored. Measurements were made using HCIs, which have 
previously been demonstrated to function well in comparison to dichotomous samplers. They 
have two stages in series to collect coarse (PM10–2.5) and fine (PM2.5) particles.  
 
The HCIs operated at a flow rate of 5L/min using a BGI pump. Outdoor monitoring equipment 
was housed in a waterproof enclosure that was heated in the winter using a fan-forced 
enclosure heater and contained a fan to keep the pumps cool in the summer. Gravimetric 
analysis of the polyurethane foam filter that collected coarse particles was conducted using a 
method outlined in a Quality Assurance Guidance Document produced by the US EPA (US 
EPA, 1988).  
 
Data have been collected in several locations over several seasons and time periods; results 
are summarized in Table 2.5. 
 
 
Table 2.5   Coarse PM ambient levels measured in various Canadian 

communities. Source: Health Canada, unpublished data; Wheeler et al., 2011 
 

 
Comparison between cities is difficult, as the sampling times were of varying lengths; 
however, several locations were sampled for 14 days: Hamilton, Ottawa, Halifax and Calgary. 
No clear seasonal trend is discernible among these four studies, with summer, winter and fall 
season monitoring (no winter monitoring was conducted in Ottawa) yielding the highest 
concentrations of coarse particles in different cities. The difference between opposite seasons 
(summer and winter) for each location is also quite variable (approximately 0.5–3 µg/m3). The 
highest mean (9.34 µg/m3) was measured in Regina during the summer months. Regina is 
also interesting in that the summer value is approximately 3 times the winter value, perhaps 
indicative of the intense agricultural activity occurring in Saskatchewan in the summer months. 
No other location showed such a large difference in mean measured coarse PM 

Location Year Season Sampling 
duration 

No. 
samples 

Mean 
(µg/m3)  

SD Min Max 

Calgary 2009/10 Summer 14 d 29 6.54 2.17 0.67 13.02 
2011 Winter 14 d 29 3.64 1.57 1.28 6.57 

Halifax 2010 Fall 14 d 37 2.47 0.64 0.53 4.85 
2011 Summer 14 d 36 3.04 0.98 1.88 7.65 
2011 Winter 14 d 30 3.78 1.16 2.04 7.26 

Ottawa 2008 Fall 14 d 42 4.67 1.41 2.71 11.57 
2009 Summer 14 d 39 3.74 0.87 2.3 6.91 

Regina 2007 Summer 5 d 125 9.34 2.47 2.3 16.11 
2007 Winter 5 d 121 2.88 1.36 0.86 10.99 

Swan Lake 2011 Winter 21 d 21 9.42 5.68 2.03 23.90 
Edmonton 2010 Summer 1 d 52 5.62 3.14 1.39 12.58 

2010 Winter 1 d 28 8.37 3.42 3.43 17.04 
Hamilton 2009 Summer 14 d 37 4.40 2.70 0.02 15.39 

2009 Winter 14 d 37 3.91 1.57 0.02 8.05 
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concentrations between seasons. Edmonton data indicated a mean winter value almost as 
high as the summer value in Regina, though the sampling period was every 24h in Edmonton 
versus every 14 days in Regina.  

2.3 Personal Exposure Assessment Studies 
The US EPA defines personal exposure as being a general term for the average personal 
exposure over some specified time period, quantified as the concentration at the oral or nasal 
contact boundary (US EPA, 2004). Personal exposure monitors are sampling devices worn on 
the human body to estimate an individual’s exposure to air pollutants; however, personal 
monitors capable of measuring coarse PM have only recently been developed.  
 
Personal exposure to PM has been measured for individuals in numerous studies in Canada, 
the US, Europe and Asia. Few studies, however, have measured coarse PM exposure; in 
those studies participants wore both PM10 and PM2.5 monitors, and the PM10–2.5 exposure was 
subsequently estimated by subtraction (PM10 minus PM2.5). Personal exposure studies are 
used to estimate the real-time and the real-space exposure of humans. Humans are highly 
mobile and spend time in different microenvironments (at home, at work, in the car, outdoors, 
etc.). Personal exposure to PM is complex and is influenced by temporal and spatial variations 
in PM concentration as well as by the activity pattern of the individual. 
 
Ambient levels are typically measured by a fixed-site monitor located centrally in the 
community so as not to be unduly influenced by sources in the immediate vicinity of the site; 
this document refers to a measurement from this type of monitor as an “ambient” 
concentration. Outdoor concentrations are typically measured by a monitor located in the 
immediate vicinity of a participant’s residence. Indoor residential concentrations are typically 
measured using monitors located centrally in a living room or bedroom, not adjacent to a 
source such as a kitchen stove or space heater.  
 

2.3.1 Summary of the Earlier US EPA Assessments 
Personal exposure to coarse particles is influenced by a number of factors: the spatial 
variability of coarse PM in ambient air, levels of coarse particles in indoor environments, and 
personal activity patterns (US EPA, 2004). Of these, personal activity patterns appear to have 
the greatest influence on exposure. Activities that increase indoor concentrations of coarse 
particles—cooking, dusting, vigorous movement over carpets and playing—are expected to 
increase personal exposure (Abt et al., 2000; Long et al., 2000; Rojas-Bracho et al., 2000, 
2002). It has also been suggested that children, because of their increased activity levels, 
have potentially higher levels of exposure to coarse particles than less active members of a 
household (Rojas-Bracho et al., 2002).  
 
Atmospheric particles originate from a variety of sources and possess a range of chemical 
and physical properties. Sources as well as composition of PM differ between coarse and fine 
particles and they vary greatly by region. In general, crustal elements such as silicon, 
aluminum, calcium, iron, magnesium, and titanium are predominant in the coarse PM fraction, 
whereas potassium, sulphate, vanadium, chromium, nickel, copper, zinc, cadmium, lead, 
arsenic and selenium are more abundant in the fine PM fraction. Coarse particles contain 
dust, sand, and non-exhaust vehicle emissions like tire rubber, and can also have biological 
substances such as pollen, fungi, and endotoxins on their surfaces.  
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Based on its review of studies to date, the US EPA concluded in 2004 that fine and coarse 
particles generally have different sources and composition as well as different formation 
processes. However, newly available data suggest that the levels of many metals are of the 
same order of magnitude in both the fine and coarse PM fractions. The 2009 ISA for PM 
concluded that PM10–2.5 has a shorter atmospheric lifetime than PM2.5, as larger particles have 
a higher gravitational settling velocity. In addition, for PM10–2.5, the heterogeneity of sources 
and varying topography result in variable exposure levels. 
 
In the studies reviewed by the US EPA, the mean personal exposure to coarse PM ranged 
from 13 to 76.3 µg/m3. No studies had been conducted in Canada. The highest personal 
mean levels (24-hour) were found in a study of 18 children in Santiago, Chile (Rojas-Bracho et 
al., 2002), while the lowest personal mean levels (12-h personal samples from 8 am – 8 pm) 
were found in a study of 18 persons with COPD conducted in Boston, MA, (Rojas-Bracho et 
al., 2000). In the Boston study, both the mean and median personal exposure concentrations 
were higher than the 12-h indoor concentrations, which in turn were higher than the 12-
outdoor concentrations for each of PM10, PM2.5 and PM10–2.5. Sarnat et al. (2000) measured the 
personal exposure of 15 non-smoking elderly adults in Baltimore, MD, during the summer and 
winter of 1998–99 and found a median summertime 24-hour personal integrated (8 am – 8 
am) exposure level of 6.7 µg/m3 for PM10–2.5 (max 24.8 µg/m3) compared with an ambient 
median of 8.1 µg/m3 (max 14.5 µg/m3). In the winter, the median personal exposure level was 
8.2 µg/m3 (max 47.6µg/m3) compared with an ambient median of 5.2 µg/m3 (max 24.2 µg/m3). 
The ambient levels reported by Sarnat et al. (2000) were measured at a centrally located 
monitoring site but were obtained by a pair of Harvard Impactors operated by a field staff. 
 
Several sources of error that could influence estimates of PM exposure include 
measurements, use of surrogates for PM, modelling, spatial variability, temporal variability, 
and compositional differences (US EPA, 2009). There have been discussions over the years 
about the adequacy of using particle levels measured at fixed-site monitors as surrogates for 
human exposure and a number of authors have looked at these implications and identify 
sources of potential measurement error. They have also examined how risk estimates from 
studies using ambient levels as the exposure metric relate to risk estimates between health 
effects and true levels of personal exposure to ambient PM (Zeger et al., 2000; Dominici et al., 
2000; Wilson et al., 2000; US EPA, 2004; Sheppard et al., 2005). Misclassification of 
exposure through measurement error was also a well-recognized, inherent limitation of 
epidemiologic studies of disease and the environment and some studies (Wilson and Suh, 
1997; White, 1998; Chen et al., 2007) have suggested that greater random measurement 
error occurs for the coarse PM fraction than for fine PM; coarse particles measurements being 
affected by two measurement errors rather than one. Coarse particle measurements are 
usually obtained through a difference method (i.e. by subtraction): co-located PM10 and PM2.5 
central monitors. According to the US EPA 2009 PM ISA, in order to improve measurements 
of coarse PM, new Federal Reference Methods and Federal Equivalent Methods are available 
for PM10–2.5 and various methods, such as dichotomous samplers, cascade impactors, and 
passive sampling techniques, are under evaluation. Issues of measurement error are well-
documented for fine particles but for other particle sizes, such as ultrafine or coarse PM or PM 
components, these issues have not been investigated as thoroughly. Measurement error 
issues in PM epidemiology have been discussed in details by the US EPA (US EPA 2004; 
2009) and in the Canadian Smog Science Assessment co-authored by Environment Canada 
and Health Canada (Canadian Smog Science Assessment, 2012). 
 
 



 

Human Health Risk Assessment for Coarse Particulate Matter     38 
 

Particle matter infiltration is also strongly dependent on particle size; coarse particles 
penetrate less readily into buildings than particles in the accumulation mode size of 0.1–1.0 
µm (Özkaynak et al., 1996; Wilson and Suh, 1997; Long et al., 2000). In addition, PM 
infiltration into buildings is also affected by season, due to changing ventilation practices and 
ambient temperature and humidity, which affect transport, dispersion, and size distribution of 
PM (US EPA, 2009). As the majority of an individual’s day is spent indoors, assessment of 
exposure to infiltrated sulphate has been used as a surrogate for PM, including PM10–2.5 (US 
EPA, 2009). Unfortunately, the results contain greater error than for PM2.5 due to the greater 
spatial variability of the larger particles. 
 
Because of the sporadic nature of coarse particle sources, as well as their shorter 
atmospheric lifetime, ambient concentrations of PM10–2.5 are usually less well correlated and 
less uniform across a community than ambient concentrations of PM2.5 (Wilson and Suh, 
1997). Overall, correlations between PM10 and PM10–2.5 were greater than between PM2.5 and 
PM10–2.5. Finally, coarse PM is a primary pollutant, whereas PM2.5 is a secondary pollutant and 
is therefore more uniformly distributed. Nitrogen dioxide (NO2) and sulphur dioxide (SO2) are 
also more heterogeneous and are also primary pollutants. 
 
The following sections examine the more recent knowledge regarding exposure to ambient 
coarse PM. Most of the literature published on exposure assessment since 2002 has dealt 
with either PM2.5 or PM10; very few studies have investigated coarse particles. Results from 
new personal exposure studies are presented below. They include data on indoor infiltration 
obtained from a Canadian-based panel study (Ebelt et al., 2005; Wilson and Brauer, 2006).  
 

2.3.2 Summary of Newly Published Personal Exposure Studies 
Five new published studies have characterized personal exposure to coarse particles. Recent 
studies measured personal exposures for traffic police (Jinsart et al., 2002), COPD patients 
(Rojas-Bracho et al., 2004), asthmatic adults (Williams et al., 2008), elderly retirees with a 
history of coronary artery disease (Arhami et al., 2009) and commuters of the Los Angeles 
Metro System (Kam et al., 2011). Two other studies (Ebelt et al., 2005; Wilson and Brauer, 
2006) estimated the mean ambient contribution to personal exposure and provided 
information on indoor infiltration. Unpublished data from a monitoring field study performed by 
Health Canada in Windsor, Canada are also presented. Table 2.6 summarizes the details of 
studies examining personal exposures to PM10–2.5 in world-wide countries. Some studies 
(Chen and Hildemann, 2009; Devi et al., 2009; Branis et al., 2009, 2011; Branis and Safranek, 
2011) also investigated the impact of human activities on exposure to coarse particulate 
matter. 
 
Personal exposures were examined in the study performed by Jinsart et al. (2002) in 
Bangkok, Thailand, where roadside particulate air pollution was measured. Traffic police wore 
slit-nozzle personal PM devices that measure both PM10 and PM2.5 while they worked at busy 
intersections in urban, suburban, and rural areas, and personal PM10–2.5 exposure was 
subsequently estimated by subtraction. When not working directly in traffic, police sat in 
booths at the corner of the intersection. Personal and intersection levels were measured 
during 12 hr during the day from approximately 6:00 a.m. to 6:00 p.m. Personal exposures to 
coarse particles ranged from 12 to 37 µg/m3 in suburban/rural neighbourhoods and from 28 to 
43 µg/m3 for urban neighbourhoods. Levels of coarse particles outside the booth in suburban 
and rural neighbourhoods ranged from 10 to 28 µg/m3 and from 36 to 57 µg/m3 in urban 
neighbourhoods. The levels inside the booth ranged from 9 to 21 µg/m3 in the urban areas; no 
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values were available for the suburban/rural neighbourhoods. Concentrations outside the 
booth were usually found to be higher at night, both in suburban/rural neighbourhoods (21–35 
µg/m3) and in urban neighbourhoods (34–69 µg/m3). No direct comparison was possible 
between the ambient levels and the personal exposure measurements, since these data were 
not collected at exactly the same time. Results from this study are considered less relevant to 
Canada because Thailand has higher ambient levels of PM in general and a different traffic 
fleet composition. 
 
The Rojas-Bracho team (Rojas-Bracho et al., 2004) investigated personal exposure to 
particles for COPD patients living in Boston, MA, as well as the relationship with personal 
activities. This study was specifically designed to identify separately the main determinants of 
personal exposure for PM2.5 and PM10–2.5 (time-weighted indoor and outdoor PM 
concentrations, proximity to smokers, vacuuming, dusting, sweeping, cooking, time spent in 
transportation, air exchange rates, and natural ventilation). The study was carried out during 
the summer of 1996 and the winter of 1996–97. A total of 18 non-smoking adults with COPD 
carried PM2.5 and PM10 personal exposure monitors for 12 h/d (8 a.m. to 8 p.m.), for a 
minimum of 6 consecutive days per season. Coarse PM measurements were obtained by 
subtraction of PM2.5 from PM10. Indoor and outdoor measurements were also performed during 
the study period.  
 
The mean personal exposure to coarse particles was 19.3 µg/m3 (SD = 16.7) in the winter and 
13.0 µg/m3 (SD = 11.4) in the summer. The mean indoor and outdoor levels during the winter 
were, respectively, 20.1 µg/m3 (SD = 10.1) and 7.6 µg/m3 (SD = 5.7). During the summer the 
mean indoor and outdoor concentrations were 10.7 µg/m3 (SD = 8.5) and 8.5 µg/m3 (SD = 6.9) 
respectively. Results from this study indicated that time-weighted indoor levels were 
significant predictors of personal exposure to coarse particles. Based on the time-weighted 
mixed models, cooking was found to be an important determinant in personal exposure to 
coarse particles in the summer only (p = 0.0506), whereas vacuuming was associated with 
personal exposure to coarse particles only in the winter (p = 0.0006). The authors also noted 
that personal exposure to coarse particles was not significantly increased by time spent in a 
motor vehicle, though traffic density, type of vehicle and air exchange rates were not 
examined. Overall, Rojas-Bracho et al. (2004) found that personal activity patterns associated 
with generation and resuspension of coarse PM played an important role in personal exposure 
to coarse PM. Because of the relatively great amount of time spent indoors and the fairly 
limited infiltration of ambient coarse PM to indoors, the majority of exposure to total coarse 
particles is thought to originate from indoor sources.  
 
A study performed by Health Canada in 2005 (unpublished data; Health Canada) measured 
the personal coarse PM exposure of 48 healthy adults in Windsor, Ontario in the summer and 
winter via Harvard PEM for an integrated five-day period (5 x 24 hour sampling periods) in 
each season. The mean personal exposure was found to be 12.0 µg/m3 (SD = 4.5) in summer 
and 13.7 µg/m3 (SD = 5.7) in the winter. Williams et al. (2008) also measured personal daily 
exposures to coarse PM in asthmatics enrolled in the North Carolina Adult Asthma and 
Environment Study (NCAAES) and compared these measurements with community-based 
measures, which are often used as surrogate measurement exposures in epidemiological 
studies. Asthmatic volunteers (two males and six females, aged 21–50) wore a personal PM 
monitor (a prototype personal cascade impactor of a previous design developed by the 
Harvard School of Public Health) for 24-h collection periods for 2–4 d during the week. 
Participants were expected to complete a daily activity diary using a portable electronic 
device, but only five persons documented their activities, making it impossible for the authors 
to establish relationships between exposures and activities. Community-based measurements  
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Table 2.6 Personal concentrations (µg/m3) of coarse particles 
measured/estimated in world-wide personal exposure studies 

Reference Location Subjects’ 
characteristics 

Mean personal            
concentration (µg/m3) 

Sampling method 

 
Rojas-Bracho  
et al., 2000 
 

 
Boston, 
US 

 
CODP adults  
(n = 18) 

 
Summer 
13.0 (SD = 11.4), median = 10.4 
 
Winter 
19.3 (SD = 16.7), median =  14.4 

 
PEMs; coarse PM levels were 
obtained by subtraction of 
PM2.5 from PM10. 
 

 
Sarnat  
et al., 2000 
 

 
Baltimore, US 

 
Healthy non-smoking 
elderly 
(n = 15)  

 
Summer 
7.2 (SD = 4.0), median =  6.7  

Winter  
9.6 (SD = 7.9), median =  8.2  

 
PEMs; coarse PM levels were 
obtained by subtraction of 
PM2.5 from PM10. 
 

 
Jinsart et al., 2002 
 

 
Bangkok, 
Thailand 

 
Traffic police 
(n = 18) 

 
12–37 in suburban / rural areas 
28–43 in urban areas 

 
Slit-nozzle personal PM 
devices for PM10 and PM2.5, 
coarse PM levels were 
obtained by subtraction of 
PM2.5 from PM10. 

 
Rojas-Bracho  
et al., 2002 
 

 
Santiago, Chile 

 
Children (n = 18) 

 
76.3 (SD = 53.6); median = 61.2 

 
PEMs; coarse PM levels were 
obtained by subtraction of 
PM2.5 from PM10. 

 
Rojas-Bracho  
et al., 2004 

 
Boston, US 

 
COPD adults  
(n = 18) 

 
Summer 
13.0 (SD = 11.4)  

Winter 
9.3 (SD = 16.7)  

 
PEMs; coarse PM levels were 
obtained by subtraction of 
PM2.5 from PM10. 
 

 
Ebelt et al., 2005 
 

 
Vancouver, 
Canada 

 
COPD adults 
(subset of Wilson and 
Brauer, 2006; number 
of subjects not given) 

 
The estimated mean ambient 
contribution to personal exposure 
ranged from -0.4 to 7.2, mean = 2.4 

 
Estimation technique based on 
time-activity data and particle 
sulphate measurements for the 
fine PM fraction 

 
Health  
Canada, 2005 
(unpublished 
data)  

 
Windsor, 
Canada 

  
Healthy adults  
(n = 48) 

 
Summer 
12.0 ( SD = 4.5) 
 
Winter 
13.7 ( SD = 5.7) 

 
PEM; coarse PM levels were 
obtained by subtraction of 
PM2.5 from PM10 

 
Wilson and  
Brauer, 2006 

 
Vancouver, 
Canada 

 
COPD adults  
(n = 16) 

 
The estimated mean ambient 
contribution to personal exposure 
ranged from -0.4 to 13.5; mean = 2.5 
 

 
Estimation technique based on 
time-activity data and particle 
sulphate measurements for the 
fine PM fraction 

 
Williams  
et al., 2008 

 
Chapel Hill, US 

 
Adult asthmatics 
(n = 8) 

 
7.6–40.2; median = 13.7 

 
Prototype personal cascade 
impactor of a previous design 
developed by the Harvard 
School of Public Health 
 

 
Arhami  
et al., 2009 

 
Southern 
California, 
US 

 
Elderly retirees with a 
history of  CAD  
(n = 67) 

 
San Gabriel Valley 
3.33 in warmer months 
3.42 in cooler months 
 
Riverside 
3.14 in warmer months 
1.62 in cooler months 
 

 
PEMs; coarse PM levels were 
obtained by subtraction of 
PM2.5 from PM10. 
 

 
Kam et al., 2011 
 
 

 
Los Angeles, US 
 

 
Commuters of the LA 
Metro Red Line 
(subway) and Gold Line 
(ground-level); number 
of subjects not given  

 
~11 in the Metro Red Line and at the 
University of Southern California 
(USC) 
 
~4 in the Metro Gold Line 
 

 
PCIS 

CAD= coronary artery disease; COPD= chronic obstructive pulmonary disease; PCIS= Personal Cascade Impactor Samplers; PEMs= personal 
environmental monitors 
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were obtained using a dichotomous sampler located on the rooftop of the US EPA`s Human 
Studies Facility building located in Chapel Hill, NC. 
 
Personal coarse PM concentrations were highly variable: they ranged from 7.6 µg/m3 to 40.2 
µg/m3. A median of 13.7 µg/m3 was observed for all participants. Based on the information 
provided in the diary, only ~3% and ~6% of their indoor and outdoor time, respectively, was 
spent on activities that might have had an impact on their exposure (walking, yard work, 
household cleaning, presence of a kerosene heater), while the remaining portion of their time 
was used to perform activities such as sleeping, bathing, reading, and watching television. 
The community-based measurements ranged from 1.5 to 10.3 µg/m3, resulting in a coefficient 
of determination, or R2, of 0.02 between the community-based and personal exposure 
measurements. By comparison, an R2 of 0.12 was observed between personal exposure and 
community-based measurements for PM2.5. Overall, this study indicated that the use of 
community-based coarse PM concentrations in epidemiological studies might be problematic 
since almost no correlation was found between them. 
 
Between 2005 and 2007, Arhami et al. (2009) analyzed the associations between indoor, 
residential outdoor and personal exposures to size-fractionated PM with several gaseous 
pollutants and some PM components at four retirement communities in Southern California. 
Three sites were located in San Gabriel Valley (site 1 at 50 km east of downtown Los Angeles 
(LA) and near major freeways and construction sites; site 2 at 8 km east of LA and near a 
major freeway, site 3 at 55 km east of LA and in close proximity to a major street) and one in 
Riverside (100 km from LA and 15 km southeast of downtown Riverside). A total of 67 non-
smoking elderly retirees with a history of coronary artery disease (≥ 71 y) participated in the 
study for two 5-d sampling periods, one during the warmer season (summer and early fall) 
and the other during the colder months (late fall and winter). Integrated 24-h indoor and 
outdoor coarse particle concentrations were measured with the Sioustas Personal Cascade 
Impactors, while personal environmental monitors were used for personal exposure data. 
 
Personal exposure means of 3.33 µg/m3 and 3.14 µg/m3 were observed in the warmer 
months, respectively, for San Gabriel Valley and Riverside. During the cooler months these 
means were, respectively, 3.42 µg/m3 and 1.62 µg/m3. Indoor levels were similar during the 
two seasonal periods in Riverside (2.88 µg/m3 in the warmer months and 2.85 µg/m3 in the 
cooler months); conversely, indoor levels were higher in winter than summer in the San 
Gabriel Valley (4.14 µg/m3 vs. 2.62 µg/m3) The mean outdoor levels were more variable, 
ranging from 4.62 to 12.52 µg/m3, with higher levels observed in the summer sampling. In 
general, for outdoor-to-outdoor associations, positive correlations were observed between 
PM10–2.5 and carbon monoxide (CO), NO2 and NOx while no correlations between pollutants 
were found for indoor concentrations. The correlations between personal coarse PM levels 
and both the outdoor and indoor gaseous concentrations were weak.  
 
Personal exposure of a typical commuter of the Los Angeles Metro system was also assessed 
in California (Kam et al., 2011). A sampling campaign measuring personal PM exposures of 
passengers riding an underground heavy-rail subway line (LA Metro Red Line) or a ground-
level light-rail line (LA Metro Gold Line) was performed on weekdays (9.30 am. to 1.00 pm.) 
from May 3 to August 13, 2010. Two samples were collected at each site for two consecutive 
periods. Ambient PM levels were also measured at a fixed monitoring site located near the 
USC. PM measurements of commuters were taken with three Personal Cascade Impactor 
Samplers (PCIS) carried in a suitcase. The subjects spent similar times on the subway or 
train: 25% of the time at stations and 75% riding inside the subway/train. Chemical analyses 
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(total metals, water-soluble metals, inorganic ions, elemental carbon (EC), organic carbon 
(OC) and organic compounds) were also performed as part of this study, as well as an AM 
assay to determine the reactive oxygen species (ROS) activity.  
 
The personal gravimetric coarse PM mass concentration was higher in the LA Metro Red Line 
(~11 µg/m3) than at the LA Gold Line (~4 µg/m3) and was almost equivalent to the 
concentration measured at the USC ambient site. The coarse PM mass concentration at the 
LA Metro Gold line was about 40% of the USC one, suggesting that even if this line is located 
at ground level the personal coarse PM exposure is being reduced because of time spent 
inside the train. The fine PM gravimetric mass was approximately 70% greater in the LA Metro 
Red Line (~25 µg/m3) than in either the Gold Line or the USC site (~16 µg/m3). For the 
chemical analysis, the main distinction between the three sites was the amount of iron in both 
the fine and coarse PM fractions in the subway environment; for coarse PM the gravimetric 
mass of the Red Line, Gold Line and USC sites was composed respectively of 27%, 6% and 
2% iron. The bivariate analysis showed that ROS activity was strongly correlated with the 
water-soluble nickel (R2 = 0.95), OC (R2 = 0.92) and iron (R2 = 0.77) and that fine PM 
accounted for 90–98% of the total ROS activity.  

2.3.3 Impact of Human Activities on Personal Coarse PM Exposures 
The influence of human activity on coarse particle exposures has received little attention over 
the years. A residential indoor and outdoor air quality study investigating exposure to coarse 
particles in Regina, Saskatchewan, Canada, a city with extreme seasonal differences in 
climate and which is representative of the prairies of Canada was carried out by Wheeler and 
collaborators (Wheeler et al., 2011).  Indoor and outdoor levels of coarse particles and 
endotoxins were measured for 100 and 79 homes in the summer and winter, respectively, in 
Regina, Saskatchewan. Mean coarse PM concentrations, as measured by Harvard Coarse 
Impactors, were found to be 9.17 µg/m3 ± 2.50 (outdoors) and 4.98 µg/m3 ± 3.00 (indoors) in 
summer and 2.67 µg/m3 ± 1.00 (outdoors) and 4.23 µg/m3 ± 2.32 (indoors) in winter.  Housing 
characteristics information was also collected for each residence (e.g. presence of pets, 
smoking inside, ventilation) and models were developed to determine which characteristics 
were predictive of the measured indoor coarse PM levels. Smoking in the home, the presence 
of at least two residents and the use of central air conditioning were predictive of indoor 
coarse PM levels in the summer. Winter predictors of indoor coarse particles were found to be 
the outdoor coarse PM levels, the presence of more than two occupants, the presence of an 
outdoor-vented kitchen fan, having open windows during the monitoring sessions and 
increased air exchange rates. The authors concluded that indoor sources and resuspension 
(by residents performing various activities inside the home) were the most significant 
contributors to indoor coarse PM concentrations. This Canadian study has identified 
predictors for indoor coarse PM levels consistent with those found in several other studies 
(Abt et al., 2000; Long et al., 2000; Wallace and Howard-Reed, 2002; Chen and Hildemann, 
2009). 
 
The study conducted in the San Francisco Bay area of Northern California by Chen and 
Hildemann (Chen and Hildemann, 2009) analyzed the effect of human activities on exposure 
to PM and bioaerosols (proteins, endotoxin and glucan) in residential homes. Airborne particle 
mass, protein and bioaerosols (endotoxin and (1-3)-β-D-glucan) were measured in three PM 
size fractions (total suspended particulate (TSP), PM10–2.5 and PM2.5) in non-smoking single-
family homes (n = 10). The number of occupants per home ranged from three to eight, with 
the majority of households consisting of four to five people. Normal activities in the family 
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room, which was the sampling location, were logged by the occupants, and times with opened 
windows were also reported.  
 
Four approaches were used to account for the correlation between human activities (e.g. 
walking, reading) and indoor levels: diurnal differences, number of occupants per household, 
self-estimated occupancy (person-h/week) and activity strengths (sum of all activities during 
the sampling period (duration × number of persons involved) divided by the total sampling 
time). All PM measures (indoors and outdoors) were collected in duplicate with aluminum filter 
holders with size-selective cyclones between October 2005 and May 2006. One measurement 
series was taken at night (~9 p.m. to ~8 a.m.) and two samples were taken during the day 
(~10 a.m. to ~7 p.m.) and a second set of daytime samples were taken 3 weeks later. 
Indoor/outdoor (I/O) ratios were also computed.  
 
Human activity levels, measured by the self-estimated occupancy and the activity strength 
measures, were strongly correlated with coarse particles and bioaerosols. Daytime indoor 
concentrations of coarse particles and endotoxin were significantly (p <0.05) higher than at 
night; 7.8 µg/m3 vs. 4.8 µg/m3 for PM10–2.5 and 1.4 Eu/m3 vs. 0.9 Eu/m3 for endotoxin. Outdoor 
concentrations of coarse particles were also higher during the day (6.4 µg/m3 vs. 4.4 µg/m3; p 
= 0.06), whereas endotoxin levels were higher during the night (0.8 Eu/m3 vs. 0.3 Eu/m3, 0.05 
≤ p <0.10). Indoor glucan levels were also significantly (p <0.05) higher during the day, while 
outdoor concentrations were higher at night. I/O ratios for endotoxin in the PM10–2.5 fraction 
and glucan were significantly higher (p <0.05) during the day, suggesting the influence of 
indoor sources during that period. The approach measuring activity strength, which accounted 
for the number of occupants and the duration of the activities, was also strongly correlated 
(r>0.6, p<0.05) with the coarse particle mass and endotoxin during the day. The results of this 
study indicated that there were substantial indoor sources of coarse particles and bioaerosols 
and that these sources were stronger during the day. This study showed that human activities 
can impact personal exposure to coarse PM, including bioaerosols.  
 
Children are more sensitive to air pollutants and can be exposed to much higher levels of air 
pollution while performing activities, given their higher pulmonary ventilation rate. Branis and 
collaborators investigated the impact of physical activity on the exposure of children to coarse 
particles in school gyms in Prague, Czech Republic (Branis et al., 2009, 2011; Branis and 
Safranek, 2011).  
 
During eight campaigns (7–10 d) performed from November 2005 through August 2006, 
Branis et al. (2009) investigated the exposure to size-fractionated PM of children (aged 11–
15) during scheduled indoor physical education in a naturally ventilated school located in a 
high traffic density zone (~13,200 cars/d). School staff recorded the human activity in the gym 
(number of persons present and duration of the activity) and a daily person-h indicator was 
computed. Indoor PM concentrations (PM10–2.5, PM2.5–1.0, PM1.0–0.5, PM0.5–0.25 and PM0.25) were 
obtained with the PCIS; only ambient PM2.5 was measured using the nearest fixed monitor. 
The average coarse PM indoor level during the study period was 10.52 µg/m3 (SD=7.82), with 
a maximum level of 28.85 µg/m3. On average, 35% of the total PM mass was coarse particles. 
The results indicated that coarse particle concentrations inside the gym were significantly and 
strongly correlated (r=0.77; p<0.05) to the number of students exercising, suggesting that 
coarse PM levels can be highly influenced by human activity. During exercise, air is usually 
taken in through the mouth, and since mouth breathing bypasses much of the filtration 
capabilities of the nasal passages, this would be expected to increase deposition of particles 
in the lower regions of the respiratory tract. Higher indoor levels of coarse particles were also 
observed on heating weekdays as compared with non-heating weekdays. 
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The same team also conducted a follow-up study (Branis et al., 2011) by extending their 
measurement campaigns (7–12 d) through 2009. This study focused mostly on PM2.5, but daily 
person-hour indicators were also computed to investigate the impact of human activity on 
indoor levels of several particle sizes. A principal component analysis (PCA) was also 
performed to investigate source apportionment. As in the previous study, strong correlation 
factors between indoor coarse particle levels and the daily person-hour counts were found for 
coarse particles; r=0.71 in the warm season and r=0.68 in the cold season. Poor I/O 
correlation coefficients were also found for coarse particles (0.35 for all data; 0.37 in the warm 
season and 0.55 in the cold season) as well as I/O levels >1, indicating that indoor levels are 
higher than outdoors and suggesting the presence of strong indoor sources. The mean I/O 
ratio was 1.9 ± 1.9, with a median value of 1.4. Based on the PCA, human activity was found 
to be an important source of indoor coarse particles during the weekdays.  
 
The overall conclusion from the authors is that indoor exercise in a polluted urban area may 
increase the total human exposure of young individuals and increase their potential health 
risks.  
 
Another similar study was conducted again in Prague by the same team (Branis and 
Safranek, 2011) where PM measurements were performed in three elementary schools: one 
located in the high-traffic centre of the city, another one in the periphery of the city with mild 
traffic, and the third in a residential rural area about 20 km southwest of Prague. All schools 
were heated with a central system fuelled by natural gas, had double glazed windows and 
were naturally ventilated buildings. There was a total of 177 d of indoor and outdoor 
measurements from November 2005 through August 2009. Both indoor and outdoor fine (1.0–
2.5 µm) and coarse (2.5–10 µm) PM were measured with the PCIS, while the mineral 
composition and morphology of the particles were studied through X-ray spectrometry and 
scanning electron microscopy. As in the other studies, the school staff recorded the human 
activity in the gym (number of persons present and duration of the activity) and this 
information was used to compute a daily person-hour indicator and the number of teaching 
hours for each school day. 
 
For weekdays, lower coarse PM mean levels were measured outdoors (4.1–7.4 µg/m3) than 
indoors (13.6–26.7 µg/m3) with the highest outdoor level being found in the city. Indoor coarse 
PM levels were higher on days with scheduled physical activity; the mean coarse I/O ratio 
ranged from 2.5 to 16.3 for the different schools. The highest I/O ratios were observed at the 
school located on the periphery of the city and at the rural one. For weekends and holidays, 
the indoor coarse PM mean levels measured were lower (1.0–1.5 µg/m3) than the outdoor 
levels (3.0–4.4 µg/m3). The main predictor of indoor coarse PM levels based on the multiple 
regression analysis was the number of students present in the gym, and the coarse PM 
outdoor mass was a weak and inconsistent predictor. These two independent variables 
explained 60–70% of the dataset variability. Based on the chemical analysis it was found that 
most of the inorganic coarse particles were of crustal origin, with silicates, silica and limestone 
being the elements most abundant in both the urban and rural schools. Again, the main 
conclusion reached by the team was that school gyms can be an important microenvironment, 
with high coarse PM levels that may impact the exposure of exercising children.  
 
Another study (Devi et al., 2009), considered less relevant to Canada, was performed in 
Kanpur, India, to assess the personal exposure to both indoor and outdoor PM of non-
smoking students (aged 18–30) living on an academic campus. The institute is located in a 
much cleaner environment than the rest of the highly polluted city of Kanpur. With an optical 
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particle counter (OPC), fine (0.3–2.5 µm) and coarse particles (2.5–10 µm) were measured in 
several indoor microenvironments (hostel dining hall and television room, campus restaurant, 
classroom, photocopier shop) when they were either empty or in use, and during outdoor trips 
(railway station, open marketplace, movie hall, shopping complex) during the summer. 
Measurements were conducted for 1-hperiods over 3d and were taken near the breathing 
zone of the subjects. To evaluate personal exposure, four students carried the OPC for 24 h in 
different seasons (summer and winter) and completed a time-activity diary.  
 
This study showed higher levels of coarse particles (22.6–208.1 µg/m3) in several 
microenvironments than of fine particles (16.1–165.2 µg /m3). In addition, coarse PM was 
found to be higher when the dining hall was “active” than when it was “empty”, whereas levels 
in the TV room were similar under both conditions. More variations in the coarse particle mass 
concentrations were found during the “active” dining hall period, suggesting the influence of 
human activity and resuspension from movement. Higher levels and variations were also 
found in the campus restaurant, probably due to the presence of an old carpet. In the 
photocopier room, higher levels were found in the morning rather than during the evening; the 
authors attributed this result to the sweeping and dusting activity during that period. Outdoors, 
coarse particles showed higher peaks near construction sites, the railway station and traffic 
junctions, which could be due to resuspension of road dust. The 24-h personal exposure 
sampling also showed that cleaning and dusting activities led to increased levels of coarse 
particle exposure, as well as time spent in the dining hall during peak hours and during transit. 
Similar results were observed for both seasons. Overall, this study showed that personal 
exposure to coarse particles could be highly influenced by several types of human activities.  

2.3.4 Indoor Infiltration 
Regulatory frameworks, source, composition and (quite likely) toxicity are different for ambient 
and indoor-generated PM. Therefore it is informative to separate personal exposure and 
indoor levels into these two different components: ambient-generated PM and non-ambient-
generated PM. Relatively low levels of personal and ambient exposure to PM10–2.5 were 
estimated in a Canadian study (Ebelt et al., 2005) that investigated the impacts of exposure to 
particles of ambient versus non-ambient origin on various cardiopulmonary endpoints. This 
study reported results from a panel study of 16 COPD patients in Vancouver, BC, in the 
summer of 1998 (April–September); details of this study have been incorporated in Table 2.5 
and in the section discussing results from panel studies (Section 4.3). The authors also 
developed estimates of individual exposures to ambient and non-ambient particles, including 
coarse particles, based on time-activity data and the use of particle sulphate measurements 
as a tracer for indoor infiltration of ambient fine particles. The estimated mean (24-h average) 
ambient contribution to personal exposure to coarse particles was 2.4 ± 1.7 µg/m3, with a 
range of -0.4µg/m3 to 7.2 µg/m3. 
 
Wilson and Brauer (2006) did not directly measure personal exposure to PM10–2.5; however, 
the authors provided an estimate of the percentage of the ambient concentration that a person 
receives as personal exposure (Fpex) using the full dataset. They also estimated the mean 
ambient contribution to personal exposure for PM10–2.5 by using sulphate measurements and 
estimated values of p=1 and k=0.2 for sulphate in a mass balance model, to gauge the air 
exchange rates for each subject on each day. Daily ambient monitoring of PM10 and PM2.5 was 
performed at five sites and ambient levels of PM10–2.5 were calculated as the difference 
between PM10 and PM2.5. Daily, individual estimates of Fpex and the ambient component of 
personal exposure to coarse PM were then calculated using (a) estimates of daily air 
exchange rates, (b) the fraction of time spent outdoors, and (c) estimated values of p = 1 for 
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the penetration factor and kb= 1.0 for the deposition rates for PM10–2.5 using the mass balance 
model. The estimated mean ambient contribution to personal exposure for PM10–2.5 was 2.5 
µg/m3 (SD= 2.1); values ranged from -0.4µg/m3 to 13.5 µg/m3. The mean ambient level was 
6.1 µg/m3, suggesting a mean Fpex of 2.5/6.1= 41%, considerably lower than the estimates for 
PM2.5 from the same study (71–77%). Based on a subset of the data, Ebelt et al. (2005) 
reported an estimated mean Fpex of 43% (2.4/5.6). These findings are consistent with results 
from previous studies, where a lower infiltration factor was found for coarse PM than for fine 
PM (Özkaynak et al., 1996; Wilson and Suh, 1997; Long et al., 2001). 
 

2.4 Summary and Considerations 
In 2007, total coarse particle emissions for Canada can be estimated at4.8 million tonnes. The 
predominant source of coarse particles in Canada is open sources. Road dust from paved and 
unpaved roads is the largest open source and accounts for about 1/3 of open sources; the 
remainder is from agriculture (16.5%) and construction operations (19%). Industrial coarse PM 
emissions comprise only 2% of the national total emissions, with provincial industrial 
contributions reflecting their industrial profiles.  
 
Ambient coarse PM levels in Canada are relatively low. Based on data from the NAPS 
Network, mean levels of coarse particles from 1985 through 2012 were almost exclusively 
below 10 µg/m3 except for five urban sites. The highest levels of coarse PM mass are found in 
large urban areas and near roadways with non-urban areas experiencing much lower levels. 
Non-exhaust traffic emissions are the main urban sources of coarse PM. Examination of 
monthly and seasonal patterns in monitored PM10-2.5 mass indicate that levels are generally 
higher in spring, consistent with the re-suspension of accumulated road salt and sand detritus. 
Coarse particles levers are also higher on weekdays versus weekends. Coarse particle 
concentrations have also trended downward over the years; data from 1985-2012 
dichotomous samplers indicates a decreasing trend in annual mean and 90th percentile PM10-

2.5 concentrations nationally and in most Canadian cities. Coarse PM compositional analysis 
has been carried out since 1987, with 22 elements typically being quantified. These data have 
been used to calculate an estimated soil component (SOIL) as well as an estimated other 
trace elements (TEO) component. Soil accounts for an average of 50% of total PM10-2.5 mass, 
with organic mass accounting for 20-40% of total PM10-2.5 mass in rural areas and 10-20% at 
urban sites. Sites with nearby industrial point sources; however, can yield substantially 
elevated TOE levels in the coarse PM emissions.  
 
Personal exposure to coarse particles has been investigated in a small number of studies in 
children, COPD subjects, healthy non-smokers, traffic policemen, adult asthmatics and elderly 
retirees with a history of coronary artery disease. The mean personal exposure to coarse 
particles in these studies ranged from 1.62 µg/m3 to 76 µg/m3. One new Canadian study of 
COPD subjects using an estimating procedure found a relatively low estimate of 2.5 µg/m3 
(SD = 2.1). A Canadian monitoring field study carried out at approximately the same time 
(unpublished data, Health Canada) found much higher personal coarse PM exposures in 
healthy adults (12.0 µg/m3 and 13.7 µg/m3 in the summer and winter, respectively). These 
levels however agree quite well with personal exposure studies carried out in Boston in 2000 
and 2004. These results may indicate that the estimations of personal coarse PM exposure 
yield values that are not reflective of the actual true personal exposure of Canadians to coarse 
PM. Coarse particle exposure can be influenced by a number of factors: the spatial variability 
of coarse PM in ambient air, the levels of coarse particles in indoor environments, and 
personal activity patterns. Of these, personal activity patterns appear to have the greatest 
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influence on exposure. Activities that increase indoor concentrations of coarse particles, 
including cooking, dusting, vigorous movement over carpets, play activities, exercising in a 
school gym as well as time spent in some outdoor microenvironments (near construction sites, 
in transit, at traffic junctions) are expected to impact personal exposure. In Regina, Canada, 
the increasing number of people actually present in the home was the most significant 
contributor to indoor levels of coarse particles. The land use surrounding Regina is 
predominantly agriculture with a few industrial facilities; none of which identified to be 
responsible for the generation of windblown coarse particles. This Canadian study have 
identified similar predictors for indoor coarse PM levels as several other studies performed in 
different urban settings (Abt et al., 2000; Long et al., 2000; Wallace and Howard-Reed, 2002; 
Chen and Hildemann, 2009). The importance of personal activities in determining personal 
exposure to coarse particles was confirmed in a study conducted in Boston. Results from this 
study indicated that time-weighted indoor levels were significant predictors of personal 
exposure to coarse particles. This team also found that personal activity patterns related to 
the generation of coarse PM, such as vacuuming and cooking, played an important role in 
determining personal exposure.  
 
Higher indoor levels of coarse particles were also observed in a Northern California study. By 
using an approach measuring activity strength, which accounted for the number of occupants 
and the duration of the activities, a strong correlation (r>0.6, p<0.05) has been observed 
between human activity and coarse particle mass levels during the day. Because of the time 
spent indoors, the majority of exposure to coarse particles is thought to result from indoor 
sources. For coarse particles, it was also observed in some studies that personal exposure 
levels were higher than indoor levels, which in turn were higher than outdoor concentrations. It 
has also been suggested that children, because of their increased activity levels, have 
potentially higher levels of exposure to coarse particles than less active members of a 
household.  
 
It was demonstrated that PM infiltration is also strongly dependent on particle size, with 
coarse particles penetrating less readily into buildings than particles in the accumulation mode 
size. These results were confirmed by the Canadian researchers, who developed estimates of 
personal exposures to ambient and non-ambient coarse particles based on time-activity data 
and used particle sulphate measurement as a tracer for indoor infiltration of ambient particles. 
Results from this Canadian study suggest that personal exposure to coarse particles averages 
41% of the ambient concentration, a lower level than the 71–77% estimated for concentrations 
of PM2.5. This result is consistent with the lower infiltration factor usually found for coarse 
particles as compared with fine particles.  
 
Overall, findings from the new studies are generally in line with results from past studies in 
regard to the personal exposure level to coarse particles. Only one Canadian study has 
directly measured exposure to PM10–2.5 and found personal PM exposure levels in line with 
those measured in two previous personal monitoring studies conducted in Boston. Based on 
the limited literature currently available personal exposure to coarse particles, as measured by 
personal exposure monitors, tends to be higher than either indoor or outdoor levels of coarse 
PM. Personal activity patterns appear to have the greatest influence as there tends to be a 
poor correlation between personal exposures to coarse PM and concentrations in either 
indoor or outdoor air. The lack of correlation has been attributed to the physical nature of 
coarse PM, which has a short atmospheric half-life due to its increased deposition rates 
compared to fine particulate. As a result, proximity to the source of coarse PM is an important 
determinant on airborne levels of coarse PM and therefore exposure. 
 



 

Human Health Risk Assessment for Coarse Particulate Matter     48 
 

3.0  Dosimetry 
 
Although ambient monitors have been shown to provide an adequate estimation of exposure 
for large-scale health studies, the dose of particles delivered to and retained at the target site 
and some aspects of host susceptibility (rather than the external exposure level) govern the 
biological response to particles (Costa and Kodavanti, 2003). The essential elements of 
particle dosimetry comprise deposition, clearance, and retention. Particulate deposition is the 
process of removing particles from inhaled air to various locations in the respiratory tract 
during breathing, and clearance refers to the rates and routes by which deposited particles are 
removed from the respiratory tract (Miller, 2000). Particle toxicity, all other things being equal, 
should be directly dependent on the dose of particles reaching and being retained at a target 
organ or tissue. Retention of particles is governed by the balance between the deposition and 
clearance processes. Once deposited on an airway surface, particles can undergo clearance 
or translocation, which is a specific form of clearance. While clearance refers to the 
mechanism by which deposited particles are removed from the surface of the respiratory tract, 
the term translocation describes the movement of deposited particles from one location to 
another location, either within the lung or to extrapulmonary organs.  
 
Particles can enter the human respiratory tract. The depth of penetration into the lung as well 
as the extent of deposition will depend on various factors, including the particle size. Particles 
with an aerodynamic diameter greater than 10 µm are deposited in the nose and cannot reach 
the lower portions of the respiratory tract.  The dose delivered to the respiratory tract will also 
depend on a number of other factors—ventilation parameters, the exposure concentration and 
duration, the hygroscopicity properties of the particles and the anatomy of the respiratory tract, 
which is altered in some diseases. The experimental data and modelling efforts are very well 
developed for deposition of airborne PM.  
 
The respiratory tract can be divided into three regions anatomically: extrathoracic (ET), 
tracheobronchial (TB) and alveolar (A), as demonstrated in Figure 3.1 (from Wang et al., 
2005). The ET region includes the mouth and regions from the nose to the larynx; the TB 
region is from the larynx through the conducting airways; the A region is the gas exchange 
zone located at the end of the terminal bronchioles, which comprises the respiratory 
bronchioles, alveolar ducts, alveolar sacs and alveoli. Particle deposition and clearance differ 
for these regions. Humans are oro-nasal breathers, meaning they can breathe either through 
the nose, the mouth, or both airways simultaneously; conversely, experimental rodents s used 
in toxicological studies are obligatory nose-breathers. A detailed discussion of particle 
dosimetry is included in both the US EPA 2004 document, “Air Quality Criteria for Particulate 
Matter” (US EPA 2004PM AQCD) and the US EPA 2009 PM ISA (US EPA, 2009) and is 
briefly summarized in the following section. 
 

3.1 Summary of the Earlier US EPA Assessments 
The US EPA 2004 PM AQCD (US EPA, 2004) reviewed studies published between 1995 and 
April 2002 regarding PM dosimetry, while the US EPA 2009 PM ISA (US EPA, 2009) reviewed 
studies published between 2002 and May 2009. The EPA acknowledged that the 
understanding of total and regional deposition as a function of particle size had improved 
since the publication of its 1996 PM AQCD, mostly due to the development of mathematical 
models of particle dosimetry. Overall, the EPA concluded that the available evidence 
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continues to support the basic conclusions reached in the previous review regarding 
penetration and deposition of size-specific particles. An aerodynamic size of less than 10 μm 
(PM10) remains a reasonable separation point for particles that penetrate and potentially 
deposit in the thoracic regions of the lungs, particularly for the more sensitive case of mouth 
breathing.  

 

Figure 3.1  Diagrammatic representation of respiratory tract regions in humans 
Source: Wang et al., 2005 

 
 
Several factors have been shown to affect the fractional deposition of inhaled particles in the 
lung: particle size, breathing route (oral or nasal), breathing frequency, the volume of air 
inhaled, the anatomy of the respiratory tract, and various deposition mechanisms (diffusion, 
impaction, sedimentation). Total and regional deposition in the various regions of the lung (for 
an adult male) will vary as a function of particle size and breathing route as well as with levels 
of activity (resting and light exercise) (see Figure 4.3, page 4-7 of the US EPA ISA for PM (US 
EPA, 2009)). Briefly, accumulation mode particles (those with a diameter of 0.1–1.0 µm) 
deposit primarily in the A region and are insensitive to breathing patterns and exercise. 
Ultrafine particles (UFPs) generally have higher fractional depositions than accumulation 
mode particles, and as particle size decreases below 0.1 µm, total deposition increases. 
Coarse particles can also penetrate to and deposit in the TB and A regions. The fractional 
deposition peaks between 3 and 6 µm in the TB region and 2.5 and 5 µm in the A region. The 
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new literature also showed that the ET region, especially the nasal passages, is an efficient 
filter for small ultrafine (< 0.01 µm) and larger coarse particles and that particles removed in 
the ET region are not available for deposition in the TB and A regions of the respiratory tract. 
In fact, a significant fraction of coarse particles is deposited in the ET region. 
 
Higher fractions of coarse particles are also deposited in the TB and A regions during mouth 
breathing than during nasal breathing. For a range of typical ambient size distributions, the 
total deposition of thoracic coarse particles to the A region can be comparable to or even 
larger than that for fine particles; for areas with appreciable coarse particle concentrations, 
coarse particles would tend to dominate particle deposition to the TB region for mouth 
breathers (Kim et al., 1996; US EPA, 2004; US EPA, 2009). Mouth breathing bypasses much 
of the filtration capabilities of the nasal passages and leads to increased deposition of 
particles in the respiratory tract.  
 
The US EPA 2009 PM ISA concluded that, as compared with rodents, greater penetration of 
coarse particles occurs in the lower respiratory tract of humans. For example, as stated in the 
2009 assessment, inhalability of particles having an aerodynamic diameter of 10 µm is 
approximately 44% in rats, as compared with 96% in nasal-breathing humans (US EPA, 2009; 
Ménache et al., 1995). These species-specific differences are also true for the clearance of 
poorly soluble particles from both the TB and alveolar regions; clearance is more rapid in 
rodents than in humans. 
 
The hygroscopic properties of some atmospheric particles are another important factor 
impacting particle deposition in the lung. Particle hygroscopicity will increase the particle size 
by the addition of water molecules to the particle. Fine particles such as sulphates, nitrates 
and possibly organic PM can take up and retain moisture; thus they can increase in size in the 
humid air of the respiratory tract. This phenomenon results in particles depositing within the 
respiratory tract in accordance with their new hydrated size rather than with their original 
ambient size. This phenomenon is relatively unimportant for coarse particles as these 
particles are largely insoluble and non-hygroscopic (US EPA, 2004; Heyder, 2004). 
 
In humans, the literature reviewed by the US EPA also showed that particle deposition 
depends on several factors, including gender, tidal volume and breathing rate, age, and 
respiratory disease status. A serial bolus technique developed in recent years was used to 
measure deposition of fine and coarse particles within the respiratory system of healthy adults 
(Kim et al., 1996). This technique was also used to compare fine and coarse particle 
deposition in the lungs of women and men (Kim and Hu, 1998). It was demonstrated that, for 
fixed breathing patterns (breathing frequency and tidal volume), total lung deposition of 
particles of 3 and 5 µm in size was consistently greater (~20%) in the TB region of women as 
compared with men (p <0.05). This was also true for very small UFPs (0.04 and 0.06 µm). It 
was shown as well that subjects who were exercising received higher thoracic doses of 
particles per cm2 of lung surface than resting subjects (Kim, 2000) due to oronasal breathing, 
i.e. a breath which involves the combination of flow through both the nose and the mouth 
during exercise. Total lung deposition can be 3-4 times higher during exercise, given larger 
tidal volume and higher breathing rate.  
 
Age is also another important factor, since the physiological function and the anatomy of the 
respiratory tract could vary with age, and these variations could alter the deposition patterns of 
particles. It was demonstrated that children generally experienced higher particle deposition in 
the ET and TB regions than adults. It appears that the lower respiratory tract in children may 
receive higher doses of PM; children may be at higher risk from exposure to particles since 
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they could experience higher particle deposition. Children could experience lower nasal 
particle deposition because of their higher incidence of mouth breathing (reducing the removal 
of PM by the nose). It is also recognized that children have higher minute ventilation relative to 
their lung volume as compared with adults which may also influence the rate of particle 
deposition (US EPA, 2009). Based on limited dosimetry and animal studies, clearance of 
poorly soluble particles decreases with age beyond adulthood (Ho et al., 2001; Goodman et 
al., 1978; Whaley et al., 1987; Svartengren et al., 2005; US EPA, 2009). These results 
suggest that the elderly might be another susceptible population to PM-related respiratory 
health effects. The issue of age in terms of susceptibility to PM is discussed further in the 
Section 4.3.4.1 of the US EPA 2009 PM ISA. 
 
New studies also indicated that respiratory disease status can affect the regional deposition of 
particles; it was observed that the total lung deposition is generally increased by obstructed 
airways, which enhance deposition of particles in people with chronic lung disease. The US 
EPA 2004 PM AQCD concluded that, in general, studies demonstrated enhanced deposition 
of particles at airway bifurcations. Its new evidence confirmed that people with chronic 
obstructive lung diseases can have increased total lung deposition and can also show 
increases in local deposition (“hot spots”) due to uneven airflow in diseased lungs. More 
specifically, the US EPA 2009 PM ISA revealed that individuals with COPD generally have 
greater total PM deposition, as well as more heterogeneous deposition, which correlates with 
their increase in airway resistance. 
 
In summary, results from dosimetric studies discussed in the US EPA’s 2004 PM AQCD and 
2009 PM ISA advanced our understanding of particle deposition in the respiratory tract for 
ultrafine, fine or thoracic coarse particles. The evidence confirmed that all three size fractions 
can enter the TB or the A regions of the respiratory system and potentially cause health 
effects. Differences exist between humans and rodent species in terms of particle deposition 
and clearance. New information from dosimetric studies continues to reinforce important 
distinctions between fine and coarse particles in regard to particle deposition within the 
respiratory tract. Factors such as gender, age, exercise and respiratory status have also been 
shown to influence total and regional particle deposition within the human respiratory tract.  
 

3.2 Distribution of Particles in the Respiratory Tract 
and Factors Influencing their Deposition: New 
Studies 
A small number of studies on particle dosimetry have been published since 2002, in which 
either the deposition patterns or biological/physical factors influencing the dosimetry of coarse 
particles in the respiratory tract were modelled (Subramaniam et al., 2003; Asgharian et al., 
2004; Brown and Bennett, 2004; Partridge and Javeed, 2004; Asgharian and Price, 2006) or 
evaluated through experimental studies (Windt et al., 2010). These studies are summarized 
below.  
 
Dosimetry models can improve our knowledge about mechanisms and processes involved in 
the incidence and exacerbation of respiratory disease. Several mechanisms—impaction, 
diffusion, and sedimentation—are responsible for particle deposition in the lung. Mathematical 
models incorporate these mechanisms in computing deposition rates and efficiency. These 
models can also provide us with information about the most probable sites of deposition of 
inhaled toxicants as well as the biological or physical factors affecting particle deposition.  
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3.2.1 Modelled Studies 
Using the multiple-path model developed by Anjilvel and Asgharian (1995), Subramaniam et 
al. (2003) studied the deposition of particles ranging from 0.01 µm (ultrafine) to 15 µm 
(coarse) in each airway down to the level of the lobar bronchi. This model, which includes five 
asymmetric lobar bronchi, incorporates asymmetry in the airway branching structure and 
allows the calculation of the deposition in individual airways using detailed information on lung 
geometry. Significant variations in the deposition among the five lobar bronchi (upper, lower 
and middle) were predicted, with the highest deposition in the lower lobes for particles3 µm in 
diameter. These results were similar to those found in studies using other mathematical 
models as well as experimental data. Deposition of the aerosol among lobar bronchi was also 
altered by both the breathing conditions and the size of the aerosols. For coarse particles (7 
µm), higher deposition of particles was predicted in all five lobar bronchi during exercise. Tidal 
volumes and breathing frequencies during the resting and the exercise period were 625 cm3 
and 12 breaths/min and 1923 cm3 and 26 breaths/min, respectively; modes of breathing 
during rest and exercise were nasal and oro-nasal, respectively.  
 
Partridge and Javeed (2004) reported results from a computer model that calculates the 
regional deposition of airborne PM in the human respiratory tract. Several factors, including 
aerodynamic diameter, were identified as important contributors in determining the role of 
ambient environmental aerosols on adverse health effects. The model predicted that in 
addition to the particles with a smaller aerodynamic diameter (0.001–1 µm) that penetrated 
deep inside the A interstitial region, a significant number of smaller UFPs was deposited in the 
ET region. The vast majority of the coarse particles were captured in the upper respiratory 
tract (ET region), although a small portion of these particles reached the deeper regions of the 
lung. The computer model related these findings to penetration and deposition. While larger 
particles have limited penetration to the deeper regions of the lung, their clearance from the 
respiratory tract is more difficult; as a result, they have a higher retention rate than fine 
particles. This is particularly notable for particles greater than 10 µm.  
 
Lung geometry and physiology are essential elements to take into account when predicting 
inhaled particle deposition in the human respiratory tract, and several factors have been 
shown to influence fractional PM deposition. Age is one of them; children are recognized to be 
a susceptible population to air pollution, though little is known about the fate of inhaled 
particles in their respiratory tracts.  
 
Asgharian et al. (2004) used lung morphometry measurements of subjects aged 3 months 
through 21 years to create a five-lobe lung geometric model for children and adults that 
estimated age-dependent particle deposition fractions in different regions and lobes. The 
investigators also used experimental data on particle deposition in the nasal region of children 
(Becquemin et al., 1991) to construct predictive equations of particle deposition in this region; 
a different equation from the literature was used for adults. With the use of these experimental 
data the authors estimated the deposition efficiency in the nasal passages for adults and 
children aged 5–12 and 12–15 years for particles 1–2.8 µm in size. Results showed larger 
nasal deposition in adults than in children for these particle sizes. Particle deposition fraction, 
the fraction of particles entering the respiratory tract that deposits on airway surfaces during a 
single breath, was also predicted in various regions and lobes for particles 0.01–10 µm in 
diameter for different age groups (3 and 24 months as well as 8, 14 and 21 years of age) via 
endotracheal breathing (bypassing the ET region).  
 



 

Human Health Risk Assessment for Coarse Particulate Matter     53 
 

Predicted deposition in the TB area was similar among different ages for a given particle size 
except for 3-month-old infants, where deposition fractions were noticeably higher. In the A 
region, there was no clear trend in the predicted deposition fraction with age. The deposition 
fractions for smaller (<0.1 µm) and larger coarse particles were higher than accumulation 
mode particles in both the TB and A regions. For total deposition, the highest respiratory tract 
depositions were observed for ultrafine and coarse particles: the deposition fraction was near 
0.9. The total deposition fraction adjusted for inhalation volume was greatest for infants and 
decreased with age for all particle sizes, with disproportionably enhanced deposition being 
seen for ultrafine and coarse particles. Overall, there was no clear pattern between age and 
particle deposition fraction, but a pattern emerged when deposition fractions were adjusted by 
inhaled air volume—higher particle depositions were predicted for children. The authors 
suggested that children may be at higher risk from exposure to particles since they could 
experience higher particle deposition.  
 
Respiratory disease status can also affect the regional deposition of particles. Lung regions of 
patients with cystic fibrosis (CF) are thought to be poorly ventilated and difficult to treat with 
inhaled aerosols. Brown and Bennett (2004) developed a multiple-path particle deposition 
model considering regional differences in airway obstruction and ventilation distribution and 
then modelled pulmonary deposition of coarse particles (5 µm in diameter) in CF patients and 
healthy non-smoking volunteers. Their model divided the lung into four symmetrical quadrants 
at the lobar bronchi (left apex, left base, right apex, right base) and the regional volume and 
ventilation of these quadrants were modelled based on experimental data. Airway morphology 
was adjusted for each individual’s lung volume and ventilation distribution. In CF patients, 
ventilation was significantly reduced at the apex and increased at the base of the lung in 
comparison with healthy subjects. The predicted particle deposition reached a maximum level 
in the fifth airway generation of the apex in CF patients and was on average 8 times higher 
than in healthy subjects. Despite the fact that ventilation was higher in the base of CF patients 
(1.9 times higher than in the apex), particle deposition in the fifth and sixth airway generations 
of the apex was greater in this area (2.1 times higher than in the base). The model generally 
predicted that regional particle deposition was positively related to ventilation in healthy 
subjects but was inversely related to ventilation in CF patients. Results from this study were 
consistent with a previous experimental study (Brown et al., 2001) showing that particle 
deposition is enhanced in large airways of the apex of the lung in CF patients.  
 
It has been found that deposition in a given region of the lung is directly proportional to the 
volume of air delivered to that region (Asgharian et al., 2004), so a better understanding of 
airflow distribution in the lung can help identify sites of particle deposition. Asgharian and 
Price (2006) developed mathematical models incorporating airflow characteristics and used 
them to predict regional and lobar deposition of 0.01–10 µm particles. These models were 
either based on non-compliant (viscous flow) or compliant (uniform expansion) airflow 
distribution models. The compliant and non-compliant models predicted different airflow 
distributions and the latter were physiologically unrealistic. Filtering of particles in the ET 
airways was not considered in these models; particle deposition exhibited a unimodal 
behaviour in the TB region, and two peaks were seen in the A region due to filtering in the TB 
region. Based on the compliant models, there was significant deposition of UFPs by diffusion 
and of coarse particles by impaction in the TB region, whereas coarse particles were 
deposited mainly by gravitational settling in the A region.  
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3.2.2 Experimental Studies 
As compared with the previous studies, Windt et al. (2010) used an animal model, the 
Göttingen mini-pig, to study the particle deposition in the TB (trachea, bronchi) and pulmonary 
regions (bronchioli, alveoli) of the respiratory system of three different polydisperse dry 
aerosols, composed of an oxide of rare earth elements (yttrium (Y2O3), Samarium (Sm2O3) 
and erbium (Er2O3)) and bovine serum albumin. Using the chemical tracer method, deposition 
fractions of solid aerosol particles over a size range from 0.25 to 16 µm were measured with a 
gamma camera. Animals (n=4) were exposed via the nose for 1h to known concentrations of 
particles. The authors showed that coarse particles can reach the pulmonary regions of the 
lung. Total lung deposition was ~60% for particles in the size interval of 2-4 µm and <10% for 
particles >6 µm. The deposition fractions in the tracheobronchial and pulmonary airways for 
particles of ~3 µm and ~5 µm in aerodynamic diameter were, respectively, 21% and 40% and 
~20% and 8%.  

3.3 Summary and Considerations 
Over the years, our understanding of the basic mechanisms governing the dosimetry of 
inhaled particles has not changed, but additional information has become available on the role 
of certain biological and physical factors influencing the dosimetry of particles. 
 
The experimental data and modelling efforts are very well developed for deposition of airborne 
PM. Researchers have developed and refined several more detailed mathematical or 
computational models to study particle dosimetry in the human respiratory tract, making 
possible more precise predictions of particle deposition and distribution. The majority of the 
new dosimetric studies have investigated the deposition pattern of ultrafine and fine particles, 
but a small number of studies have been published in which either the deposition patterns or 
biological/physical factors influencing the dosimetry of coarse particles in the respiratory tract 
were modelled or measured in animal models.  
 
Particle size is the most important determinant of the fraction of inhaled particles deposited in 
the various regions of the respiratory tract (US EPA, 2004, 2009). Particles with a diameter of 
10 µm or less are considered inhalable by humans and still remain a reasonable separation 
point for particles that penetrate and potentially deposit in the thoracic regions of the lungs, 
according to the new literature. Accumulation mode particles (0.1–1.0 µm in diameter) deposit 
primarily in the A region. UFPs generally have higher fractional depositions than accumulation 
mode particles, and as particle size decreases below 0.1 µm, total deposition increases. A 
significant fraction of ultrafine and coarse particles, but not accumulation mode particles, also 
deposit in the ET region (US EPA, 2004; Partridge and Javeed, 2004). Coarse particles can 
also penetrate to and deposit in the TB and A regions. Mouth breathing bypasses much of the 
filtration capabilities of the nasal passages and leads consequently to increased deposition in 
the TB and A regions of the lung.  
 
As demonstrated in past studies, it has been observed that particle deposition and distribution 
depend on several factors besides particle size. Other important factors include breathing 
pattern (tidal volume, breathing frequency), gender, age, and respiratory disease. Based on a 
bolus technique (Kim et al., 1996; Kim and Hu, 1998) it was demonstrated, at fixed breathing 
pattern (breathing frequency and tidal volume), that total lung deposition of coarse particles (3 
and 5 µm) was consistently and significantly greater (~20%) in the TB region of women as 
compared with men. It was also shown that exercise can influence coarse particle thoracic 
deposition (Kim, 2000; Subramaniam et al., 2003) due to oronasal breathing during exercise.. 
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Children may also be at higher risk from exposure to coarse particles, given the prediction of 
higher coarse particle deposition in their respiratory tract (Asgharian et al., 2004). Respiratory 
disease status can affect regional deposition of particles as well. New evidence (Brown and 
Bennett, 2004) confirms that higher deposition has been predicted in CF patients than in 
healthy subjects and that particle deposition does not follow the ventilation flow in their lungs. 
Higher coarse particle deposition was predicted to occur in obstructed and poorly ventilated 
regions and also during exercise as compared with rest periods.  
 
On the whole, the new information from dosimetric studies continues to support the 
conclusions reached in previous US EPA assessments of PM—that all three size fractions can 
enter the TB or the A regions of the respiratory system and potentially cause health effects. 
Differences exist between humans and rodent species in terms of particle deposition and 
clearance. The new literature also showed that particle deposition will vary according to 
several factors (age, gender, ventilation parameters, nasal versus mouth breathing and lung 
disease), as demonstrated in past studies. Knowing where different-sized particles deposit in 
the human respiratory tract, as well as the amount of deposition and the factors affecting it, is 
necessary to understanding and interpreting the health effects associated with exposure to 
these particles. 
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4.0  Epidemiology—Acute Effects 
 
Observational epidemiology studies of the effects of ambient PM on human health have 
explored associations between changes in ambient PM levels and the occurrence of 
cardiovascular and respiratory health effects in the population. Various designs have been 
used to assess either the acute effects (through time-series, case-crossover, and panel 
studies) or the chronic effects (through cohort, case-control, and cross-sectional studies) of air 
pollution. These designs have the following specific objectives:  
 

• Time-series studies investigate the acute effects of PM—temporal associations 
between daily variation in PM levels and daily counts of mortality, hospital admissions 
and emergency room visits; 

• Case-control studies compare the risk factors of people with a certain disease (cases) 
to those without the disease (controls); 

• Case-crossover studies, a variant of case-control studies, compare individual health 
outcomes and prevailing air pollution at the time of the event to conditions that 
prevailed before and after the event. This type of study was conceived to evaluate the 
effect of transient exposure on acute events; 

• Cross-sectional studies probe the association between current exposure and 
endpoints such as mortality and cardiovascular or respiratory effects. This design has 
often been applied to the examination of long-term or chronic effects of air pollution, 
but can also be used to study its acute effects;  

• Cohort studies explore chronic effects—the association between cumulative exposure 
and mortality or morbidity endpoints such as chronic diseases and lung function 
decrements by comparing the incidence of the health outcome over time among 
individuals with differing levels of exposure; 

• Panel studies investigate the association between variations in PM levels and 
repeated measurements of health outcomes in a defined group of subjects. 

 
Air pollution has been associated with a wide range of adverse health effects in numerous 
epidemiological studies. The role of the coarse PM fraction (PM10–2.5) has been difficult to 
ascertain, at least in part because relatively few studies have examined this PM size fraction.  
 
The observational epidemiology studies relevant to this assessment are those investigating 
relationships between population or community health responses and air pollution from coarse 
PM. This relationship is often expressed as relative risk (RR); for example, an increase in non-
accidental mortality of 0.7% above baseline can be expressed as a RR of 1.007 (for a 
specified increase in concentration, for example 10 µg/m3 in coarse PM), where a RR of 1.000 
represents the baseline risk. This estimate of mortality risk can also be expressed as a 0.7% 
increase in risk per 10 µg/m3 in coarse PM. Confidence levels of 95% are used to indicate the 
statistical significance and uncertainty of the risk estimate. Since the observed relationships 
are often small in magnitude, and are vulnerable to confounding from factors such as 
seasonal cyclic variations and co-pollutants, a rigorous statistical analysis is necessary in 
order to detect an effect.  

 
Most epidemiological evidence concerning the health effects of PM comes from two types of 
studies: time-series studies relating daily mortality and morbidity to short-term fluctuations in 
PM, and cohort studies of the long-term (chronic) effects of sustained exposure to elevated 
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levels of PM. In both types of studies, the average of measurements from one or more 
ambient monitors is used as a proxy for the population-averaged personal exposure to 
ambient PM in a specific geographic area.  These are several sources of errors that could 
influence estimates of PM exposure and a complete understanding of these exposure errors is 
important as they can potentially bias the health effect estimate or increase the sizes of 
confidence intervals around a health effects estimate. 
 
A key issue is whether ambient levels from central site monitors are appropriate surrogates for 
personal exposure to ambient PM (rather than total personal exposure) and a number of 
authors have looked at the implications of using ambient monitoring data in these 
epidemiological studies and identify sources of potential measurement error. They have also 
examined how risk estimates from studies using ambient levels as the exposure metric relate 
to risk estimates between health effects and true levels of personal exposure to ambient PM 
(Zeger et al., 2000; Dominici et al., 2000; Wilson et al., 2000; US EPA, 2004; Sheppard et al., 
2005).   
 
Issues of measurement error are well-documented for fine particles but for other particle sizes, 
such as ultrafine or coarse PM or PM components, these issues have not been investigated 
as thoroughly. Some studies have suggested that greater random measurement error occurs 
for the coarse PM fraction than for fine PM (Wilson and Suh, 1997; White, 1998; Chen et al., 
2007). This is in part because coarse particle measurements are usually obtained through a 
difference method (i.e. by subtraction): co-located PM10 and PM2.5 central monitors; coarse 
particles measurements being affected by two measurement errors rather than one. The 
higher random exposure measurement error for the coarse PM fraction could also be due to 
greater spatial heterogeneity in the ambient levels of coarse PM and poorer infiltration of 
coarse PM into buildings.  
 
Compared to fine particles, fewer statistically significant associations have been observed with 
coarse particles possibly due to increased measurement error in estimating PM10-2.5 exposure 
(US EPA, 2004; US EPA 2009). Overall, the data on the health effects of coarse particles are 
subject to larger measurement errors which would make the associations between these 
health effects and the coarse PM fraction more difficult to find.   
 
Additional uncertainties in the health effects estimates can also be due to the potential 
confounding effect of co-pollutants. A number of pollutants such as ozone, nitrogen dioxide 
(NO2), and CO are correlated with ambient PM concentrations and also associated with 
changes in mortality and morbidity. If two pollutants are highly correlated, the risk coefficient 
for the pollutant measured with greater precision will be biased upwards and the risk 
coefficient for the pollutant measured with lower precision will be biased downwards (Zidek et 
al., 1996; Carrothers and Evans, 2000; Zeka and Schwartz, 2004). Publication bias is another 
important issue adding uncertainties in the magnitude of the health effect estimates. 
Experimental studies reporting positive findings are more likely to be published than those 
reporting negative or inconclusive results (Ioannidis, 2008). In order to increase the statistical 
power of a study, many researchers have used multi-city designs and this approach also 
provides other advantages, such as avoiding publication biases that can occur in single-city 
time-series studies. Anderson et al. (2005) provided evidence of publication bias in studies of 
PM-related increases in mortality, hospital admissions, and cough symptoms. 
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4.1 Mortality Studies 
4.1.1 Introduction 
The 2003 coarse PM assessment reviewed 17 time-series studies investigating the 
relationship between daily variations in mortality and some measure of coarse PM (PM10–2.5 or 
PM10 from dust storm events which contain high levels of crustal material). In most of these 
studies, there was a positive but not statistically significant association between ambient 
coarse PM and total, cardiovascular or respiratory mortality. When comparisons were made 
with fine PM, PM2.5 was usually more strongly associated with mortality. In those studies that 
included multi-pollutant models, associations with coarse PM were often (but not always) 
reduced and non-significant when other pollutants were included.  
 
Strong positive and significant effects were observed in two studies conducted in arid areas 
with very high levels of coarse PM—Phoenix, AZ (Mar et al., 2000) and Coachella Valley, CA 
(Ostro et al., 1999, 2000)—where mean coarse PM was between 18 and 35 µg/m3. Castillejos 
et al. (2000) also observed a strong signal between moderately high levels of PM and total, 
respiratory and cardiovascular mortality in Mexico City; the effect remained statistically 
significant in bivariate analysis with PM2.5. Several reports have suggested that PM10 from this 
area contains substantial amounts of biogenic material, and the investigators speculated that 
the results obtained may reflect differences in chemical composition. Cifuentes et al. (2000) 
also observed a positive and significant association between very high levels of coarse PM 
(mean of 46 µg/m3) and total mortality in Santiago, Chile, but only in the summer, supporting 
the hypothesis that biological material may be implicated in the observed health effects.  
 
Most studies reviewed in the 2003 assessment used Poisson generalized additive models 
(GAMs) with nonparametric smooth functions to adjust for confounding of time trends and 
weather variables on mortality/morbidity time-series studies. This technique can yield biased 
estimates of risks and standard errors if the default settings in the GAM function of the S-plus 
software package (version 3.4) are used. However, re-analysis in 2003 of a number of the 
GAM-based studies using stricter convergence criteria in the GAMs or using Poisson 
generalized linear models (GLMs), while resulting in smaller risk estimates and larger 
standard errors with GLMs, did not change the study results dramatically overall. 
 
The mortality studies reviewed in 2003 did not provide compelling evidence for an association 
with ambient coarse PM, but the continued appearance of a mortality signal in some well-
conducted studies did not allow for dismissal of a role for this PM fraction. Since the 
publication of the assessment, 18 have assessed the relationship between coarse particles 
and mortality. Two of these studies were performed in Canada (Villeneuve et al., 2003; 
Burnett et al., 2004) and two others were large US multi-city studies (Zanobetti and Schwartz, 
2009; Malig and Ostro, 2009). In addition, nine new studies have looked at the impact of 
crustal-derived particles on mortality in areas known to be either highly impacted by dust 
events or resuspended road dust. Table 4.1 provides details on ambient coarse PM 
concentrations and the study characteristics of these new mortality studies. Risk estimates for 
all-cause, respiratory and cardiovascular mortality per 10 µg/m3 in PM10–2.5 concentration in 
single-pollutant models are presented in Figures 4.1 to 4.3.  

4.1.1.1 Canadian Studies 
There is considerable uncertainty regarding which population subgroups may be more 
susceptible to the adverse health effects of air pollution. For example, inconsistent results 
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have hampered efforts to determine whether socioeconomic status (SES) can affect the 
association of pollution with mortality. Villeneuve et al. (2003) conducted a time-series study in 
Vancouver, BC, to assess whether SES could be a potential modifier of the effects of air 
pollution on all-cause, respiratory and cardiovascular mortality. Daily levels of PM2.5, PM10–2.5 
and PM10 were obtained with a TEOM from 1995 through 1998. Levels of PM2.5, PM10–2.5 and 
PM10 were also obtained every sixth day with dichotomous samplers between 1986 and 1998. 
Daily mean levels (minimum and maximum) of PM10–2.5 were 6.1 (0.0–72) µg/m3 and 8.3 (0.7–
35) µg/m3 for the TEOM and dichotomous sampling, respectively, for the 1995–1998 and 
1986–1998 periods. Moderate correlations were noted between coarse and fine PM (r = 0.46). 
The authors did not discuss the relationship between coarse particles measured by TEOM 
versus dichotomous sampler.  
 
The authors used the British Columbia Linked Health Dataset cohort, which was constructed 
from records of the provincially administered and funded health insurance program. The 
assembled cohort consisted of approximately 550,000 residents >65 years of age. In total, 
93,612 non-accidental deaths were observed between 1986 and 1998 in Vancouver. Deaths 
were classified into quintiles of SES for census enumeration area as measured by the income 
level obtained from the 1991 and the 1996 Canadian censuses (the 1991 census was used to 
stratify individuals who died between 1986 and 1993, and the 1996 census was used for 
deaths occurring between 1994 and 1999). The data were analyzed through time-series 
models that included indicator variables for the day-of-the-week effects. Temporal trends were 
removed using a natural spline smoothed representation of day of study. The weather model 
was selected after the appropriate span on the natural spline filter was determined, using a 
forward stepwise regression procedure. Weather variables included were mean relative 
humidity, maximum daily temperature, minimum daily temperature, changes in barometric 
pressure in the previous 24-h period and mean relative humidity. Air pollutants were then 
added singly into the model. For particulate pollutants, the difference between the 90th and 
10th percentiles was used to calculate the changes in daily mortality.  
 
For coarse particles, analyses were restricted to TEOM data. A positive and significant 
association was found between coarse particles and cardiovascular mortality. An increase of 
11 µg/m3 in the coarse PM fraction (based on the same-day daily mean) was associated with 
an estimated 5.9% (95% CI 1.1–10.8%) increase in cardiovascular mortality. No associations 
were, however, observed on 1- to 2-d lags or on the 3-d average lag periods. Positive but non-
significant associations were seen with both total mortality and cancer mortality (0-d and 2-d 
lag), while negative and non-statistically significant associations were found with respiratory 
mortality (RR = -1.5; 95% CI -9.4 to 7.1 at lag 0 d). No significant relationship was observed 
between PM2.5 and all-cause, cardiovascular, respiratory or cancer mortality with daily 
sampling. In contrast, an elevated percentage change in total mortality was found with PM2.5 
based on dichotomous sampling (4.5%; 95% CI -0.3% to 9.5% per 15.7 µg/m3; lag 2 d). NO2 
was a significant predictor of all-cause mortality, while positive but non-significant associations 
were found for the other gases (SO2, CO, O3) with total, cardiovascular, respiratory and 
cancer mortality. 
 
The investigators also constructed two-pollutant models using the particulate size of interest 
with either CO or SO2; no appreciable changes were observed in the mortality effect of either 
the coarse or the fine PM fraction. Three SES levels were created for this specific study: low, 
middle and high. No specific data were reported for coarse particle exposure and mortality 
outcomes based on SES. Generally higher increases in all-cause and cardiovascular mortality 
were observed in the low socioeconomic group relative to the higher groups in the models 
involving NO2, CO and SO2.  
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In summary, in this study PM2.5 was not found to be an important predictor of mortality, 
whereas PM10–2.5 was associated with increased cardiovascular deaths. This latest finding is 
consistent with earlier research done by Ostro et al. (2000) and Castillejos et al. (2000) 
reviewed in the 2003 coarse PM assessment. They found positive and significant associations 
between coarse particles and cardiovascular mortality in Coachella Valley, CA, and Mexico 
City, respectively, though the ambient coarse PM levels were considerably higher in these 
studies. Overall, the level of SES did not modify associations seen between mortality and 
particulate air pollution. The absence of an association between PM2.5 and mortality in the 
Villeneuve et al. (2003) study is surprising. The authors speculated that this lack of observed 
health effects may have been due to the low PM level in Vancouver during the study period or 
the availability of only 3 years of air pollution data with daily sampling, as well as to the 
relatively few number of deaths recorded during the study period.  
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Table 4.1  Study characteristics and ambient coarse PM concentrations from epidemiological studies investigating 

mortality outcomes 
 
 
Reference 

 
Location and 
study period 

 
Daily mean ± SD 
(µg/m3)  if not specified 
otherwise 

 
Upper percentile 
concentration (µg/m3) 
 

 
Study design 

 
Single/multi-
pollutant models 
 

 
Mortality outcomes 

Canada 
 
Villeneuve et al., 2003 

 
Vancouver, Canada 
1986–1998 

 
6.1 

 
90th: 13.0;  
Max 72.0 
 

 
TS 

 
S/M with either  
CO or SO2 

 
Total, respiratory and  
cardiovascular mortality 

 
Burnett et al., 2004 

 
12 Canadian cities 
1981–1999 

 
11.4 

 
Max 151 
 

 
TS 

 
S 

 
Total mortality 

United States 
 
Klemm et al., 2004 

 
2 GA counties, US 
August 1998– 
July 2000 

 
9.7 

 
98 th: 207;  
Max 25.17 
 

 
TS 

 
S 

 
Total mortality 

 
Slaughter et al., 2005 

 
Spokane, WA, US 
1995–1999 

 
NR 

 
NR 

 
TS 

 
S 

 
Total mortality 

 
Staniswalis et al., 
2005 

 
EL Paso, TX, US 
1992–1995 

 
0.2–133.4 

 
NR 

 
TS +PCA 

 
S 

 
Total mortality 

 
Wilson et al., 2007 

 
Phoenix, AZ, US 
1995–1997 

 
NR 

 
NR 

 
TS 

 
S 

 
Cardiovascular mortality  
(stratification based on SES) 

 
Malig and Ostro, 2009 

 
15 CA counties 
1999–2005 

 
10.6–46.5 

 
75th : 13.7–52.8 

 
CC 

 
S/M with PM2.5 

 
Total and cardiovascular mortality  
(stratification based on SES) 
 

 
Zanobetti and 
Schwartz, 2009 

 
47 US cities 
1999–2005 

 
6.7–24.9 

 
99 th: 47.2;  
Max 88.3 
 

 
TS 

 
S/M with PM2.5 

 
Total, respiratory, cardiovascular,  
myocardial infarction and stroke mortality 

South America 
 
Grass and Cane, 2008 

 
Santiago, Chile 
1988–1996 
 

 
NR 

 
NR 

 
Dual-
classification 
scheme + PCA 
 

 
S 

 
Total, respiratory and cardiovascular mortality 
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Reference 

 
Location and 
study period 

 
Daily mean ± SD 
(µg/m3)  if not specified 
otherwise 

 
Upper percentile 
concentration (µg/m3) 
 

 
Study design 

 
Single/multi-
pollutant models 
 

 
Mortality outcomes 

Europe 
 
Penttinen et al., 2004 

 
Helsinki, Finland 
1988–1996 
 

 
Median: 21 

 
75 th: 30; Max 213 

 
TS 

 
S/M 

 
Total, respiratory and cardiovascular mortality 
 

 
Kettunen et al., 2007 

 
Helsinki, Finland 
1998–2004 

 
Warm season: 8.4 
Cold season: 6.7 
 

 
Warm season: 
75th: 11.8; Max 42.0 
Cold season : 75 th: 
12.5; Max 101.4 
 

 
TS 

 
S 

 
Stroke mortality 

 
Perez et al., 2008 

 
Barcelona, Spain 
March 2003– 
December 2004 

 
Saharan dust days: 
16.4 
 
Non-Saharan dust 
days: 14.9  

 
Saharan dust days: 75 

th: 21.8; Max 36.7 
 
Non-Saharan dust 
days: 75 th: 18.9; Max 
93.1 
 

 
CC 
 

 
S 

 
Total mortality 

 
Perez et al., 2009 

 
Barcelona, Spain 
March 2003– 
December 2005 

 
14.0 

 
75 th: 18.5;  
Max 93.1 

 
CC 

 
S/M with PM1 and 
PM2.5-1. Some 
models tested with 
NO2 or O3 

 

 
Respiratory, cardiovascular and  
cerebrovascular mortality 

 
Halonen et al., 2009 

 
Helsinki, Finland 
1998–2004 

 
Median: 7.5 

 
75 th: 12.1;  
Max 101.4 

 
TS + PCA 

 
S 

 
Respiratory and cardiovascular mortality 
 

 
Atkinson et al., 2010 
 

 
England and  
Wales, UK 
2000–2005 
 

 
Median: 7.0  

 
75th: 10 
Max 36 
 

 
TS 

 
S 

 
Total mortality, respiratory and  
cardiovascular mortality 

 
Mallone et al., 2011 
 

 
Rome, Italy 
2001–2004 

 
14.6 ± 8.7 

 
75 th: 19.1;  
Max 60.8 
 

 
CC 

 
S 

 
Total, respiratory, cardiovascular and  
cerebrovascular mortality 

 
Samoli et al., 2011 
 

 
Athens, Greece 
2001–2006 
 

 
Median; PM10 
levels: 
On desert days: 40 
On non-desert 
days: 39.1 
 

 
75 th: 
On desert days: 78 
On non-desert days: 
50.4 

 
Dust days vs.  
non-dust days 

 
S/M with NO2 or 
SO2) 

 
Total, respiratory and cardiovascular mortality 
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Reference 

 
Location and 
study period 

 
Daily mean ± SD 
(µg/m3)  if not specified 
otherwise 

 
Upper percentile 
concentration (µg/m3) 
 

 
Study design 

 
Single/multi-
pollutant models 
 

 
Mortality outcomes 

 
Meister et al., 2012 
 

 
Stockholm, Sweden 
2000–2008 

 
7.1 ± 6.4 

 
Max.: 61.9 

 
TS 

 
S/M with PM2.5, O3 
and CO 
 

 
Total mortality 

Asia 
 
Kwon et al., 2002 

 
Seoul, South 
Korea 
1995–1998 

 
ADS days: 101.1 
 
NADS days: 73.3  
 

 
NR 
 
 

 
ADS vs. NADS 

 
S 

 
Total and cardiorespiratory mortality 

 
Chen et al., 2004a 

 
Taipei, Taiwan 
1995–2000 

 
ADS days: 125.94 
 
NADS days: 57.80 
 

 
NR 

 
ADS vs. NADS 
 

 
S 

 
Total, respiratory and cardiovascular mortality 

 
Murakami and Ono, 
2006 

 
Tokyo, Japan 
1990–1994 

 
Urban area: 
Median: 44.0 
 
Suburban area: 
Median: 39.0 
 

 
Urban area: 
95th:148.3; 99th: 227.2 
 
Suburban area 
95th:124.5; 99th: 195.0 
 

 
TS 

 
S 

 
Myocardial infarction 

 
Kan et al., 2007 

 
Shanghai, China 
March 2004–
December 2005 

 
52.3 

 
75th: 66.0; Max 330.3 

 
CC 

 
M (with O3 in all 
models) 

 
Total, respiratory and cardiovascular mortality 
 

 
Lee et al., 2007 

 
Seoul, South 
Korea 
2000–2004 

 
ADS days: 188.49 
 
NADS days: 65.77 

 
NR 

 
ADS vs. NADS 
 

 
S 

 
Total mortality 

 
Yamazaki et al., 2007 

 
13 urban areas, 
Japan 
1990–1994 

 
Warm season: 20.6–
40.3 
 
Cold season:  
21.0–39.4 
 

 
NR 

 
CC 

 
S 
 

 
Mortality from intracerebral hemorrhage  
and ischemic stroke 

 
Chen et al., 2011 
 
 

 
3 Chinese cities 
(Beijing, 
Shanghai, 
Shenyang) China 
2006–2008 
 

 
Beijing: 101 ± 67 
Shanghai:  
50 ± 31 
Shenyang:  
49 ± 30 

 
NR 

 
TS 

 
S/M with PM2.5 

 
Total, respiratory and cardiovascular mortality 



 

Human Health Risk Assessment for Coarse Particulate Matter     64 
 

 
Reference 

 
Location and 
study period 

 
Daily mean ± SD 
(µg/m3)  if not specified 
otherwise 

 
Upper percentile 
concentration (µg/m3) 
 

 
Study design 

 
Single/multi-
pollutant models 
 

 
Mortality outcomes 

Australia 
 
Johnston et al., 2011 
 

 
Sydney, Australia 
1994 – 2007 
 

 
PM10 levels; 
City-wide average: 
18.3 
Bushfires events: 67.3 
Dust events: 96.8 
 

 
Max. 
City-wide average: 
199.2 
Bushfires events: 114.8 
Dust events: 199.2 

 
CC 

 
S 

 
Total, respiratory, cardiovascular and combined 
cardiorespiratory mortality 

Other 
 
Stieb et al., 2003 

 
Meta-analysis;  
world-wide 
studies  

 
NR 

 
NR 

 
TS 

 
S/M with O3, SO2,  
NO2 and CO 
 

 
Total mortality 

ADS vs. NADS = admissions compared between Asian dust storm and non-Asian dust storm days; CC = case-crossover; M = multi-pollutant models; MI = myocardial infarction; NR = 
not reported; PCA = principal component analysis (source apportionment); S = single-pollutant models; SES = socioeconomic status; TS = time-series 
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Figure 4.1  Risk estimates for all-cause mortality per 10 µg/m3 increase in PM10–2.5 
concentration in single-pollutant models 
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2 Georgia counties, USA; Klemm et al, 2004; >65 yrs;  
lag 0-1d  

Vancouver, Canada; Villeneuve et al, 2003; >65 yrs;  
lag 2d  

England and Whales; Atkinson et al, 2010; lag 1d  

12 Canadian cities; Burnett et al, 2004; lag 1d  

El Pasos, TX, USA; Staniswalis et al, 2005; lag 3d;  
p<0.04  

Rome, Italy; Mallone et al, 2011; lag 0-2d  

47 US cities; Zanobetti and Schwartz, 2009; lag 0-1d  

15 Californian counties, USA; Malig and Ostro, 2009;  
lag 2d  

Barcelona, Spain; Perez et al, 2008; lag 1d  

Beijing, Shanghai, and Shenyang, China; Chen et al,  
2011; lag 1d  

Meta-analysis of 109 world-wide studies; Stieb et al, 2003  

mean 6.1 µg/m3 

mean 0.2-133.4 µg/m3 

mean 23-123 µg/m3 

mean 0.6-46.5 µg/m3 

mean 16.4 µg/m3 
 

mean 3.7-33.1 µg/m3 
 

mean 14.6-20.7 µg/m3 

mean 49-101 µg/m3 

median 7.0 µg/m3 

mean 11.4 µg/m3 

mean 9.7 µg/m3 

Excess Risk Estimates (%); 95% CI  

Stockholm, Sweden; Meister et al, 2012; lag 0-1d mean 7.1 µg/m3 
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Figure 4.2  Risk estimates for respiratory mortality per 10 µg/m3 increase in PM10–2.5 

concentration in single-pollutant models 
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Helsinki, Finland; Penttinen et al, 2004;  
>65 years; lag 1 d  

Vancouver, Canada; Villeneuve et al., 2003;  
>65 years; lag 0 d  

England and Wales; Atkinson et al., 2010;  
lag 1 d  

Helsinki, Finland; Halonen et al., 2009; lag 1 d  

Rome, Italy; Mallone et al., 2011; lag 0-5 d  

47 US cities; Zanobetti and Schwartz, 2009;  
lag 0-1 d  

Barcelona, Spain; Perez et al., 2009; lag 2 d  

Beijing, Shanghai, and Shenyang, China;  
Chen et al., 2011; lag 1 d  

mean 49-101 µg/m3 

mean 6.1 µg/m3 

median 21 µg/m3 

mean 14 µg/m3 

median 7.5 µg/m3 
 

mean 14.6-20.7 µg/m3 

median 7 µg/m3 

mean 3.7-33.1 µg/m3 

Excess Risk Estimates (%); 95% 
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Figure 4.3  Risk estimates for cardiovascular mortality per 10 µg/m3 increase in  

PM10–2.5 concentration in single-pollutant models 
 

 
 

-10 10 30 50 70

mean 6.1 µg/m3 

mean 3.7-33.1 µg/m3 

mean 49-101 µg/m3 

mean 8.4 µg/m3 

median 7.5 µg/m3 
 

mean 14 µg/m3 
 

mean 14.6-20.7 µg/m3 

mean 7 µg/m3 

NR 

mean 10.6-46.5 µg/m3 

      ▫ >65 years; ischemic stroke; warm season  
               lag 0 d  

Vancouver, Canada; Villeneuve et al., 2003;  
>65 years; lag 0 d  

England and Wales; Atkinson et al., 2010; lag 5 d  

Phoenix, USA; Wilson et al., 2007; lag 0-6 d  

Helsinki, Finland; Halonen et al., 2009; lag 0 d  

      ▫ cardiac; lag 0-2 d  

       ▫ stroke; summer lag 0-1 d    

15 Californian counties, USA; Malig and Ostro,  
2009; lag 2 d  

      ▫ cerebrovascular; lag 1 d  

Beijing, Shanghai, and Shenyang, China; Chen et al,  
2011; lag 1 d  

     ▫ summer lag 0-1 d  

      ▫ lag 1 d  

      ▫ lag 0-2 d  

      ▫ cerebrovascular; lag 0 d  

      ▫ >65 years; stroke; warm season lag 1 d  

Excess Risk Estimate (%); 95% 

47 US cities; Zanobetti and Schwartz, 2009 

Helsinki, Finland; Kettunen et al., 2007; >65 years;  
ischemic stroke;  warm season lag 0 d  

Barcelona, Spain; Perez et al., 2009 

Rome, Italy; Mallone et al., 2011 
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The second Canadian study (Burnett et al., 2004) that investigated the association of coarse 
PM with total mortality used data collected in 12 Canadian cities (Halifax, Saint John, Quebec, 
Montreal, Ottawa, Toronto, Hamilton, Windsor, Winnipeg, Edmonton, Calgary, and 
Vancouver) during the period 1981–1999. The population size for this study was based on the 
1996 census data and ranged from 102,000 in Saint John to 2.3 million in Toronto—10.28 
million people in all. The association between respiratory and cardiovascular mortality was 
only assessed with NO2, which was the main focus of this paper. Particulate data were 
obtained with dichotomous samplers on a sixth-day sampling schedule; data were available 
only on 12% of days in this study. For coarse particles, city-specific means ranged from 5.5 to 
15.9 µg/m3, with an average mean for all 12 cities of 11.4 µg/m3. Data were analyzed through 
time-series models with a parametric statistical approach. Natural spline functions were used 
to adjust for temporal trends (time trends, temperature and humidity) and indicator functions 
were used to control for the day-of-the-week effect. Single- and multi-pollutant models were 
constructed and lag times of 0, 1, and 2 d were examined for the air pollutants. City-specific 
regression parameter estimates were pooled among cities using random-effect models. Using 
data from all 12 Canadian cities, the association between all-cause mortality and PM10–2.5 for 
an increase equivalent to the population-weighted average (11.4 µg/m3) was positive but non-
significant on 1-d lag (increase of 0.74%, t-ratio of 1.69) and was smaller in magnitude for 
other lags. A positive and significant association was observed with PM10 but became non-
significant when NO2 was included into the model. NO2 was the dominant air pollutant in multi-
pollutant models.  
 

4.1.1.2 Studies Conducted in Other Countries 

4.1.1.2.1 Multi-city studies/meta-analysis 
It is well recognized that multi-city studies have more statistical power and urban settings to 
yield more precise estimates of risk and to provide information on such issues as the 
heterogeneity of the risk estimates and the shape of the exposure-response relationship. This 
design also provides other advantages, such as avoiding publication biases that can occur in 
single-city studies.  
 
A multi-city study performed in 112 US cities was conducted by Zanobetti and Schwartz 
(2009) to analyze the effect of both fine and coarse particles on mortality on a national scale. 
The authors looked at mortality from all causes, cardiovascular disease (CVD), MI, and stroke, 
as well as respiratory mortality for a 7-year period (1999–2005). Poisson regression models 
were used to obtain city-specific and season-specific estimates on the day of death and on the 
previous day while controlling for confounding factors including long-term trends, seasonality, 
weather and day of the week. Single- and two-pollutant models including both PM2.5 and PM10–

2.5 were used. Additional lag structures were conducted for coarse particles, including a 
distributed lag model for 4 d, from d 0 up to the previous 3 d. These estimates were then 
combined with a random-effects approach to get total estimates by season and by region. 
Heterogeneity was tested using I2 where I2=0 indicates no variability attributed to between-city 
heterogeneity. All estimates were expressed as a percentage increase for a 10 µg/m3 
increase in either PM2.5 or PM10–2.5 concentrations.  
 
PM2.5 and PM10 data were obtained from the US EPA Air Quality System Technology Transfer 
Network while coarse PM levels were computed by differencing the countywide averages of 
PM10 and PM2.5. Coarse PM levels were obtained for 47 locations, given that less monitoring 
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of PM10 was available. Mean PM2.5 and PM10–2.5 concentrations varied from 6.7µg/m3 to 24.9 
µg/m3 and from 3.7µg/m3to 33.1 µg/m3 respectively. The locations throughout the US were 
also divided under five regions based on the climate classification systems: region 1, humid 
subtropical and maritime temperate climates; region 2, warm summer, continental climates; 
region 3, hot summer, continental climates; region 4, dry climates; region 5, dry climates 
together with continental climates; and region 6,Mediterranean climates.  
 
In the combined results across the 112 cities, significant associations were found between 
PM2.5 and all causes of mortality analyzed. The highest associations occurred in the spring, 
and the highest effect of fine particles was found to be for stroke and respiratory mortality. 
Positive and statistically significant associations were also observed for coarse particles for 
the average 0-1 d lag structure in single-pollutant models for the combined 47 cities. The 
increased risks for all-cause, stroke and respiratory mortality were, respectively, 0.46% (95% 
CI 0.21–0.71%), 0.84% (95% CI 0.07–1.62%) and 1.16% (95% CI 0.43–1.89%). Positive but 
non-significant associations were also found for CVD deaths, while a negative but non-
significant association was obtained for myocardial infarction (MI) deaths. Significant 
associations were, however, found for CVD in the spring (0.95%; 95% CI 0.01–1.90%) and 
summer (1%; 95% CI 0.64–1.67%) season. Smaller but still significant associations were 
found between coarse particles and all-cause, stroke and respiratory mortality in two-pollutant 
models including PM2.5, with increased risks of 0.47 % (95% CI 0.2– 0.73%), 0.71% (95% CI 
0.02–0.41%) and 1.14% (95% CI 0.43–1.85%) respectively. Results for the distributed lag 
structures were similar. Risk estimates were also obtained for the various regions. The 
associations observed between PM and the various mortality outcomes were highly variable 
based on region, with higher variations observed for coarse particles than for fine particles. 
For coarse particles, the largest risk estimates were observed in region 5 (dry continental), 
which included locations with relatively high PM10–2.5 levels (Salt Lake City, UT, Provo, UT, and 
Denver, CO).Negative associations were observed in region 4 (dry), which included Phoenix, 
AZ, and region 6 (Mediterranean), which included cities located in California, Oregon and 
Washington. However, the authors speculated that, given that counties are larger in the 
Mediterranean climate region, there may have been more measurement error in the results.  
 
Overall, this first US multi-city study provided strong evidence that both fine and coarse 
particles were associated with mortality; these associations also remained statistically 
significant after the inclusion of the other PM fraction. The seasonal and regional variations 
observed in the associations between mortality and coarse particles also suggest variations in 
the toxicity of these particles that require further study. 
 
From 1999 to 2005, Malig and Ostro (2009) performed another multi-city study in California to 
investigate the risk of all-cause and cardiovascular mortality with exposure to coarse particles. 
Coarse particles in California tend to be uncorrelated with the fine PM fraction. The study 
population included in this study was also restricted to people living within 20 km of collocated 
PM10 and PM2.5 monitors to minimize exposure misclassification. The authors used a time-
stratified case-crossover design, and ORs for 15 Californian counties were obtained with a 
conditional logistic regression while controlling for weather and for day of the week. These 
estimates were then combined with a random-effect model to get an overall estimate. All 
estimates were expressed based on a 10 µg/m3 increase in the PM10–2.5 levels and were 
calculated for coarse PM levels on d 0 and 1 and 2 d prior. The effect of short-term exposure 
to coarse particles on specific subpopulations was also examined using demographic data at 
the individual level (education, race/ethnicity, age and sex). The percentage of non-high 
school graduates ranged from 22% in Ventura County to 57% in Imperial County. Sensitivity 
analyses were also conducted incorporating PM2.5 in two-pollutant models as well as limiting 
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residents living within 10 km of the air pollution monitors. Coarse PM levels were obtained by 
subtracting PM10 concentrations from PM2.5 concentrations and calculations were usually 
available every sixth day, with the exclusion of negative values. Mean coarse PM levels (25th–
75th) ranged from 10.6 µg/m3 (6.5–13.7µg/m3) in Alameda County to 46.5 µg/m3 (29.8–
52.8µg/m3) in Imperial County.  
 
In single-pollutant models with a 2-d lag, a positive but non-significant association was found 
between coarse particles and all-cause mortality, with an increased risk of 0.7% (95% CI -
0.1% to 1.5%). This association was stronger for Hispanics but still non-significant (1.4%; 95% 
CI -0.5% to 3.3%), although it became significant for residents without a high school degree 
(2.2%; 95% CI 0.7–3.6%). This latest association was still significant in two-pollutant models 
with the fine PM fraction (2.4%; 95% CI 1.0–3.9%). A significant association was also 
observed for cardiovascular mortality, with an excess risk of 1.3% (95% CI 0.1–2.5%); this 
association was once again highest in residents with no high school degree (2.5%; 95% CI 
0.3–4.7%). For cardiovascular mortality, a strong association was also found in females, with 
a 2.2% increase (95% CI 0.5–3.8%). All the associations between coarse particles and 
cardiovascular mortality remained significant with PM2.5 included in the model. The association 
was usually greater in the Hispanic subpopulation; statistical associations were observed in 
both the single-pollutant model (4.7%; 95% CI 1.4–8.0%) and the two-pollutant model (4.7%; 
95% CI 1.3–8.1%) at lag 0d. Further restriction of the study area to within 10 km of air 
pollution monitors did not alter the findings.  
 
This study provided evidence of an association between short-term exposure to coarse 
particles with both all-cause and cardiovascular mortality. Stronger associations were found in 
lower socioeconomic subgroups: Hispanics and non-high school graduates. Restricting the 
population to people living within 20 km of air pollution monitors may have strengthened the 
finding by reducing the exposure misclassification. Moreover, this study showed that the 
associations between coarse particles and cardiovascular mortality were independent of the 
fine PM fraction.  
 
Another multi-city study (Chen et al., 2011) has been conducted in China, where the 
relationship between fine and coarse particles with mortality was examined. Coarse particle 
concentrations were, however, much higher than levels usually experienced in Canada. 
Means (SD) of 101 µg/m3 (67), 50 µg/m3 (31) and 49 µg/m3 (30) were estimated, respectively, 
by subtracting PM2.5 from PM10 measurements for Beijing, Shanghai, and Shenyang. Using 
single-pollutant models, the researchers observed significant associations(based on 10 µg/m3 
increases) in the three-city combined analysis (random-effect models) between coarse 
particles and total mortality for all lag structures: 0.12% (95% CI 0.02–0.22%), 0.25% (95% CI 
0.08–0.41%) and 0.11% (95% CI 0.01–0.20%) respectively for lag 0, 1 and 2 d. Positive and 
significant associations were also reported at lag 1 d for both cardiovascular (0.25% (95% CI 
0.10–0.39%)) and respiratory (0.48% (95% CI 0.20–0.76%)) mortality. These coarse particle 
associations were, however, no longer significant when fine particles were included in the 
model, while they remained statistically significant for the fine particles. Overall, the results of 
this study showed that high levels of coarse PM were not independently associated with 
mortality outcomes.  
 
It is well recognized that for time-series studies, both the series of daily mortality rates and the 
series of daily air pollution concentrations are subject to strong seasonal, sub-seasonal, and 
day-of-the-week variations as well as long-term trends. Several approaches have been 
considered to adjust time-series studies of mortality for temporal fluctuations. In recent years, 
the GAM has become the standard method for time-series studies on the associations 
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between air pollution and health effects, because it allows for non-parametric adjustment 
(locally weighted scatterplot smoothing(LOESS) smoothing functions, smoothing splines) for 
the non-linear confounding effects of seasonality, trends and weather variables. It is a more 
flexible approach than fully parametric alternatives such as Fourier series (using a 
combination of polynomials in time and trigonometric functions) and Shumway (the moving 
average linear filter with more weight given to observations close to the day of observation). 
Most studies reviewed in the Canadian 2003 coarse PM assessment (Health Canada, 2003; 
internal report) used Poisson GAMs with non-parametric smooth functions to adjust for 
confounding of time trends and weather variables on mortality/morbidity time series, and some 
uncertainty could have been introduced as a result. This technique can yield biased estimates 
of risks and standard errors if the default settings in the GAM function of the S-plus software 
package (version 3.4) are used. However, reanalysis of a number of the GAM-based studies 
in the assessment using stricter convergence criteria in the GAM or using GLMs, while 
resulting in smaller risk estimates and larger standard errors with GLMs, did not change the 
study results dramatically overall (Health Effects Institute, 2003).  
 
Stieb et al. (2002) conducted a meta-analysis of studies from around the world on short-term 
exposure to particulate air pollution and mortality. They extracted estimates of effect from 109 
studies, from single- and multi-pollutant models, and by cause of death (respiratory and 
circulatory), age (individuals >65 years) and season (warm and cool). These studies were 
conducted in North and South America, Europe, Asia, Australia and New Zealand. Pollutants 
considered were daily average concentrations of PM10, PM2.5, PM10–2.5, CO, NO2 and SO2 and 
the daily maximum concentration of O3. Mean concentrations of PM10 from the 109 studies 
ranged from 23 µg/m3 (in Australia and New Zealand) to 123 µg/m3 (in Eastern Europe). All 
studies selected used various methods (Shumway filter, LOESS, Fourier series, spline 
smoothers, autoregressive techniques or dummy variables) to control for temporal cycles and 
weather.  
 
Given the GAM issues, they updated their meta-analysis in 2003 (Stieb et al., 2003) by 
including only studies that did not use non-parametric GAMs. Pooled estimates of percentage 
excess mortality were calculated using a fixed-effects model or a random-effects model when 
the between-study variance was greater than zero (DerSimonian and Laird, 1986). In a fixed- 
effects model, effect estimates were weighted by the inverse of their variance, whereas in a 
random-effects model they were weighted by the inverse of the sum of within- and between-
study variance. To assess the sources of heterogeneity in location-specific risk estimates, the 
estimates and the standard error from individual studies were regressed against single 
independent variables consisting of the mean or median and the SD of air pollutant 
concentration and mortality rate from that study. Regression against mean or median values 
was weighted by the inverse variance of the percentage excess mortality from that study. 
Based on single-pollutant models with non-parametric GAMs, the pooled RR for all-cause 
mortality for a 13 µg/m3 increase in PM10–2.5 was 1.3 (95% CI 0.5–2.1, n= 8). Based on multi-
pollutant models (with O3, SO2, NO2 and CO), the pooled RR for PM10–2.5 was 1.1 (95% CI -0.5 
to 2.7, n= 5). Based on single-pollutant models without non-parametric GAMs, the RR for an 
increase of 13 µg/m3 in PM10–2.5 was 1.4 (95% CI -1.1 to 4, n= 2) in single-pollutant models 
and 0.6 (95% CI -0.5 to 1.7, n= 1) in multi-pollutant models. GAMs generally produced much 
larger risk estimates for all pollutants than did non-GAMs, as had previously been reported. All 
the other pollutants analyzed (PM2.5, PM10, CO, SO2, O3) were still significantly associated with 
mortality when non-parametric GAMs were excluded from the analysis, but all estimates were 
reduced.  
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4.1.1.2.2 Single-city studies 
Single-city studies have also looked at the impact of coarse particles on mortality in the US 
(Klemm et al., 2004; Slaughter et al., 2005; Wilson et al., 2007), in Europe (Kettunen et al., 
2007; Halonen et al., 2009; Perez et al., 2009; Atkinson et al., 2010; Meister et al., 2012), in 
South America (Grass and Cane, 2008) and in Asia (Murakami and Ono, 2006; Kan et al., 
2007; Yamazaki et al., 2007).  
 
Klemm et al. (2004) found a wide array of risk estimates for various PM metrics; as a result, 
global conclusions were almost impossible to draw. The authors investigated the association 
between daily mortality and air pollution in the two Georgia counties from August 1998 to July 
2000. Air quality data for 15 air quality indicators (PM10–2.5, PM2.5, OC, EC, oxygenated 
hydrocarbons, non-methane hydrocarbons, acid, nitrate (NO3), sulphate(SO4),UFPs of 10–100 
nm surface area and count (i.e., UFarea and UFcount), CO, SO2, NO2 and O3) were obtained 
from a dedicated research platform called the Aerosol Research and Inhalation Epidemiology 
Study (ARIES) based in central Atlanta. The mean (average of lag 0 d and lag 1 d) levels 
(minimum–maximum) over the study period for PM2.5 and PM10–2.5 were 19.62 µg/m3 (5.29–
48.01µg/m3) and 9.69 µg/m3 (1.71–25.17µg/m3) respectively. It was not specified in the paper 
how coarse PM levels were sampled or calculated during the study period.  
 
One objective of their study was to test different knot locations used in statistical analysis to 
control for temporal confounding. All-cause mortality for people aged ≥65 was the main health 
outcome studied, although links between PM2.5  and other causes of mortality (including 
cancer and cardiovascular and respiratory diseases) were also investigated for people aged 
<65 as well as for those aged ≥65. The number of deaths in the >65 age group for the various 
categories was relatively low during the study period; means of 14.83/d for deaths due to non-
accidental causes, 6.19/d for deaths due to cardiovascular causes and 1.75/d for deaths due 
to respiratory causes were observed. Poisson regression GLMs with parametric natural cubic 
splines to adjust for potential confounders, time and meteorological variables were used to 
investigate the relationship between mortality and air pollution. The 24-h averages of 
temperature and dew point were smoothed, and dummy variables were included in the model 
to control for the day-of-the-week effect. The team tested various locations for the knot 
emplacement, controlling for time trend; they were spaced either quarterly, monthly (default 
model) or biweekly for temporal smoothing. Various lag structures were analyzed, including a 
2-d average (average of lag 0 d and lag 1 d) and six individual lags (lags 0–5 d); as well, both 
single- and multi-pollutant models were used.  
 
Overall, the authors found that both the magnitude of the air pollutant estimates and the 
statistical significance differed according to the model used; i.e., depending on the degree of 
smoothing for time, no consistency was observed through the results. With the default model 
(monthly knots for smoothing) in single-pollutant models, an increase of 19.62 µg/m3 in PM2.5 
was statistically associated with total mortality in people >65 years of age (RR= 1.113; 95% CI 
1.037–1.1942). The association with PM10–2.5 was close to the statistical significance level, with 
a RR of 1.062 (95% CI 0.991–1.137) for an increase of 9.69 µg/m3. Positive and significant 
associations between PM2.5 and respiratory and cancer mortality in people >65 years of age 
were also found in either the default model or one with less smoothing (quarterly knots for 
smoothing); only graphical data were presented. No analyses for coarse PM and other 
specific causes were performed. Overall, results differed significantly across the various 
model specifications.  
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Slaughter et al. (2005) also found no associations between total mortality and any of the PM 
size fractions (PM1, PM2.5, PM10–2.5 and PM10) measured by TEOM for all ages in Spokane, 
WA, from 1995 through 1999. The authors used GLMs with natural splines to control for 
seasonal factors, calendar time and meteorological factors. PM10–2.5 was calculated by 
difference, and only estimates for PM2.5 and PM10 were presented. A relatively low mean of 9.0 
deaths/d was observed during the study period for people ≥15 years of age, likely as a result 
of the relatively small population in this city. These researchers also studied the association 
between PM and both respiratory hospitalization and emergency room visits (ERVs); results 
on these outcomes are presented in sections 4.2.1.3 and 4.2.2 respectively. 
 
It is expected that the PM mortality risk will decrease with increased distance of the population 
from the air pollution monitors, given higher exposure error. Wilson et al. (2007) studied the 
influence of exposure measurement error on the association between both fine and coarse 
PM and cardiovascular mortality. Three populations living at different distances from the 
monitoring site, with, however, similar population sizes and numbers of deaths, were selected 
in Phoenix, AZ: the Central Phoenix population, the Middle Ring around Phoenix and the 
Outer Ring. The associations between fine and coarse particles and cardiovascular mortality 
for the years 1995 through 1997 were analyzed using ZIP-code-level mortality data. Time-
series analysis was employed, controlling for time trends and weather variables in single-
pollutant models using various lag structures (6-d distributed lag and individual lag days, from 
0 d to previous 5 d). PM10–2.5 concentrations were calculated as the difference between PM10 
and PM2.5, based on PM concentrations obtained from the monitoring station located near 
downtown Phoenix. Risk estimates are all expressed as percentages of excess mortality for a 
10 µg/m3increase in either fine or coarse PM.  
 
As expected, higher excess risks were found for fine PM and cardiovascular mortality in 
Central Phoenix (11.5%; 95% CI 2.8–20.9%) than in the Middle Ring (2.9%; 95% CI -4.9% to 
11.4%) and the Outer Ring (1.6%, 95% CI -6.2% to 10.0%) with the 6-d moving average. 
Similar results were also obtained with other lag structures except for lag 2 d. With the 6-d 
moving average lag structure, a different pattern was, however, observed for coarse particles: 
a higher cardiovascular mortality risk in the Middle Ring (3.8%, 95% CI 0.3–7.55%) compared 
with Central Phoenix (2.4%; 95% CI -1.2% to 6.1%) and the Outer Ring (1.6%; 95% CI -1.9% 
to 5.2%). Similar results were also observed for lag d 1 and 2. Results for lag d 3 to 5 were not 
presented in the paper since the excess risks in cardiovascular mortality were low in all areas. 
Given the results obtained regarding cardiovascular mortality and coarse particles, the team 
speculated that the difference observed in these risk estimates might be due to lower SES 
and decided to examine the SES of the different populations based on income (percentage of 
people living below the poverty line) and education (percentage of people without a high 
school diploma). The SES of the populations increased from the Central Phoenix area to the 
Outer Ring area.  
 
The authors concluded that the decrease observed in excess risk of both PM2.5 and PM10–2.5 
from the Middle Ring to the Outer Ring may be attributable to exposure error; the average 
population exposure of people living farther away is not well correlated with the concentration 
measured at the monitoring site. The result suggesting that people with higher SES (the 
population in the Middle Ring) may be more susceptible to coarse particles than the lower 
SES population (people living in Central Phoenix) needs to be tested in additional studies. 
 
Several single-city studies have also been performed in Europe; two were conducted in 
Helsinki, Finland, by the same team (Kettunen et al., 2007; Halonen et al., 2009), one in Spain 
(Perez et al., 2009) and another one (Atkinson et al., 2010) in London.  
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Helsinki is recognized as a metropolitan area with relatively low air pollution levels. Various 
particulate measurements (PM10, PM2.5, UFPs) were performed at urban background sites 
from 1998 through 2004. Coarse particle concentrations were obtained by subtracting PM2.5 
from PM10. Poisson regression models were conducted to study the associations between air 
pollutants and several health outcomes while controlling for time trends, weather variables, 
day of the week, influenza, holidays and high pollen episodes. Separate models were 
conducted for the warm and the cool season and several lag structures were analyzed. 
Single- and two-pollutant models were run. The median PM10–2.5 levels during the study period 
were 8.4 µg/m3and 6.7 µg/m3in the warm and cool seasons, respectively, and a higher 
correlation with PM2.5 was observed in the warm season (r=0.42) than in the cooler months 
(r=0.19).  
 
Kettunen et al. (2007) looked at associations between the various PM metrics and stroke in 
the elderly. Positive but non-significant associations were observed between coarse particles 
and total stroke mortality for several lag structures in the warm season (7.05% (95% CI -
1.88% to 16.80%) at lag 0 d; 4.38% (95% CI -4.26% to 13.81%) at lag 1d and 1.42% (95% CI 
-6.79% to 10.34%) at lag 3 d; per 5.7 µg/m3) whereas no associations were found in winter or 
during the whole year. During the warm season, significant associations were, however, found 
between total stroke mortality and PM2.5, while borderline associations were found with UFPs. 
The associations observed with the fine particles remained robust with other pollutants 
included in the model. Stronger associations have, however, been found between ischemic 
stroke and all PM air pollutants; there was a significant association with coarse particles at lag 
1 d (16.2%; 95% CI 0.6–34.1%). Overall, the team concluded that combustion particles rather 
than coarse particles are associated with stroke mortality.  
 
Results on the relationship between PM air pollution in Helsinki and cardiovascular and 
respiratory mortality in the elderly have been presented by Halonen et al. (2009). Few 
associations have been observed linking any PM size with both cardiovascular and respiratory 
mortality; associations with coarse particles were all negative and statistically non-significant. 
Conversely, a significant association was found with accumulation mode particles (between 
0.1 and 0.29 µm) and respiratory mortality. Cardiovascular mortality was also analyzed 
separately for coronary heart disease, stroke and other cardiovascular mortality. A positive 
and significant association was observed with nucleation mode particles (<0.03 µm) and other 
cardiovascular mortality, while a positive but non-significant association was found between 
Aitken mode particles (between 0.03 µm and 0.1 µm) and stroke mortality. A significant 
association was also observed between stroke mortality and traffic-related PM2.5. Overall, the 
authors concluded that coarse particle levels found in Helsinki had no impact on mortality 
outcomes. These researchers also studied the influence of these particles on several 
morbidity outcomes; these results are presented in Section 4.2.1.3. 
 
Barcelona is a densely populated city with high PM levels and considerable vehicle traffic. 
Through a time-stratified case-crossover design, Perez et al. (2009) investigated the effects of 
PM1, PM2.5–1 and PM10–2.5 on respiratory, cardiovascular and cerebrovascular mortality from 
March 2003 through December 2005. Real-time PM1, PM2.5 and PM10 measurements were 
taken at one urban background station exposed to vehicle traffic emissions; coarse PM 
concentrations were obtained by subtracting PM2.5 from PM10. PM samples were also 
collected on quartz microfibre filters by gravimetric methods to examine chemical composition. 
Risk estimates between particles and mortality outcomes were estimated using conditional 
logistic regression models with adjustments for weather factors, holidays, heat wave day, flu 
epidemic weeks and presence or absence of Saharan dust days; they were all expressed per 
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10 µg/m3 increase in PM. Several lag structures were tested (same day, lag of 1, 2, 3 and 4 d 
as well as multi-day average between same day and lag 1d) while single- and three-pollutant 
models including the other PM metrics were used. Several sensitivity analyses were also 
performed: they included changing the definition of heat wave days, restricting the analysis to 
people over 75 years of age, using Poisson regression instead of case-crossover, and 
adjusting NO2 and O3 levels. Mean PM1, PM2.5–1 and PM10–2.5 levelsduring the study period 
were, respectively, 20 µg/m3, 5.5 µg/m3 and 14 µg/m3. A modest correlation (r= 0.45) was 
observed between PM2.5–1 and PM10–2.5 and almost no correlation (r= 0.09) was seen between 
coarse particles and PM1.The chemical composition analysis showed that the highest levels of 
crustal and marine aerosol elements were contained in the coarse PM fraction, while the 
UFPs had the highest concentration of carbonaceous compounds and inorganic secondary 
species. Fifty percent of the nitrate was also present in the coarse PM fraction and higher 
levels of several elements (copper, barium, manganese, chromium, cobalt, antimony, tin, 
thallium, titanium, strontium, lithium, rubidium, thorium, and phosphorus) were also present in 
this PM fraction.  
 
Strong and robust associations were found linking both PM1 and PM10–2.5 with cardiovascular 
and cerebrovascular mortality, whereas PM2.5–1 was only associated with respiratory mortality. 
At lag 1 d, coarse particles were associated with increased risks of cardiovascular and 
cerebrovascular mortality; ORs were 1.086 (95% CI 1.030–1.145) and 1.059 (95% CI 1.026–
1.094) respectively. These associations remained significant with the inclusion of the other PM 
fractions in the model: OR=1.059 (95% CI 1.026–1.094) for cardiovascular mortality and 
OR=1.098 (95% CI 1.030–1.171) for cerebrovascular mortality. Strong and independent 
excess risks were also observed at lag 2 d and with the multi-day average (0–1d) model. 
Significant and independent associations with both cardiovascular and cerebrovascular 
mortality were also observed with PM1 but only at lag 1 d. Positive but non-significant 
associations were observed between coarse particles and respiratory mortality; only PM2.5–1 
was statistically associated with respiratory mortality at lag 2 d. Effects of coarse particles on 
cardiovascular and cerebrovascular mortality also remained significant in sensitivity analysis 
after adjustments for O3 or NO2 or with the use of Poisson regression models or Poisson 
regression-distributed lag models. The authors concluded that vehicular PM traffic, including 
both combustion and non-combustion processes, can impact cardiovascular and 
cerebrovascular mortality.  
 
Atkinson and collaborators (Atkinson et al., 2010) used time-series methods to analyze the 
impact of different particle metrics on total, respiratory and cardiovascular mortality in England 
and Wales from 2000 to 2005. The team looked at particle mass (PM10, PM2.5 and PM10–2.5), 
particle number and particle source (sulphate, nitrate and chloride). Data were obtained at one 
centralized monitoring site and for the coarse PM fraction a low median concentration of 7.0 
µg/m3 (interquartile range (IQR) = 5 µg/m3) was calculated by subtracting PM2.5 from PM10 
levels. Poisson regression analyses were performed while controlling for several confounding 
factors (month, temperature, dew point, day of the week, and public holiday) and results were 
based on IQR increment for several lags (current day and lag exposure up to 6 d). Basically, 
no consistent statistical associations were observed throughout the different lag structures for 
all particle sizes. Significant associations were, however, observed between coarse particles 
and both all-cause and respiratory mortality at lag 1d, with an excess risk of 0.92% (95% CI 
0.36–1.48%) and 2.07% (95% CI 0.61–3.55%). Positive but non-significant associations were 
observed with cardiovascular mortality (0.24% (95% CI -0.71% to 1.19%) at lag 1 d and 
0.74% (95% CI -0.20% to 1.68%) at lag 5d).  
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Time-series analysis were also used by Meister et al. (2012) to investigate the impact of short-
term exposure to coarse particles on total mortality in Stockholm, Sweden from 2000 through 
2008. Poisson regression models were used while controlling for several confounding factors 
including long-term trend, temperature, relative humidity, day of the week, public holidays and 
episodes of influenza. Both PM10 and PM2.5 were measured with TEOM and the coarse 
particle PM concentrations were obtained by subtracting PM2.5 from PM10.  Low correlation 
coefficients were found between PM2.5 and PM10-2.5 in both the whole year (r= 0.273) and 
winter (r= 0.229) periods while a modest correlation (r= 0.475) was observed during the 
summer period. All results were reported based on 10 µg/m3 increase for the lag 0-1d.  In 
single-pollutant models, significant increase risks were observed with both PM2.5 (1.46%; 95% 
CI 0.07–2.84%) and PM10-2.5 (1.68%; 95% CI 0.20–3.15%). A higher risk estimate was 
observed during the road dust period, November –May, compared to the summer period. The 
winter period in Stockholm is highly dominated by stone minerals from road dust (Furusjö et 
al., 2007; Sjödin et al., 2011). Minor decreases were found in two-pollutant models; when both 
fine and coarse particles were included in the same model the coarse PM risk estimate was 
higher (1.33%; 95% CI -0.26 to 2.92%) than the one for the finer PM fraction (0.90%; 95% CI -
0.62 to 2.41). Similar decrements were also found in the two-pollutant models with either O3 
or CO.  Overall, this team showed an increase in daily mortality associated with coarse 
particles; especially with road dust suspension. 
 
Some single-city studies conducted in locations where general conditions are likely to differ 
from Canada were also identified; two studies have been conducted in Japan (Murakami and 
Ono, 2006; Yamazaki et al., 2007); one in China (Kan et al., 2007) and one in Chile (Grass 
and Cane, 2008). Given the expected differences in coarse PM levels, composition, and 
sources, as well as in environmental conditions, these studies have been discussed with less 
detail.  
The main goal of the time-series study conducted in Tokyo, Japan (Murakami and Ono, 2006) 
was to investigate the effect of exposure duration on MI deaths by studying several different 
exposure windows (1–48 h) after high-level exposure to suspended particulate matter (SPM). 
SPM particles (particles between 2.5 and 10 µm in diameter in this study) were measured 
every hour in Japan at central monitoring stations, and diameters of SPM were mainly PM7. 
The adjusted rate ratios in each SPM category, compared with the reference category (0–99 
µg/m3), ranged from 1.07 to 1.13 in the SPM category of 100–149 µg/m3, from 1.09 to 1.24 in 
the intermediate SPM categories (150–199; 200–249 and 250–299 µg/m3), and from 1.14 to 
1.40 in the SPM category of over 300 µg/m3. Results were statistically significant for all length 
of exposure windows (1, 2, 3, 4, 5, 6, 9, 12, 18, 24 and 48 h) for the SPM categories 100–149 
µg/m3and 150–199 µg/m3, and rate ratios for each SPM category were highest in the first hour 
following exposure, suggesting that transient high levels of PM can have a significant impact 
on the heart. Also in Japan, the case-crossover analysis performed by Yamazaki et al. (2007) 
found a significant association between deaths from intracerebral hemorrhage and the 1-h 
mean PM7 level measured 2 h before the event (OR= 2.4; 95% CI 1.48–3.89; lag 2d) for PM7 
levels above 200 µg/m3during the summer season. No association with ischemic stroke was 
observed. The increased risk observed was independent of the 24-h mean PM7. Kan et al. 
(2007) explored the effects of both PM2.5 and PM10–2.5 on total, cardiovascular and respiratory 
mortality in Shanghai, China, in a time-series study and found positive but not statistically 
significant associations between coarse PM and mortality outcomes; significant associations 
were, however, found with fine particles. In Santiago, Chile, Grass and Cane (2008) studied 
the effects of weather and air pollution variables on total, cardiovascular and respiratory 
mortality during the winter season for a 9-year period (1988–1996) to determine which 
combination of variables best predicted the number of deaths. Six variables for weather and 
13 for air pollution including coarse PM levels were included in a PCA. Basically, the team 
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found that cardiovascular mortality was more sensitive to weather variables whereas 
respiratory mortality seems to be more impacted by pollution levels. Among the pollution 
variables, they also observed that mortality from CVDs was most sensitive to PM10–2.5 levels 
while respiratory mortality was more sensitive to NO2 levels. 
 

4.1.2 Mortality Studies on Crustal-Derived or Source-Derived 
Particles 
Some studies published before 2002 examined the association of crustal or windblown 
particles with mortality. The results of these studies suggested that mortality was generally 
more strongly associated with combustion sources such as fossil fuel combustion, vegetative 
burning and industrial sources than with crustal sources, except in those studies characterized 
by very high levels of PM of geologic origin.  
 
Coarse particles in urban/industrial locations are likely to be enriched by anthropogenic 
components which tend to be more toxic than windblown crustal material which tend to 
dominates coarse particle mass in arid rural areas (US EPA, 2009).  Some recent mortality 
studies have also been conducted in area highly impacted by sandstorms or resuspended 
road dust. Three studies were conducted in Asia—two in Seoul, South Korea (Kwon et al., 
2002; Lee et al., 2007) and one in Taipei, Taiwan (Chen et al., 2004a)—while the other 
studies were performed in Helsinki, Finland (Penttinen et al., 2004), in El Paso, TX 
(Staniswalis et al., 2005), in Barcelona, Spain (Perez et al., 2008), in Rome, Italy (Mallone et 
al., 2011), in Athens, Greece (Samoli et al., 2011) and in Sydney, Australia (Johnston et al., 
2011). Details of these studies are summarized below.  
 

4.1.2.1 Dust Events Studies 
The studies on dust episodes or dust events are different from the usual times-series studies 
as these studies focus on marked events rather than day-to-day variations. The statistical 
power to find significant effects in these types of studies is almost always less than in time-
series given that these episodic dust events are infrequent and that the sample size, i.e. the 
number of cases of the studied outcome, on the event days could be inadequate to detect 
significant associations. During these events, individuals may also limit the time spent 
outdoors, thus reducing their PM exposure and decreasing the statistical power of the study. 

 

4.1.2.1.1 Asian dust events 
A well-known spring-time meteorological phenomenon throughout East Asia is the Asian Dust 
Storm (ADS); these events consist of windblown dust originating from the arid deserts of 
China and Mongolia. The event appears as a distinct yellow cloud in Korea. High wind speeds 
are usually associated with episodes of high levels of coarse particles and reduced 
concentration of fine particles and other combustion-related air pollutants. The Asian dust is 
primarily composed of crustal-derived particles, although these particles could also carry toxic 
materials originating from combustion sources in the regions that they pass through. Chun et 
al. (2001) have reported that the ADS dust ranges between 1.35 µm and 10 µm in size. As 
PM10 is the PM fraction measured during the reviewed ADS event studies, there are actually 
no measurements of the coarse PM fractions (PM10–2.5) per se. Given that these studies are 
conducted in areas dominated by crustal materials and/or windblown particles, they have 
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been reviewed in this document, as they can also shed some light on the health effects of 
coarse particles.  
 
Kwon et al. (2002) studied the effects of ADS events on daily mortality in Seoul, South Korea, 
from 1995 to 1998; they looked at all-cause mortality for people <65 years of age and in 
elderly people (≥ 65) as well as at cardiorespiratory mortality for all ages. The team used time-
series techniques with GAM non-parametric smoothing to study the association between ADS 
and mortality (LOESS smoothers were used to adjust for seasonal variations and 
meteorological factors, and dummy variables were included to control for the day-of-the-week 
effect and the effects of dust events). Results were presented based on an increase of 27.8 
µg/m3 in PM10. A mean of 88.4 deaths was observed on ADS days for all-cause mortality, with 
53.9 for people >65 years, while a mean of 32.3 deaths was observed for cardiorespiratory 
mortality in the all-ages group. For all-cause mortality (all ages combined) an increase of 1.7% 
(95% CI -2.8% to 6.5%) was observed with the 3-d moving average. The risk was higher 2 d 
after the event: an increase of 3.5 % (95% CI -0.5% to 7.4%) was observed. When analysis 
was restricted to the elderly (≥65 years) risk was higher and significant 2 d after the event: 
there was an increase of 5.3% (95% CI 0.3–10.5%). For all ages combined, the association 
with cardiorespiratory mortality was highest on the event day (3.7%; 95% CI -2.7% to 10.5%) 
and decreased thereafter.  
 
Lee et al. (2007) also studied the association between daily mortality in Seoul and various air 
pollutants (PM10, SO2, NO2, CO and O3). They looked at total non-accidental deaths on days 
with and without ADS events from 2000 to 2004. All RRs were expressed based on the IQR 
increment (41.49 µg/m3 for PM10) using time-series analysis with GAMs after controlling for 
several confounders (long-term trends, seasonal patterns, weather conditions and the date of 
the dust event). A mean of 96.26 deaths was observed on ADS days, while a mean of 93.18 
deaths occurred on days without dust events. The daily mean concentration of PM10 was 
higher on ADS days (70.00 µg/m3, SD = 47.80) than on days without dust events (65.77 
µg/m3, SD = 33.60). Results showed that the risks were greater on days without dust events. 
The RRs between total mortality and PM10 on ADS days and days without ADS in the model 
were, respectively, 0.7% (95% CI 0.2–1.3%) and 1.0% (95% CI 0.2–1.8%) with the 3-d 
moving average (lag 1, 2 and 3 d), suggesting that the composition of the particles during the 
dust events is less toxic for humans and/or that people are staying inside more.  
 
Chen et al. (2004a) studied the effects of ADS events from 1995 to 2000 on daily mortality in 
Taipei, Taiwan, a city with a population of approximately 2.6 million. The mean number of 
deaths due to non-accidental causes was 27; in contrast, the mean numbers of deaths due to 
cardiovascular and respiratory causes were, respectively, 7.31 and 2.8. The authors 
compared the mortality on index (ADS) days with mortality on comparison days in the primary 
analysis. Two comparison days were selected for each index day: 7 d before and after the 
index day, an approach that allows for control of long-term time trends, seasonal patterns and 
day-of-the-week effects. Baseline characteristics (weather factors, levels of air pollutants and 
daily death counts) were defined using descriptive statistics, and t-tests were used to make 
comparisons between index days and comparison days. Increases of 4.92% and 2.59% were 
observed for all-cause mortality and cardiovascular mortality, respectively, 2 d after the dust 
event, which had caused an increase of 68.14 µg/m3 in PM10. The highest effect—an increase 
of 7.66% 1 d after the event—was found for respiratory mortality. All estimates were, however, 
non-statistically significant. 
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4.1.2.1.2 Other Dust Events 
Winds from Saharan dust events, also referred to as the African dust clouds, can transport 
amounts of dust across various regions around the world. These dust events are recognized 
to generate larger proportions of coarse particles as well as bringing pollens, insects and 
microbes.  
 
Using a time-stratified case-crossover approach, Perez et al. (2008) assessed the effect of 
Saharan and non-Saharan dust days in Barcelona, Spain, on daily mortality from March 2003 
through December 2004. Seven to 15 Saharan dust events per year occur in Barcelona and 
usually last for several days. Real-time PM2.5 and PM10 levels were estimated with a laser 
spectrometer at a single urban monitor site and PM10–2.5levels were obtained by subtracting 
PM2.5 from PM10. Chemical composition was also assessed from filters collected about once a 
week, with a total of 89 samples: 9 on Saharan dust days and 80 on non-Saharan dust days. 
ORs were estimated based on an increase of 10 µg/m3 in the particulate measure using 
conditional logistic regression with adjustment for several confounding factors (temperature, 
humidity, holiday, flu epidemic, heat wave day) using dummy variables. Both single- and two-
pollutant models (with the other PM measure) were performed for various lag periods (same 
day and up to a 4-d lag). Sensitivity analyses were also performed to evaluate the impact of 
the 2003 summer heat wave in Europe. The mean PM10–2.5 levels on Saharan dust days (n=90 
d) and non-Saharan dust days (n=512 d) were, respectively, 16.4 µg/m3 (SD=7.8) and 14.9 
µg/m3 (SD=10.0). Higher PM2.5 levels were found on both the Saharan dust days (29.9 µg/m3; 
SD=11.2) and the non-Saharan dust days (24.0 µg/m3, SD=11.6). When the Saharan and 
non-Saharan dust days were pooled together, positive and significant associations were found 
between total mortality and both fine (OR=1.04 (95% CI 1.023–1.058)) and coarse particles 
(OR=1.027 (95% CI 1.008–1.046)) in single-pollutant models at lag 1 d. Similar effects were 
found for the other lag structures. Associations were smaller in two-pollutant models and no 
longer significant for coarse particles (OR=1.016 (95% CI 0.096–1.036)) after the inclusion of 
fine particles in the model. The association of coarse particles with total mortality was, 
however, significant during Saharan dust days (RR=1.084, 95% CI 1.015–1.158) as compared 
with non-Saharan dust days (RR=1.013, 95% CI 0.092–1.034) in the two-pollutant models 
including the fine PM fraction. The chemical composition of both fine and coarse particles was 
comparable on Saharan dust days. Metals present in coarse particles were similarly abundant 
during both Saharan and non-Saharan dust days and cannot explain the higher risk observed 
on Saharan dust days.  
 
Overall, this study demonstrated that exposure to coarse particles is more strongly related to 
all-cause mortality on Saharan dust days than on non-Saharan dust days and that this 
association is independent of PM2.5. However, when both Saharan dust days and non-Saharan 
dust days were combined together the effect of fine particles on mortality was stronger. 
Coarse particles collected in Barcelona, Spain, during Saharan dust days have also been 
shown to cause inflammatory responses in toxicological assays (Happo et al., 2007).The 
authors suggested that biogenic factors could be a possible explanation for the association 
observed between coarse particles and mortality during Saharan dust days.  
 
Rome is another city affected by dust from Africa, and Mallone et al. (2011) studied the impact 
of Saharan dust on the potential association between PM and total and cause-specific 
(respiratory, cardiovascular and cerebrovascular) mortality during 2001–2004. They also used 
a time-stratified case-crossover approach while controlling for several confounding factors 
(time trends, day of the week, decrease of summer population, holidays, influenza epidemics, 
temperature and barometric pressure). A total of 80,423 deaths in residents aged 35 and older 
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occurred during the study period. Starting in February 2001, a polarization LIDAR, an optical 
remote sensing technology, was in operation in Rome. This technology was used to 
distinguish the non-spherical particles coming from the Saharan dust and to compute the dust 
index. Days affected by the Saharan dust were defined as days with a dust index of one and a 
PM10/NO2 ratio larger than 0.6. The mean PM10–2.5 levels on Saharan dust-affected days (n = 
264 d) and Saharan dust-free days (n = 1,153 d) were, respectively, 14.6 µg/m3 (SD = 8.7) 
and 20.7 µg/m3 (SD = 12.9). Coarse particle concentrations were computed by subtracting the 
PM2.5 levels from the corresponding PM10 values collected at the same monitoring station. 
Higher PM2.5 levels were found on both the dust-affected days (25.6 µg/m3; SD = 9.8) and the 
dust-free days (23.4 µg/m3; SD = 12.5). Correlation coefficients between coarse and fine 
particles were 0.18 and 0.27, respectively, on days affected by dust and dust-free days. 
Percentage changes in the mortality risks for coarse particles were calculated based on an 
IQR increase of 10.8 µg/m3. Positive and significant associations were found between coarse 
particles and mortality due to natural causes (2.96%; 95% CI 1.23–4.72%; lag 0–2 d), cardiac 
diseases (3.72%; 95% CI 0.78–6.73%; lag 0–2 d), cerebrovascular diseases (5.41%; 95% CI 
1.74–9.22%; lag 0 d), cardiovascular  diseases (4.06%; 95% CI 1.50–6.69%; lag 0–2 d), and 
respiratory diseases (12.65%; 95% CI 1.18–25.42%; lag 0–5 d). Saharan dust days modified 
the association between coarse particles and mortality due to cardiac diseases (9.73%; 95% 
CI 4.25–15.49%, as compared with 0.86%; 95% CI -2.47% to 4.31% on dust-free days; p = 
0.005). Positive associations were also observed between fine particles and some mortality 
endpoints, but these were not statistically significant.  
 
In contrast to the studies previously described, Samoli et al. (2011), who investigated the 
impact of windblown desert dust particles on mortality during 2001–2006 in Athens, Greece, 
observed that the traffic-related particles were more toxic than the long-range particles 
originating from Sahara. Poisson regression models with penalized splines to control for 
several confounding factors (season, meteorology, day of the week and holidays) were used. 
For all days, a 10 µg/m3 increase in the previous day`s PM10 levels was associated with an 
increase of 0.71% (95% CI 0.42 – 0.99%) in all deaths while a negative association was 
observed on dust days.  The effect on total mortality was higher in people aged ≥75 years and 
in females. Significant associations were also observed with respiratory and cardiovascular 
mortality for the older age group. The PM10-risk estimates were reduced by 30-50% in bi-
pollutant models with either NO2 or SO2 but remained statistically significant except with 
respiratory mortality. Positive but non-significant associations were found on dust days and 
the authors concluded these results could suggest that traffic-related particles have more toxic 
effects than particles originating from natural sources.  
 
Johnston et al. (2011) used a time-stratified case-crossover design to investigate the mortality 
associated with both bushfires and dust events in Sydney, Australia from January 1994 to 
June 2007. A significant association was found between total mortality and both bushfire (OR= 
1.05; 95% CI 1.00–1.10) and dust event (OR= 1.16; 95% CI 1.03–1.30) at lag 1d and 3d 
respectively. The authors mentioned that the most notable difference observed was in the lag 
at which the associations were found. These results cannot however be attributed to any 
specific air pollutants but the PM levels could be responsible for some of the effect.  
 

4.1.2.2 Studies from Other Areas 
In Finland, with subarctic weather conditions, a large portion of the springtime PM10 urban 
particles are from resuspended coarse road dust, which is caused by the use of studded tires 
during wintertime as well as the spreading of sand on the streets. Penttinen et al. (2004) 
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looked at the association between particulate air pollution in the Helsinki metropolitan area 
with all-cause, respiratory, and cardiovascular mortality from 1988 through 1996. This team 
also used TSP blackness as a surrogate for fine and combustion-derived particles to evaluate 
the impact of fine particles on mortality, since PM2.5 has been monitored in Finland for only a 
few years. TSP blackness was also highly correlated with CO (r = 0.64), suggesting that 
combustion-derived particles were a major contributor to this measure. Data were analyzed 
with Poisson regression in a GAM; LOESS smoothers were used to control for time trends, 
seasonal and weather factors, while dummy variables were used to adjust for influenza 
epidemics and the day-of-the-week effect.  
 
In single-pollutant models, positive but non-significant relationships were found between PM10 
and both total and cardiovascular mortality in the all-ages group. Positive and significant 
associations were, however, observed between PM10 and respiratory mortality for all three lag 
structures studied; increases of 3.94% (95% CI 0.01–7.87%), 3.96% (95% CI 0.11–7.81%) 
and 2.13% (95% CI 0.03–4.22%) were noted, respectively, on lag 0 d, lag 1d and lag 4 d 
means. No consistent results were found for TSP and TSP blackness in single-pollutant 
models, though the latter was positively but not significantly associated with all-cause, 
cardiovascular, and respiratory mortality. In two-pollutant models TSP blackness was 
significantly associated with total mortality at lag 1 d (2.06% per 10-5 units; 95% CI 0.09–
4.06%) when TSP was included in the model. This association was also strengthened in 
three-pollutant models with the addition of one gaseous pollutant (values not given). To study 
the effect of excluding resuspended dust particles, sensitivity analyses were also performed in 
two-pollutant models for TSP and TSP blackness where data from the spring season were 
excluded; these changes had little impact on the results. 
 
Overall, this study provided little evidence of a role for coarse PM from resuspended road dust 
in increased mortality; results suggested that combustion-derived particles are more strongly 
associated with mortality than crustal-derived particles. The only category of mortality that was 
significantly associated with PM10 (respiratory mortality) has not been related to ambient 
coarse PM in other studies. The analyses do not appear to have been restricted to seasons 
when coarse PM would have dominated PM10, suggesting that PM2.5 would have been a 
substantial component.  
 
A study performed in El Paso, TX (Staniswalis et al., 2005) also supports the hypothesis that 
resuspended dusts of crustal origin are less toxic than finer particles generated in urban 
areas. PM10 levels in El Paso often display marked peaks, which may lead to very high acute 
exposures, and this information cannot be captured when only pollutant daily average is used. 
This may result in an underestimation of the relationship between the pollutant under study 
and the measured health outcome. In this area, PM2.5 is about 25% of the total PM10 
concentrations. Over the years, evening peaks in hourly PM10 concentrations have been noted 
during still-air conditions; i.e., episodes with usually high levels of fine PM. One objective of 
this study was to determine whether mortality is associated with the temporal dynamics of 
PM10 levels occurring within a 24-h period. The authors performed a PCA to characterize 
hourly measurements of PM air pollution during the study in order to capture the daily patterns 
of variation in PM10. PCA scores were also obtained for 3 d with similar daily PM10 averages 
but different profiles: October 13, 1992, June 6, 1993 and October 22, 1995. In addition, the 
researchers investigated the association of PM10 with total mortality in relation to wind speed, 
assuming that at high wind speeds it was composed primarily of coarse PM from resuspended 
dust while at low wind speeds it contained mostly fine PM from urban sources. The study was 
restricted to the 1992–1995 period because of the availability of hourly PM10 data. PM10 was 
measured with β-gauge at a mixed residential, semi-industrial area; the daily average ranged 
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between 0.2 µg/m3 and 133.4 µg/m3. The daily death rate varied from 1 to 21 and averaged 
8.5. This team employed the Poisson regression model, using trigonometric functions to 
account for seasonal variations and dummy variables to control for time trends, hot and cold 
days, humidity, dew point and the day-of-the-week effect. Regression analyses were 
performed with the daily mean PM10 as well as with the PM10 PCA scores.  
 
The use of the PCA revealed that 40% of the total variation in daily PM10 profiles was 
explained by a peak occurring near 8 p.m.; the daily average only accounts for 28% of the 
variation. The PC1 score reflects the magnitude of the local evening peak, whereas the PC2 
score provides a contrast between daytime and evening exposure levels. If PC2 is positive the 
cumulative deviation from the mean daytime PM10 exposure between 10 a.m. and 6 p.m. is 
higher than that for the evening exposure (7 p.m. to 11 p.m.). Using the PC1 score an 
increase of 2.06% (RR = 1.0206; p < 0.04) was observed between PM10 at lag 3 d and total 
mortality; this corresponds to a 10 µg/m3 rise in the daily PM10 mean. An increase of 1.7% in 
total mortality for a rise of 10 µg/m3 in daily average PM10 (3-d lag) was found using PM10 
levels (24-h average), though this increase was not significant (p < 0.10). This risk estimate is 
approximately 20% lower than the one provided by the analysis based on the PCA.  
 
In El Paso, wind speed can be used as a surrogate for PM10 chemical makeup. Extremely 
high wind speeds with sandstorms occur periodically in this region and introduce significant 
amounts of larger entrained crustal particles. The mortality risk was derived based on high 
wind speed and low to mid wind speed conditions, and the differences between those two 
wind conditions were examined. A high wind speed at night (>17 mph, 7.6 m/sec) was 
significantly associated with a 10% lower risk of mortality the succeeding third day as 
compared with low and mid wind speed conditions, suggesting that crustal particles have a 
weaker negative impact on health outcomes. The authors concluded, however, that coarse 
PM health effects cannot be dismissed, since they still observed an association between 
mortality and PM10 at high wind speed, when the sand will be mainly characterized by coarse 
particles. A relevant factor may be that coarse particles in El Paso are believed to contain 
resuspended deposited metals previously emitted from a variety of regional mining and 
metallurgical activities. This analysis used a small dataset (one location, one monitoring site, 
small mortality count) and cannot be considered conclusive on its own, though it does suggest 
differential toxicity for different particle compositions. 
 

4.2 Hospitalization and Medical Visit Studies 
The short-term effects of ambient air pollution on morbidity outcomes have been investigated 
in a number of studies. Some looked at the relationship between air pollution and hospital 
admissions for either respiratory or cardiovascular outcomes; others examined the 
relationship between air pollution and ERVs or other medical visits (physician’s visits, 
ambulatory care setting visits).  
 

4.2.1 Hospitalization 
The 2003 coarse PM assessment reviewed in detail six studies (Burnett et al., 1999, 2001; 
Sheppard et al., 1999; Lippmann et al., 2000; Moolgavkar, 2000b; Anderson et al., 2001) that 
used modern time-series methods to assess the relationship between daily variations of PM10–

2.5 and hospital admissions. In all the studies, initial analyses (single-pollutant models) 
indicated some role for the coarse PM fraction in hospital admissions, in most cases 
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statistically significant. These relationships were reduced, however, when bivariate analyses 
were conducted to examine the effect of co-occurring pollutants. In most, but not all of these 
cases, the fine fraction reduced the influence of the coarse fraction, though not always to the 
level of statistical insignificance. As a consequence, for many of the specific causes of 
hospital admissions (chronic obstructive pulmonary disease (COPD), infections, cardiac 
outcomes) fine particulates (or gases) provided a stronger explanation for the admissions 
associated with air pollution. In contrast, where hospital admissions caused by asthma were 
examined separately, a positive and significant association with coarse particulates remained 
even after bivariate analysis with other pollutants in a number of analyses. In all studies, 
authors have indicated that their results support some role, or at least do not rule out a role, 
for the coarse PM fraction in respiratory hospital admissions. However, all studies examined 
at that time used Poisson GAMs with non-parametric smooth functions to adjust for 
confounding of time trends and weather variables. This approach is considered to potentially 
introduce upward bias into the estimates of RR.  
 
A number of more recent studies have investigated the health effects of coarse particles on 
various morbidity endpoints using either time-series or case-crossover designs. In this latter 
study design, a subject’s characteristics and exposures at the time of a health event (case 
period) are compared with another time period when that subject was a non-case (control 
period). Because each subject serves as his/her own control, this approach controls for stable 
subject-specific covariates by design. Factors that vary slowly over a longer time scale, such 
as trend, season, and smoking status, are essentially the same in both periods and therefore 
do not confound the health effects of more rapidly varying factors such as air pollution. The 
size of the population at risk is not an issue with this design. The matched sets of a case 
period and one or more control periods may be analyzed using conditional logistic regression. 
Weather factors such as temperature and precipitation may co-vary on the same time scale as 
air pollution and so must be controlled for in the analysis. The case-crossover design is 
believed to be a valid method to adequately measure the impact of air pollution on mortality 
and morbidity endpoints, in that it adjusts the confounding of the day of the week and 
seasonality.  
 
Fourteen new studies have examined the relationship between PM10–2.5 and hospital 
admissions for either respiratory or cardiovascular outcomes. Several of these studies were 
conducted in Canada; two in Toronto, ON (Lin et al., 2002, 2005) and four in Vancouver, BC 
(Chen et al., 2004b, 2005; Yang et al., 2004; Fung et al., 2006). Study characteristics and 
ambient coarse PM levels reported in these new morbidity studies are included in Table 4.2. 
Figure 4.4 visually summarizes Canadian risk estimates for hospital admissions due to 
respiratory diseases per 10 µg/m3 in PM10–2.5 concentration in single-pollutant models, and 
Figure 4.5 presents risk estimates from non-Canadian studies. Risk estimates for hospital 
admissions due to CVDs per 10 µg/m3 in PM10–2.5 concentration in single-pollutant models are 
shown in Figure 4.6. 
 

4.2.1.1. Children’s Hospitalizations 

4.2.1.1.1 Canadian studies 
Three Canadian studies have investigated the impact of coarse particles on respiratory hospital 
admissions in children. Lin et al. (2002, 2005) studied the association of size-fractionated PM 
(PM10, PM10–2.5 and PM2.5) with hospitalizations among children in Toronto for asthma and 
respiratory infections, respectively. Yang et al. (2004) looked at the relationship between air 
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pollution and first hospital admission for respiratory illness in Vancouver children under 3 years 
of age.  
 
The first study conducted in Toronto (Lin et al., 2002) investigated the association between 
various size fractions of PM and asthma hospitalizations in children aged 6–12. Both PM2.5 and 
PM10–2.5 levels were measured with a dichotomous sampler running every sixth day from 1984 
through 1990, resulting in 272 measurements co-located with the central downtown monitoring 
station. Sulphates explained 65% of the variation in PM10, 77% of the variation in PM2.5 and only 
20% of the variation in the coarse fraction. Air pollution levels were relatively low during the 
study period: mean 24-h averages (range) for PM10, PM10–2.5 and PM2.5 were, respectively, 30.16 
µg/m3 (3.03–116.20), 12.17 µg/m3 (0–68.00) and 17.99 µg/m3 (1.22–89.59). A moderate 
correlation was observed between PM2.5 and PM10–2.5 (r= 0.44), while a high correlation was 
observed between PM10–2.5 and PM10 (r= 0.83). The authors used various study designs to 
examine the relationship between PM pollution and asthma hospitalizations in children. Both 
unidirectional case-crossover (UCC) and bidirectional case-crossover (BCC) designs, as well as 
time-series analyses, were used to evaluate the potential associations. For case-crossover 
analyses the 2-week period before the admission date was selected in the UCC design, 
whereas the 2-week period before and after the admission date was selected for the BCC 
design. The team fitted conditional logistic regression models to the data for males and females 
separately. Adjustments were made for weather factors (daily maximum and minimum 
temperature and relative humidity) with the addition of square terms of each of the weather 
conditions as additional covariates. ORs for asthma hospitalizations were then calculated for the 
IQR increase for each pollutant. For the time-series analysis, a Poisson GAM was used to 
evaluate the relationship between asthma hospitalization and air pollution. A quasi-likelihood 
estimation was used to take account of over-dispersion of daily hospital admission counts, and 
temporal trends, seasonal and sub-seasonal cycles in asthma hospitalizations were removed 
with a LOESS smoothed function (with a span of 93 d). Indicator variables for the day-of-the-
week effect and squared weather conditions as covariates were also accounted for in the 
analysis. The team also investigated various exposure averages (1–7 d), ending on the 
admission date, since previous studies on asthma hospitalizations have variously shown that 
asthma hospital admissions are more strongly associated with air pollution occurring on the day 
of the admission or on multi-day averages of up to 4 d.  
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Table 4.2 Study characteristics and ambient coarse PM concentrations from epidemiological studies investigating 
Hospital admissions due to respiratory or cardiovascular diseases 

 
 
Reference 

 
Location and 
study period 

 
Mean concentration (µg/m3) 
if not specified otherwise 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study design 

 
Single/multi- 
pollutant models 
 

 
Subjects 

 
Health outcomes 

Canada 
 
Lin et al., 2002 

 
Toronto, Canada 
 
1984–1990 
 

 
12.17 (SD = 7.55) 

 
75 th: 15.42; 
Max 68.0 

 
CC 

 
S/M with CO, SO2, 
NO2 and O3 
 

 
Children  
(6–12 years) 

 
Asthma hospitalizations 

 
Yang  
et al., 2004 

 
Vancouver, 
Canada 
 
June 1995– 
March 1999 

 
Daily mean: 
5.6 (SD = 3.6) 
 
Daily 1-h max: 
13.0 (SD = 8.9) 

 
Daily mean: 
75 th: 7.3; 
Max 24.6 
 
Daily 1-h max: 
75 th: 16.9; 
Max 59.6 
 

 
CC and TS 

 
S/M with CO, SO2, 
NO2 and O3 

 
Children  
(0–3 years) 

 
First hospitalizations for 
respiratory diseases  

 
Chen  
et al., 2004b 

 
Vancouver, 
Canada 
 
June 1995– 
March 1999 
 

 
Daily mean: 
5.6 (SD = 3.6) 
 
Daily 1-h max: 
13.0 (SD = 8.9) 

 
Daily mean: 
75 th: 7.3; 
Max 24.6 
 
Daily 1-h max: 
75 th: 16.9; 
Max 59.6 
 
 

 
TS 

 
S/M with either 
PM10, PM2.5, CO, 
SO2, NO2 
or O3 

 
Elderly  
(≥65 years) 

 
COPD hospitalizations 

 
Chen  
et al., 2005a 

 
Vancouver, 
Canada 
 
June 1995– 
March 1999 
 
 

 
Daily mean: 
5.6 (SD = 3.6) 
 
Daily 1-h max: 
13.0 (SD = 8.9) 

 
Daily mean: 
75 th: 7.3; 
Max 24.6 
 
Daily 1-h max: 
75 th: 16.9; 
Max 59.6 
 

 
TS 

 
S/M with CO, SO2, 
NO2 and O3 

 
Elderly  
(≥65 years) 

 
First, second and overall 
hospital admissions for 
respiratory diseases 

 
Lin et al., 2005 

 
Toronto, Canada 
 
1998–2001 
 

 
10.86 (SD = 5.37) 

 
75 th: 13.50; 
Max 45.0 

 
CC 

 
S/M with CO, SO2, 
NO2 and O3 

 
Children  
(0–15 years) 

 
Hospitalizations for respiratory 
infections 
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Reference 

 
Location and 
study period 

 
Mean concentration (µg/m3) 
if not specified otherwise 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study design 

 
Single/multi- 
pollutant models 
 

 
Subjects 

 
Health outcomes 

 
Fung  
et al., 2006 

 
Vancouver, 
Canada 
 
June 1995– 
March 1999 
 
 

 
Daily mean: 
5.6 (SD = 3.6) 
 
Daily 1-h max: 
13.0 (SD=8.9) 

 
Daily mean: 
75 th: 7.3; 
Max 24.6 
 
Daily 1-h max: 
75 th: 16.9; 
Max 59.6 
 

 
TS, CC and 
D&M  

 
S 

 
Elderly  
(≥65 years) 

 
Hospitalizations for respiratory 
diseases 

United States 
 
Slaughter et 
al., 2005 

 
Spokane, WA, US 
 
1995–2000 

 
NR 

 
NR 

 
TS 

 
S 

 
Various age 
groups (all ages 
or ≥15 years) 

 
Hospitalizations for respiratory 
and cardiovascular diseases 
 
 

 
Peng  
et al., 2008 
 
 
 

 
108 US counties 
(with population 
>200,000 based 
on the 2000 
census) 
 
1999–2005 
 

 
Median 
108 counties: 9.8 
Counties (East): 9.1 
Counties (West): 15.4 
 

 
75th: 
108 counties: 15.0 
Counties (East): 
13.1 
Counties (West): 
21.8 
 

 
TS 

 
S/M with PM2.5 

 
Elderly  
(≥65 years) 

 
Hospitalizations for respiratory 
and cardiovascular diseases 

 
Chang  
et al., 2011 
 

 
59 US counties 
(with population 
>200,000 based 
on the 2000 
census) 
 
1999–2005 
 

 
NR 

 
NR 

 
TS - 
New approach to 
deal with 
ambient 
concentrations 
that vary 
spatially within 
the study region 
 

 
S 

 
Elderly  
(≥65 years) 

 
Hospitalizations for respiratory 
and cardiovascular diseases 

Europe 
 
Host  
et al., 2008 

 
Six cities, France 
 
2000–2003 

 
Mean 
Le Havre: 7.3 
Lille: 7.9 
Marseille: 11.0 
Paris: 8.3 
Rouen: 7.0 
Toulouse: 7.7 

 
95th 
Le Havre: 14.0 
Lille: 13.7 
Marseille: 21.0 
Paris: 15.9 
Rouen: 12.5 
Toulouse: 15.0 

 
TS 

 
S 

 
All ages 
Children  
(0–14 years) 
Elderly  
(≥65 years) 
 

 
Hospitalizations for respiratory 
infections and cardiovascular 
diseases 
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Reference 

 
Location and 
study period 

 
Mean concentration (µg/m3) 
if not specified otherwise 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study design 

 
Single/multi- 
pollutant models 
 

 
Subjects 

 
Health outcomes 

 
Halonen  
et al., 2009 

 
Helsinki, Finland 
 
1998–2004 

 
Median: 7.5 

 
75 th: 12.1 
Max 101.4 
 
 

 
TS + PCA 

 
S 

 
Elderly  
(≥65 years) 

 
Hospitalizations for respiratory 
and cardiovascular diseases 
 
 

 
Atkinson  
et al., 2010 
 

 
England  
& Wales, UK 
2000–2005 
 

 
Median: 7.0 

 
75th: 10 
Max 36 

 
TS 

 
S 

 
Children  
(0–14 years) 
Elderly  
(≥65 years) 
 

 
Hospitalizations for respiratory 
and cardiovascular diseases 

Other 
 
Tecer  
et al., 2008 

 
Zonguldak,  
Turkey 
 
December 2004–
October 2005 
 

 
Mean: 24.3 
Median: 20.83 
 

 
75 th: 27.7 
Max 195.8 

 
CC 
 

 
S 

 
Children  
(0–14 years) 
 

 
Hospitalizations for asthma, 
allergic rhinitis, lower and upper 
respiratory diseases 
 

 
Dennekamp  
et al., 2010 
 

 
Melbourne, 
Australia 
 
2003–2006 
 

 
Mean: 13.35 

 
75th: 15.61 

 
CC 

 
S/M 

 
All ages 
 

 
Hospitalization for out-of-
hospital cardiac arrest 

CC = case-crossover; D&M = new method proposed by Dewanji and Moolgavkar (2000, 2002); M = multi-pollutant models; PCA = principal component analysis; S = single-pollutant 
models; TS = time-series
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Stronger associations were generally obtained between asthma hospitalizations and PM in the 
UCC analysis, while similar RRs were found with the BCC and time-series analyses; 
confidence intervals were usually wider in the BCC analysis. Only coarse PM with 5- to 6-d 
averages showed significant associations in all three different methodology designs for both 
genders. Numerous significant associations were, however, found with other lag structures, 
depending on the design. In boys, for an IQR of 8.4 µg/m3 in the coarse fraction, RRs of 1.13 
(1.01–1.26) and 1.16 (1.03–1.31) were observed for the 5- and 6-d averages, respectively, in 
the UCC analyses; RRs of 1.12 (1.01–1.24) and 1.14 (1.02–1.28) were observed in the BCC 
analyses, and RRs of 1.09 (1.02–1.16) and 1.10 (1.03–1.18) were observed in the time-series 
analyses. In girls, for an IQR of 8.4 µg/m3 in the coarse fraction, RRs of 1.41 (1.21–1.65) and 
1.46 (1.24–1.73) were observed for the 5- and 6-d averages, respectively, in UCC analyses; 
RRs of 1.17 (1.03–1.34) and 1.18 (1.02–1.36) were observed in BCC analyses; and RRs of 
1.17 (1.08–1.28) and 1.18 (1.08–1.30) were observed in the time-series analyses.  
 
Multi-pollutant analyses were carried out for the BCC and time-series studies, and positive 
and significant associations remained for almost all results for PM10–2.5 when gaseous 
pollutants were entered into the models. No significant associations were observed for PM2.5 
and PM10 on asthma hospitalizations using either the BCC or the time-series analyses, though 
statistically significant associations were found with the UCC analyses. 
 
Some recent studies have shown that results using UCC analysis can be biased when time 
trends in exposure and outcome are present. In this study, more consistent results were 
obtained in both the BCC and the time-series analyses. The PM coarse fraction showed a 
stronger effect on asthma hospitalizations of both boys and girls than other PM size fractions, 
and the magnitude of effect appeared to increase with increasing days of exposure. The PM10–

2.5 effect persisted after inclusion of gaseous pollutants (CO, SO2, NO2, and O3) in the models. 
The association observed in the present study between coarse particles and asthma hospital 
admissions is consistent with previous asthma hospitalization studies (Burnett et al., 1999; 
Sheppard et al., 1999) in which coarse particles were a better predictor of asthma 
hospitalizations than the fine PM fraction.  
 
A similar study was also conducted in Toronto by the same team (Lin et al., 2005) to 
investigate the association of coarse PM with hospitalization for respiratory infections in 
children <15 years of age. Respiratory infections included in this analysis were laryngitis, 
tracheitis, bronchitis, bronchiolitis, pneumonia and influenza (ICD 9 codes 464, 466, 480–
487), and only emergency or urgent admissions to hospitals for acute care and active 
treatment were included. PM2.5 and PM10 were measured with TEOM samplers and the level 
of coarse particles was calculated as the difference between PM10 and PM2.5 even if TEOM 
samplers were not necessarily co-located. The daily average concentrations (SD) of PM10, 
PM10–2.5 and PM2.5 were, respectively, 20.41 µg/m3 (10.14), 10.86 µg/m3 (5.37) and 9.59 µg/m3 
(7.06) during the study period (1998–2001). The correlation between coarse and fine particles 
with PM10 was high (r= 0.87 for PM2.5, r= 0.76 for PM10–2.5) while PM2.5 and PM10–2.5 were not 
strongly correlated (r= 0.33). Gaseous pollutants were all positively correlated with PM.  
 
The BCC design was used to study the association between air pollutants and hospitalization 
for respiratory infections in children, with control periods of 2 weeks before and after the 
admission date. Multiple-day averages of air pollutants ending on the admission date  
(1- to 7-d exposure averages) were examined. The matched sets of case periods and control 
periods were analyzed using conditional logistic regression; separate models were fit for boys 
and girls. ORs were estimated for each air pollutant in relation to hospital admissions for 
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respiratory infections after adjustment for temperature and dewpoint temperature, with the 
addition of squared terms for each weather covariate. ORs were calculated based on 
increments corresponding to the IQR of each air pollutant, and both single- and multi-pollutant 
models including gaseous air pollutants were constructed. 
 
Coarse particles were significantly associated with hospitalizations for respiratory infections in 
both sexes before and after adjustment for gaseous pollutants, although significant 
associations for PM10 were observed only in boys. The OR estimates increased with 
increasing number of days of exposure; they peaked at around 6 d for girls and 7 d for boys. 
The ORs for 6-d average exposure to an increment of 6.5 µg/m3 in PM10–2.5 were 1.15 (95% CI 
1.02–1.30) for boys and 1.18 (95% CI 1.01–1.36) for girls in multi-pollutant models including 
gaseous pollutants (CO, SO2, NO2 and O3). The corresponding PM10 OR for exposure to an 
increment of 12.5 µg/m3 was 1.25 (95% CI 1.01–1.54) for boys. PM2.5 was not significantly 
associated with hospitalization for respiratory infections in either gender when gaseous 
pollutants were taken into account in the model. The gaseous pollutants showed no significant 
associations with hospitalization for respiratory infections when other pollutants were taken 
into consideration, with the exception of NO2 in girls only.  
 
In summary, this study strongly suggests an association between hospitalizations for 
respiratory infections in children and relatively low levels of ambient coarse PM. After 
adjusting for gaseous pollutants, coarse PM was still significantly associated with 
hospitalizations for respiratory infections in both sexes. 
 
The study conducted in Vancouver (Yang et al., 2004) on the association between coarse 
particles and first hospital admissions for respiratory illness in children <3 years of age also 
used multiple designs, including case-control, BCC and time-series analyses. For the case-
control design the selected control group was children admitted at the hospital for 
gastroenteric diseases, since PM has not been associated with this disease class. A chi-
square test was used to test differences in general characteristics between controls and 
cases. Logistic regression was performed to estimate associations between PM and 
respiratory health outcomes, adjusting for confounders (gender, SES, weekend, study year, 
season, weather variables and influenza epidemic month). There were 1,610 cases (271 with 
asthma, 370 with pneumonia and 969 with other respiratory diseases) and 653 controls. No 
specifications were given on how the cases and controls were selected for the study. For the 
BCC design, air pollution levels on hospitalization dates were compared with air pollution 
levels 1 week before and 1 week afterward. Finally, Poisson GLMs with parametric natural 
cubic splines were used in the time-series design to control for temporal trends and seasonal 
factors. Both single- and multi-pollutant models were employed.  
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Figure 4.4  Canadian risk estimates for hospital admissions due to respiratory 
diseases per 10 µg/m3 increase in PM10–2.5 concentration in single-
pollutant models 
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Figure 4.5  Non-Canadian risk estimates for hospital admissions due to respiratory 
diseases per 10 µg/m3 increase in PM10–2.5 concentration in single-
pollutant models 
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The study was conducted from June 1995 to March 1999. PM2.5 and PM10 were measured 
with TEOM samplers, and coarse particle level was calculated as the difference between PM10 
and PM2.5. A mean of 5.6 ± 3.6 µg/m3 was obtained for coarse PM levels using daily average 
(min) readings and a mean of 13.0 ± 8.9 µg/m3 was calculated based on daily 1-h maximum 
(max) readings. 
 
PM10 and PM10–2.5 ORs increased with increasing lag time and were greatest in both single- 
and multi-pollutant models at lag 3 d (data not presented). The case-crossover and case-
control analyses yielded similar results, while risk estimates using time-series analysis were 
weaker than those found with the other two approaches. ORs were calculated based on IQRs 
of 4.2 µg/m3 and 9.9 µg/m3, respectively, for mean and max coarse PM levels. Based on the 
case-control approach, adjusted ORs for first respiratory hospitalizations associated with 
mean and max coarse PM (lag 3 d) in single-pollutant models were 1.12 (95% CI 0.98–1.28) 
and 1.13 (95% CI 1.00–1.27) respectively. In multi-pollutant models with gaseous pollutants 
(CO, O3, NO2, and SO2) ORs were respectively 1.22 (95% CI 1.02–1.48) and 1.14 (95% CI 
0.99–1.32) for mean and max PM10–2.5 levels. Positive associations were also found with 
coarse PM in both asthma and pneumonia groups, although these associations were not 
statistically significant. No significant associations were found between first respiratory 
hospitalizations and fine particles (data not presented). Only graphical results were presented 
for case-crossover and time-series analyses.  
 
The results of this study obtained with case-crossover and case-control approaches supported 
an association between coarse PM and first respiratory hospitalization; overall, the study 
indicated that very low levels of coarse PM were marginally significantly associated with first 
respiratory hospitalization in children <3 years of age even after adjustments for gaseous 
pollutants. Coarse particles were the primary component of PM10 (55–60%) and showed 
stronger effects than fine particles.  
 

4.2.1.1.2 Studies from around the world 
Host et al. (2008) conducted the first European multi-centre study investigating the 
associations between fine and coarse particles and cardiorespiratory hospital admissions in 
six French cities (Le Havre, Lille, Marseille, Paris, Rouen, Toulouse) during 2000–2003 for the 
general population and different age groups, including children and the elderly. Hospital data 
were collected from the French hospital information system (PMSI) where scheduled 
hospitalizations cannot, however, be distinguished from emergency admissions. Data for each 
city were analyzed with Poisson GAMs while controlling for long-term temporal trends, 
seasonality, day of the week, holidays, influenza epidemics, pollen count and temperature. 
Combined estimates were obtained using a random-effect model following DerSimonia and 
Laird’s methodology. Respiratory infections were analyzed using the whole dataset due to the 
low number of cases. Respiratory disease analyses were performed for several age groups: 
children (0–4 years), 15–64years, and the elderly (≥ 65 years), while admissions for CVDs 
were conducted on both the whole dataset and the elderly group. For CVDs, Host and 
collaborators looked at all cardiovascular as well as hospital admissions for cardiac and 
ischemic diseases. All estimates have been calculated for a 10 µg/m3 increase as well as for 
an increase in the pollutant levels corresponding to the difference between the 5th and 95th 
percentiles of the distribution (27 µg/m3 for PM2.5 and 18.8 µg/m3 for PM10–2.5). Mean PM2.5 and 
PM10–2.5 (obtained by the subtraction of PM2.5 from PM10) levels observed during the study 
range from 13.8µg/m3 to 18.8 µg/m3and from 7.3µg/m3to 11.0 µg/m3, respectively. 
Correlations between fine and coarse particles ranged from 0.28 in Marseille to 0.73 in Lille. 
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Given the high correlation between coarse and fine particles only single-pollutant models were 
run.  
 
A significant association was found between coarse particles and hospital admissions for 
respiratory diseases in children (0–14 years)—an excess risk of 6.2% (95% CI 0.4–12.3%); 
the association with fine particles was positive but smaller and non-significant (0.4% (95% CI -
1.2% to 2.0%)). Results for the other age groups are presented in relevant sections. The 
authors concluded that coarse particles may have stronger effects than fine particles on some 
morbidity endpoints such as respiratory diseases and should not be overlooked.  
 
The study of Atkinson et al. (2010) described in Section 4.1 had also investigated the impact 
of coarse particles on respiratory admissions for children <15 years old living in England and 
Wales. Little evidence of statistical associations was found with the coarse PM fraction; a 
positive but non-significant association was observed only on lag 1d, with an excess risk of 
0.48% (95% CI -0.76% to 1.74%) per 5 µg/m3 increase. Positive but non-significant 
associations were also noted with PM10 and PM2.5.  
 
Another study, performed on children <15 years of age, has been conducted in Zonguldak, 
Turkey (Tecer et al., 2008). Using a case-crossover design, this team investigated the impact 
of PM2.5, PM10 and PM10–2.5 on hospital admissions for asthma and other respiratory diseases 
(allergic rhinitis, upper and lower respiratory diseases (URDs, LRDs)) from December 2004 to 
October 2005. A relatively high PM10–2.5 mean level of 24.3 µg/m3, measured with a 
dichotomous sampler, was observed during the study period. Coarse and fine particles were 
significantly correlated during the entire study, with a mean PM2.5/PM10–2.5 ratio of 1.49. 
Estimates were presented for both 10 µg/m3 and IQR increments. The authors found that all 
PM fractions were associated with asthma hospitalizations at lags of 0 d and 4 d; coarse 
particles on the same day of admission showed a stronger effect than fine particles, whereas 
fine particles had the strongest effect at lag 4 d. For an increase of 10 µg/m3 in PM10–2.5 at lag 
0 d and at lag 4 d, the increases in children’s hospital admissions for asthma were 18% and 
17% respectively. Coarse particles were also significantly associated with hospitalizations for 
allergic rhinitis and LRDs. Fine particles were not found to be associated with children`s 
hospitalizations for either URDs or LRDs, and only PM10 was significantly associated with 
hospitalizations for URDs.  
 

4.2.1.2. Hospitalizations of the Elderly 

4.2.1.2.1 Canadian studies 
Three Canadian studies (Chen et al., 2004b, 2005a; Fung et al., 2006) have also investigated 
the impact of coarse particles on respiratory hospital admissions in elderly subjects (≥65 years 
of age); all the new studies were conducted in Vancouver, BC, from June 1995 through March 
1999. These studies are based on use of the population-based person-oriented longitudinal 
British Columbia Linked Health Dataset. Administrative data files included in this database 
provide a comprehensive information resource for researchers and policy-makers to analyze 
health services utilization. It is estimated that over 95% of the population is enrolled at any one 
time in this database, since health care coverage in Canada is universal.  
 
Continuous sampling measures for 13 census subdivisions were averaged to obtain an overall 
indicator of ambient air pollution levels in this area. PM2.5 and PM10 were measured with TEOM 
samplers and the level of coarse particles was calculated as the difference between PM10 and 
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PM2.5. PM10 was strongly correlated with both PM2.5 and PM10–2.5 (r= 0.83). Daily mean levels 
(SD) for PM10, PM10–2.5 and PM2.5 were, respectively, 13.3 µg/m3 (6.1), 5.6 µg/m3 (3.6) and 7.7 
µg/m3 (3.7). Data on gaseous pollutants were also available during this period. Daily average 
levels for CO, SO2 and NO2 as well as maximum 1-h levels for O3, CO, SO2 and NO2 were 
moderately correlated with PM, while O3 was negatively correlated with all PM fractions. RRs 
presented in these studies were based on each air pollutant’s IQR: 7.9 µg/m3 for PM10, 4.3 
µg/m3 for PM10–2.5 and 4.0 µg/m3 for PM2.5. Measures of particulate pollutants were examined for 
the day of admission, as well as up to 7 d prior to the hospital admission.  
 
The first study (Chen et al., 2004b) investigated the association between size-fractionated PM 
and hospitalizations for COPD in the elderly population. A total of 4,409 COPD hospital 
admissions occurred among the elderly during the study period. To assess the influence of 
particulate air pollution on COPD hospital admissions the researchers used Poisson GLMs with 
parametric natural cubic splines to remove temporal trends and seasonal as well as sub-
seasonal cycles in COPD hospitalizations. All the PM measures were associated with COPD 
hospitalizations of the elderly on the day of admission as well as 1 and 2 d prior, and most of 
these associations were statistically significant. In single-pollutant models, RRs (3-d average 
concentration) corresponding to the IQR of each pollutant were 1.128 (95% CI 1.054–1.208) for 
PM10, 1.079 (95% CI 1.016–1.146) for PM2.5 and 1.089 (95% CI 1.025–1.158) for PM10–2.5.  
 
In two-pollutant models, the association between PM10 and COPD hospitalizations remained 
statistically significant when PM2.5 or coefficient of haze was included, with RR estimates of 
1.156 (95% CI 1.024–1.304) and 1.133 (95% CI 1.018–1.261) respectively. When PM10–2.5 was 
included with PM10, the RR for PM10 was slightly reduced and no longer significant (RR= 1.127; 
95% CI 0.986–1.288), while the RR for PM10–2.5 became negative (RR= 0.999; 95% CI 0.891–
1.261). Two-pollutant models including PM2.5 and PM10–2.5 showed that they were associated 
with increases of 6.2% and 6.4% in COPD admissions (RR= 1.062; 95% CI 0.993–1.137 for 
PM2.5 and RR= 1.064; 95% CI 0.996–1.137 for PM10–2.5), though these increases were no longer 
statistically significant.  
 
Particulate air pollutants were also included in models with various gaseous pollutants. PM10 
was significantly associated with COPD hospitalizations when gaseous pollutants were 
included, except with NO2, where the association became non-significant. Both PM2.5 and PM10–

2.5 were no longer significantly associated with COPD hospital admissions when gaseous 
pollutants were included in the model (with the exception of ozone). RRs of 1.066 (95% CI 
0.973–1.167), 1.035 (95% CI 0.954–1.124) and 1.053 (95% CI 0.969–1.145) were found for 
PM10–2.5 in bivariate analyses with CO, NO2 and SO2, respectively. The association between 
PM10–2.5 and COPD hospitalizations remained statistically significant with ozone in the model; an 
RR of 1.092 (95% CI 1.027–1.161) was observed. Similar results were observed for PM2.5 in 
bivariate analyses with gaseous pollutants.  
 
The authors concluded that particle-related measures were significantly associated with COPD 
hospitalizations of the elderly in the Vancouver area, where the level of air pollution is relatively 
low. The effects were not, however, independent of the other air pollutants: Chen and 
colleagues were unable to single out the individual PM effects from the combined toxicity of the 
atmospheric mixture, which is not surprising given the high correlations among the various 
pollutants. Results from this study have also suggested that both fine and coarse particles may 
be important for COPD exacerbation in the elderly.  
 
The following year, the same team (Chen et al., 2005a) investigated whether first admissions, 
readmissions and overall hospitalizations for respiratory diseases in the elderly (≥65) were 
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related to particulate air pollution. A time-series approach was employed. Poisson GLMs with 
parametric natural splines were used to adjust for day of study, weather factors, seasonal and 
sub-seasonal variations; both single- and multi-pollutant models were carried out.  
 
In single-pollutant models, positive and significant associations were found between coarse 
PM and second and overall hospital admissions for respiratory diseases for all lag structures 
tested; the highest effects were found at 3 d average for overall admissions (RR= 1.06; 95% 
CI 1.02–1.11) and at 7 d average for readmissions (RR= 1.15; 95% CI 1.06–1.25). No 
significant associations were observed with first hospitalization, though the RRs were positive 
with all tested lag structures. In multi-pollutant models with gaseous pollutants (CO, O3, NO2, 
and SO2), coarse PM estimates remained significantly associated with both overall admissions 
and readmissions. No statistically significant associations were found between fine particles 
and first respiratory hospitalizations, readmissions or overall respiratory hospital admissions in 
the elderly. Gaseous pollutants were not examined in single-pollutant models.  
 
The authors speculated that, given the fact that first hospital admissions are more likely to be 
associated with new disease development and that no significant associations were found 
between coarse particles and first hospital admissions, coarse particles act through 
exacerbation rather than induction of respiratory diseases. Overall, this study suggests that 
ambient coarse particles, but not fine particles, are associated with respiratory hospital 
admissions in the elderly; these particles were more strongly associated with readmissions 
than with first hospital admissions for respiratory illness in the elderly.  
 
Another study (Fung et al., 2006) performed in Vancouver during the same period using 
various methodologies also found significant associations between coarse particles and 
respiratory hospital admissions in the same population of elderly subjects. This team used a 
new method proposed by Dewanji and Moolgavkar (2000, 2002), which takes account of 
recurrent events, and compared their results with those obtained using traditional approaches. 
The new method (D&M procedure) is a non-homogeneous Poisson process model used to 
describe the occurrence of the same events in a given individual over time. This model 
accounts for repeated admissions, which can lead to autocorrelation in the time-series of 
admission counts.  
 
The team modelled the time-dependent intensity of event occurrence for each person as the 
product of a baseline intensity function and an exponential function of covariates (pollutant, 
day of the week and weather factors). The model extends the baseline intensity to be a 
piecewise constant in partitioned intervals called strata; parameters are estimated with S-Plus 
or R software. The team also analyzed the associations between respiratory hospital 
admissions and air pollutants with traditional approaches: time-series based on Poisson 
regression and BCC designs. Controls for case-crossover analysis were chosen 7 d before 
and after the case date. Various lag structures were tested with all three methodologies, 
including lag averages of 0, 3, 5 and 7 d; only single-pollutant models were used. In this study, 
71.8% of patients had no readmissions during the study period.  
 
Statistically significant associations were found between overall respiratory hospital 
admissions and both SO2 and PM10–2.5, and these associations were also supported by time-
series and case-crossover analysis. No significant associations were observed with either 
PM10 or PM2.5 using any of the three methods applied. For coarse particles, the most 
consistent associations were found with all three methods on 3-d lag (D&M: 1.016, 95% CI 
1.000–1.032; time-series: 1.020, 95% CI 1.003–1.037; case-crossover: 1.019, 95% CI 1.001–
1.038).The only significant association on 5-d lag was found with the D&M approach (1.020, 
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95% CI 1.001–1.039). RRs were generally similar for 0-, 5- and 7-d lags, though the statistical 
significance was more variable, and no significant associations were found with 7-d lag using 
any of the three methodologies. This study confirmed the findings of Chen et al. (2005a) that 
exposure to very low levels of PM10–2.5, but not other particle size fractions, was associated 
with overall respiratory hospital admissions in this elderly population, and that the results were 
robust with various analytical approaches.  
 

4.2.1.2.2 Studies from around the world 
A study performed in 108 US counties by Peng et al. (2008) has investigated the effect of 
coarse particles on hospital admissions for both cardiovascular and respiratory diseases 
among elderly persons enrolled in the Medicare National Claims History Files database. 
Patients enrolled in this database live on average 14.4 km from co-located PM2.5 and PM10 
monitors from the EPA`s Air Quality System. PM measurements were available on average 
every 3 d for fine particles and every 6 d for PM10; coarse particles were estimated based on 
PM10 and PM2.5 levels. The study covered a 6-year period from January 1999 through 
December 2005 and only included counties with a general population larger than 200,000 and 
with at least 210 daily measurements of co-located PM10 and PM2.5 data. Coarse particle 
levels were much higher in the western counties; a median (IQR) of 15.4 µg/m3 (10.3–21.8) 
was observed, as compared with 9.1 µg/m3 (6.6–13.1) in the eastern counties. The spatial 
homogeneity was higher for fine particles; the median within-county monitor-to-monitor 
correlation was 0.92 (0.86–0.95) compared with 0.60 (0.51–0.70) for coarse particles. Fine 
and coarse particles were also not strongly correlated with one another (median correlation of 
0.12).  
 
Time-series analysis using Poisson regression models was performed while controlling for day 
of the week, temperature, dew point and calendar time; national average estimates (all, 
eastern and western counties) were built in as a second stage using Bayesian hierarchical 
models. Estimates were all based on a 10 µg/m3increase and were derived for several lag 
days (0, 1 and 2d). Given the fact that coarse particles are less homogeneous than fine 
particles, the team also assessed the impact of measurement error by performing a 
regression calibration approach for a subset of 60 counties with more than one pair of co-
located PM10 and PM2.5 monitors. Additional analyses were also performed based on a 
county’s degree of urbanicity—low versus high urbanicity. An urban area was defined as a 
densely populated area (population density of at least 1,000 people per square mile and 
surrounded by census blocks with an overall density of at least 500 people per square mile). 
 
In single-pollutant models cardiovascular hospitalizations were significantly associated with 
coarse particles, with an increase of 0.36% (95% CI 0.05–0.68%) on the same day, whereas a 
positive but non-significant association was found for hospital admissions due to respiratory 
diseases (0.33% (95% CI -0.21% to 0.86%). Following inclusion of PM2.5 in the model, positive 
but non-significant relationships were found between coarse PM and cardiovascular hospital 
admissions (0.25% (95% CI -0.32% to 0.84%)) as well as respiratory hospitalizations (0.25% 
(95% CI -0.11% to 0.60%)). No significant associations were found between coarse particles 
and either outcome with the regional analysis. For PM2.5, positive and significant associations 
were found with hospital admissions for both cardiovascular and respiratory diseases in 
single-pollutant models. In two-pollutant models including coarse particles the association 
remained significant for cardiovascular hospitalizations but was, however, no longer significant 
for respiratory hospitalizations. For the urbanicity analysis, the team noted an additional 
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0.065% (95% posterior interval (0.002–0.127%) increase in risk for a county with 1% higher 
urbanicity than another county.  
 
This team found that coarse ambient levels were associated with hospital admissions for 
CVDs in single-pollutant models. They concluded, however, that coarse particles were not 
significantly and independently associated with either respiratory or cardiovascular hospital 
admissions in the elderly when adjusted for fine particles. Note that only hospital admissions 
for COPD (ICD-9 490-492) and respiratory tract infections (ICD-9 464-466, 480-487) were 
included in this study.  
 
Coarse particles are known to vary spatially, given that they do not remain suspended in the 
atmosphere for extended periods and that they travel shorter distances than fine particles. 
True population exposure may not be adequately captured by averaging PM10–2.5 levels from 
different air monitoring stations across the same community. Chang et al. (2011) used a 
subset of the Medicare enrollees (≥65 years of age) assessed in the Peng et al. (2008) study 
to develop a modelling approach to estimate the acute effects of coarse PM while accounting 
for exposure measurement error. Their analysis was restricted to 59 US counties that had 
populations above 200,000, at least two pairs of collocated PM10 and PM2.5 monitors, and at 
least 210 daily PM10–2.5 measurements for the same study period (1999–2005). Their approach 
estimated the exposure measurement error by quantifying the disagreement between PM 
levels measured across several monitoring stations located in the same community for any 
given day. They computed three different exposure indicators: the 10% trimmed mean (TM), 
the measurement error modelling with constant error variance (ME) and the monitor-specific 
weighted error variance (WME). A 10% TM is obtained by excluding extreme monitor-level 
values (exclusion of maximum and minimum measurements on days between 3 and 9 
measurements) from all available PM measurements for a given day across all monitors. 
Under the ME approach all measures are considered equally, while in the WME approach 
monitors in less populated areas contributed less to the county-level exposure.  
 
Daily variations of county-average PM10–2.5 levels were lower with the ME and WME 
approaches than with the one derived using the TM method. The team found consistent and 
positive risk estimates between coarse PM and same-day hospital admission due to CVDs 
using the different exposure measures; posterior intervals were, however, wider with the ME 
exposure indicator than with the TM exposure indicator.  
 
The study performed in France by Host et al. (2008) (previously described in Section 4.2.1.1) 
also looked at the associations between coarse and fine PM and hospitalizations due to 
cardiorespiratory diseases in the elderly. Positive but non-significant associations were 
observed between both fine and coarse particles and hospital admissions due to respiratory 
diseases, with increases of 0.5% (95% CI -2.0% to 3.0%) and 1.9% (95% CI -1.9% to 5.9%) 
respectively. Positive and significant associations were observed between PM2.5 and 
hospitalizations for all CVDs (1.9% (95% CI 0.9–3.0%)), cardiac diseases (2.4% (95% CI 1.2–
3.7%)) and IHDs (4.5% (95% CI 2.3–6.8%)). In contrast, significant associations with PM10–2.5 
were only observed with hospital admissions due to ischemic diseases (6.4% (95% CI 1.6–
11.4%)). The authors concluded that the associations with CVDs and coarse particles in the 
elderly were weaker than with fine particles except for ischemic diseases.  
 
In England and Wales, Atkinson et al. (2010) also analyzed the impact of coarse particles on 
both respiratory and cardiovascular admissions in the elderly. Details of this study have been 
included in Section 4.1. Little evidence was found of associations between coarse particles 
and cardiovascular hospital admissions, while a positive and significant association was again 
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observed only at lag 1 d with respiratory hospital admissions (1.01% (95% CI 0.10–1.93%)) 
per 5 µg/m3 increase in coarse particles. Some positive but non-significant associations were 
also observed with both PM10 and PM2.5. Based on their source apportionment analysis it 
seems that the non-primary particles, nitrate and sulphate, were important sources for 
respiratory hospital admissions.  
 
The impact of coarse particles on cardiorespiratory hospital admissions among the elderly 
was also investigated in Helsinki, Finland. The study performed by Halonen et al. (2009) has 
been previously described in Section 4.1 where mortality results were discussed. This team 
also studied the relationship of several PM size fractions with hospital admissions for 
cardiovascular (coronary heart disease, stroke, arrhythmia) and respiratory (pneumonia, 
“asthma + COPD,” other) diseases. No significant associations were observed between 
coarse particles and any of the cardiovascular (coronary heart disease, stroke, arrhythmia) 
and respiratory outcomes (pneumonia, other) except for hospitalization for asthma + COPD, 
with an increase of 2.49% (95% CI 0.47–4.56%) on lag 0d. The strongest associations for 
respiratory hospital admissions among these elderly subjects were, however, observed with 
accumulation mode (0.1–0.29 µm) particles.  
 

4.2.1.3 Hospitalizations of All Ages 
One recent study (Slaughter et al., 2005) investigated the impact of coarse particles on 
respiratory hospital admissions (all respiratory, asthma and COPD in adults) and cardiac 
outcomes in various age groups. This study, conducted in Spokane, WA, also looked at the 
impact of coarse particles on mortality and on ERVs; the mortality results are summarized in 
Section 2.1 and those for ERVs are discussed in Section 2.2.2. Hospitalization data from 
January 1995 through December 2000were obtained from the Comprehensive Hospital 
Admissions Reporting System. PM concentrations were estimated at hourly resolutions using 
a TEOM located in Spokane (Rockwood); 90% of levels ranged from 3.3 µg/m3 to 17.6 µg/m3 
for PM1, from 4.2 µg/m3to 20.2 µg/m3 for PM2.5 and from 7.9 µg/m3to 41.9 µg/m3 for PM10. 
PM10–2.5 levels were estimated by subtracting PM2.5 from PM10 data and were not given in the 
paper.  
 
The highest correlations between the various air pollutants were observed with PM1 and PM2.5 
(r= 0.95) as well as with PM10 and PM10–2.5 (r= 0.94). Fine particles were also strongly 
correlated with CO levels (r= 0.63 with PM1 and r= 0.62 with PM2.5). GLMs with natural splines 
to control for seasonal confounding, calendar time, temperature and relative humidity were 
used to analyze the data. Dummy variables were also included in the model to adjust for the 
day-of-the-week effect. To explore the statistical problems with GAM-based techniques, 
GAMs with smoothing splines were also used to compare results with the GLMs. Results were 
based on a 10 µg/m3 increase for PM1 and PM2.5, and a 25 µg/m3 increase for PM10 and PM10–

2.5. Positive associations were observed with several air pollutants (for various lag structures) 
but all were non-significant. Stronger associations were generally observed for the fine PM 
fractions than for the coarse PM fractions; only estimates for PM2.5 and PM10 were presented. 
Regarding statistical issues, higher estimates were generally found when a GAM was used, 
while the standard error estimates were always larger using a GLM. The lack of consistency 
between the PM size fractions, the health outcome and the lag structures did not allow the 
authors to draw any definitive conclusions with this analysis.  
 
Both ambient coarse and fine particles from six French cities (Host et al., 2008) were also 
associated with hospital admissions due to respiratory infections; the association based on a 10 
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µg/m3 increase was stronger for PM10–2.5 (4.4%; 95% CI 0.9–8.0%) than for PM2.5 (2.5%; 95% CI 
0.1–4.8%). Details of this study have been presented in Section 4.2.1.1, where results in 
children were discussed, and results in the elderly have been presented in Section 4.2.1.2. 
Positive but non-significant associations were found in the all-ages group between coarse 
particles and hospital admissions for cardiovascular (0.5%; 95% CI -1.2% to 2.3%), cardiac 
(0.1%; 95% CI -1.9% to 2.1%) and ischemic diseases (2.8%; 95% CI -0.8% to 6.6%). A 
significant association was found between fine particles and cardiovascular hospitalizations 
(0.9%; 95% CI 0.1–1.8%). Overall, results from this study revealed that coarse particles were 
more strongly associated with respiratory endpoints, especially in children, whereas fine 
particles were more related to cardiovascular hospitalizations and more specifically in the 
elderly age group.  
 
Another interesting and unique study (Dennekamp et al., 2010) took the opportunity of using 
data from a large and comprehensive database in place in Melbourne, Australia, to study the 
impact of air pollution on paramedic-attended out-of-hospital cardiac arrests. The team 
evaluated the impact of several air pollutants (PM2.5, PM10, PM10–2.5, NO2, SO2, O3 and CO) on 
out-of-hospital cardiac arrests using data from January 2003 to December 2006 included in the 
Victorian Ambulance Cardiac Arrest Registry. The analysis was restricted to people at least 35 
years of age (mean age= 72 ± 14); a total of 8,434 paramedic-attended out-of-hospital cardiac 
arrests were registered during the 4-year period. The mean coarse PM level (25th–75th) during 
this period was 13.35 µg/m3 (9.54–15.61) and was obtained by the subtraction method. A case-
crossover design with a time-stratified referent period was used to estimate the effect, since this 
approach eliminates several confounding factors, including day of the week, and monthly, 
seasonal and long-term trends. Adjustments for temperature and relative humidity were also 
included in the model, and both single- and multi-pollutant models were carried out for different 
lag structures (lags 1, 2, 3 and 0–1 d). Risk estimates were computed based on the IQR, which 
for coarse particles corresponded to 6.07 µg/m3. In single-pollutant models the strongest 
associations observed with out-of-hospital cardiac arrest were with PM2.5 and PM10, while some 
positive but non-significant associations were found with coarse particles (1.02% (95% CI -
1.11% to 3.19%) at lag 0 d and 1.32% (95% CI -1.49% to 4.21%)) at lag 0–1 d). Two-pollutant 
models were developed with gaseous pollutants (NO2, O3 or CO) and the PM2.5 association 
remained robust. Results for PM10 and PM10–2.5 in the two-pollutant models with the gaseous 
pollutants were not presented. In Melbourne, based on the observed results, the principal 
conclusion was that fine particles were associated with an increase in the occurrence of out-of-
hospital cardiac arrests. 

4.2.2 Emergency Room Visits and Other Medical Visits 
With the use of administrative data records, ERVs also provide a relatively objective and 
measurable indicator of impacts of PM air pollution on public health. Medical visits (to doctors 
or other physicians) are less studied but are also relevant. When the 2003 coarse PM 
assessment was done, only one study (Tolbert et al., 2000) had investigated the association 
of coarse PM with various ERV endpoints (asthma, COPD, dysrhythmia and all CVDs 
combined). A positive and significant effect was found with dysrhythmia. PM10–2.5 was also 
found to be positively associated with ERVs for asthma and cardiovascular outcomes, though 
results were non-significant. At the time of that earlier assessment, it was not possible to 
make any specific conclusions regarding ERVs given the paucity of data.  
 
In recent years, eight new studies have investigated the association of coarse PM air pollution 
with daily ERVs or other medical visits due to respiratory or cardiovascular outcomes. One 
study was conducted in Toronto, ON, (Villeneuve et al., 2006); most of the others have been 
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conducted in the United States in areas with particle concentrations similar to those found in 
Canada, with the exception of the study performed in Helsinki, Finland, where higher levels 
were recorded. Details of these studies are summarized in Table 4.3. Risk estimates for ERVs 
or medical visits due to respiratory diseases per 10 µg/m3 increase in PM10–2.5 concentration in 
single-pollutant models are presented graphically in Figure 4.7. 
 

4.2.2.1 Canadian Study 
Allergic rhinitis, often called hay fever, occurs when the immune system reacts to inhaled 
allergens; it is characterized by symptoms such as sneezing and a runny nose. One Canadian 
study (Villeneuve et al., 2006)recently investigated the relationship between PM air pollution 
(PM10, PM2.5, PM10–2.5), ragweed particles, as well as gaseous pollutants (CO, NO2, SO2, O3) 
with physician visits for allergic rhinitis among the elderly (≥65 years old) between 1995 and 
2000. The study used a population-based administrative database for the Metropolitan 
Toronto area tabulated from the Ontario Hospital Insurance Plan. A total of 52,691 visits 
occurred during the study period. TEOM data for PM2.5 and PM10 were available from January 
1998 through December 2000, while dichotomous measures of PM2.5 and PM10–2.5 were 
available every sixth day over the entire study period. The mean coarse PM level (min–max) 
measured with the dichotomous samplers was 10.8 ± 5.6 µg/m3 (0.5–32.8), and associations 
with coarse PM were based on these data. The data were analyzed with GLMs, controlling for 
long-term trends and meteorological factors (temperature and relative humidity) with natural 
cubic splines. The model also included indicator variables to control for day of the week and 
holiday effects. The association between outdoor air pollution and rhinitis was also adjusted 
for aeroallergens (pollen grains and fungal spores). Various lag structures were analyzed 
(single-day, lag 0–6 d) and analyses were performed for the entire year as well as for summer 
(May–October) and winter seasons (November–April). Only single-pollutant models were 
performed and only graphical results were presented. 
 
No statistically significant associations were found between TEOM measures of PM10, PM2.5 
and gaseous pollutants and allergic rhinitis in all-year, summer or winter analyses. 
Additionally, no statistically significant associations were found with dichotomous measures of 
PM2.5, PM10–2.5 and PM10 (calculated as the sum of PM2.5 and PM10–2.5). Positive but non-
significant effects were, however, found with all particulate measures using various lag 
structures. Positive but non-significant associations were observed between coarse particles 
(based on an increment of 7.1 µg/m3) and all-year physician visits for allergic rhinitis, with an 
excess risk of 3.9% (95% CI -2.88% to 11.15%) at lag 1 d. Although no specific patterns could 
be highlighted, higher estimates were observed for coarse PM in the summer season as 
compared with PM2.5 or PM10, with an excess risk of 8.44% (95% CI -2.14% to 20.16%) at lag 
5 d. Given the low number of dichotomous sampling measures during the winter period, no 
risks were estimated in that season. Significant effects were only found between rhinitis and 
ragweed particle levels, a known risk factor for the induction of rhinitis in some individuals. In 
the authors’ view, the analysis suggested that air pollution exerts at most a minor effect on the 
exacerbation of rhinitis in the elderly population. 
 

4.2.2.2 The Study of Particles and Health in Atlanta  
The Study of Particles and Health in Atlanta (SOPHIA) examined the associations between 
daily air quality and ERVs for heart and respiratory problems. A collection of studies have 
used extensive air quality data, including detailed PM component and size fraction 
information, from an ARIES monitoring station in Atlanta. 
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Metzger et al. (2004), Peel et al. (2005), Sinclair and Tolsma (2004), and Sinclair et al. (2010) 
all undertook time-series studies on ambient air pollution in Atlanta, using either data from 
January 1, 1993, to August 31, 2000 or from September 1, 2000, to December 31, 2002. A 
superstation monitoring the chemical composition of ambient PM by size fraction (as well as 
other pollutants) was in operation in Atlanta from August 1, 1998, to December 31, 2002. The 
authors have studied air health effects during the five years prior to implementation of the 
superstation (January 1, 1993, to July 31, 1998) as well as during either a 25-month period 
(August 1, 1998, to August 31, 2000) or a later 28-month period (September 1, 2000, to 
December 31, 2002). Coarse PM concentrations were not measured before the 
implementation of the superstation; pollutants included in the analysis during that period were 
PM10, O3, NO2, SO2 and CO. More pollutants were measured during the ARIES periods: PM2.5, 
PM10–2.5, PM10, O3, NO2, SO2 and CO, as well as various PM2.5 components, including PM2.5 
acidity, PM2.5 sulphates, PM2.5 EC, PM2.5 OC, PM2.5 water-soluble transition metals, 10–100 nm 
particle count and oxygenated hydrocarbons. Coarse PM mass was measured directly and 
the means ± SDs for the 25, 28 and the combined 53-month periods were respectively 9.7 ± 
4.7, 9.5 ± 5.8 and 9.6 ± 5.4µg/m3. A moderate correlation was observed between PM10–2.5 and 
PM2.5 (r= 0.43) as well as between PM2.5 and PM10 (r= 0.59), while PM2.5 and PM10 were 
strongly correlated (r= 0.84). Additional monitoring data up to December 2004 were available 
for Strickland et al. (2010). From August 1, 1998, to December 31, 2002, an overall mean of 
9.0 ± 5.0 µg/m3was observed for coarse particles, with means of 9.7 ± 4.7 µg/m3and 8.3 ± 5.3 
µg/m3,respectively, during the warm (May–October) and cold (November–April) seasons. 
 
Metzger and collaborators investigated the effects of ambient air pollution on ERVs for all 
CVD outcomes as well as some cardiovascular subgroups: dysrhythmia, congestive heart 
failure (CHF), ischemic heart disease (IHD) and peripheral vascular diseases. The mean 
number of daily visits for cardiac arrest, acute MI, atherosclerosis and stroke was too low to 
permit analysis. Data were compiled from 31 hospitals in Atlanta with an average of 55 CVD 
visits per day for the 25-month ARIES time period. The data were analyzed with Poisson 
GLMs, controlling for long-term temporal trends and meteorological conditions (temperature 
and dew point) with natural cubic splines. Indicator variables were also included in the model 
for the day of the week, hospital entry and exit dates, as well as holidays. The 3-d moving 
average of the 0-, 1- and 2-d lags was used as the a priori lag structure. Single- and multi-
pollutant models were developed. Sensitivity analyses were performed by varying the 
frequency of knots for cubic splines in GLM analyses and assessing day-to-day serial 
correlation in generalized estimating equations (GEEs). Associations were also investigated 
with GAM non-parametric LOESS smoothers and non-parametric smoothing splines to 
compare results from different models. Age-specific analyses for all adults (≥19 years) and the 
elderly (>65 years) were also explored, as well as seasonal analyses for warm and cool 
periods.  
 
No significant associations were found for coarse PM with any of the health endpoints studied. 
Positive but non-significant relationships were found between coarse PM (based on an 
increment of 5 µg/m3) and all CVDs (1.012; 95% CI 0.985–1.040), dysrhythmia (1.021; 95% CI 
0.974–1.070), CHF (1.020; 95% CI 0.964–1.025), and peripheral vascular disease (1.022; 
95% CI 0.972–1.074) outcomes, although no association was found with IHD (0.994; 95% CI 
0.946–1.045). Similar results were obtained with age-specific analyses of both the adult age 
group and the elderly age group. Some seasonal variations were also apparent: associations 
tended to be highest during the colder months and lowest during the warmer months (data not 
presented).  
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In single-pollutant models CVD visits were associated with PM2.5, NO2, CO, OC, EC, and 
oxygenated hydrocarbons. CHF was significantly associated with PM2.5, OC, and EC, whereas 
IHD was significantly associated with both NO2 and oxygenated hydrocarbons. Peripheral 
vascular disease was positively associated with NO2, CO, and PM2.5. All these associations 
were robust to model structure and specification. Similar point estimates were observed with 
GLMs using alternative frequencies of knots as well as with models using GAMs. Multi-
pollutant models were also carried out, but only for all CVD ERVs that were statistically 
significant in single-pollutant models. This study found evidence of an association between 
CVD visits and various air pollutants, including PM2.5, PM2.5 components and gaseous 
pollutants. The authors concluded that these associations could represent a link with one or 
more correlated co-pollutants, such as other characteristics of traffic-related pollution. They 
also noted that the effect of air pollution on cardiovascular conditions appeared to be rapid, 
given the fact that the strongest associations tended to be observed with pollution levels 
occurring on the same day as the ERVs. Coarse PM was positively but not significantly 
associated with several cardiovascular outcomes.  
 
Sinclair and Tolsma (2004) investigated the association of air pollution during the ARIES 25-
month period with respiratory visits in an ambulatory care setting. Adult and child asthma (≤18 
years of age) were investigated separately, as were ambulatory care visits for both upper and 
lower respiratory infections. Associations were studied with GLMs, controlling for long-term 
temporal trends and meteorological conditions (temperature and dew point) with natural cubic 
splines. Also included in the model were indicator variables for season (autumn, winter, spring 
and summer), the day of the week, the study month and holidays. Only single-pollutant 
models were carried out. Physician visits in 10 health care facilities around the city of Atlanta 
were identified by appointment code: same day (acute), after-hours, walk-in, priority or 
emergency. Results were expressed per one SD for each pollutant, which corresponded to 
4.74 µg/m3 for coarse PM.  
 
Positive and significant associations (p<0.05) were found between coarse particles (lag 3–5 d) 
and child asthma (RR= 1.053) as well as with upper respiratory infections (URIs) (RR= 1.021) 
and lower respiratory infections (LRIs) (RR= 1.07). PM2.5 and its components were not 
associated with most of these respiratory outcomes, with the exception of PM2.5 acidity and 
PM2.5 soluble metals, which were related to LRIs. Given the limitations in this study (the health 
care settings are not representative of many outpatient health care models, 12% of all visits 
did not have a code for appointment type, only single-pollutant models were used) the authors 
indicated that the results should be interpreted with caution. However they also concluded 
that, given the positive and significant associations found, this study showed that primary care 
setting data can be a useful additional resource for air quality epidemiology. 
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Table 4.3  Study characteristics and ambient coarse PM concentrations from epidemiological studies investigating 

emergency room visits or other medical visits due to respiratory and/or cardiovascular diseases 
 

 
Reference 

 
Location and  
study period 

 
Mean ± SD (µg/m3)  
if not specified 
otherwise  
 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study design 

 
Single/multi- 
pollutant 
models 
 

 
Subjects 

 
Health outcomes 

Canada 
 
Villeneuve  
et al., 2006 
 

 
Toronto, ON, Canada 
1995–2000 
 

 
10.8 ± 5.6 

 
Max: 32.8 

 
TS 

 
S 

 
Elderly (≥65 years) 

 
Physician visits  
for allergic rhinitis 
 

United States 
 
Metgzer et 
al., 2004 
 
 
 

 
Atlanta, GA, US 
ARIES 25 months: 
August 1, 1998–August 
31, 2000 

 
Median: 9.1 

 
90th: 16.2 

 
TS 

 
S 
 

 
All ages and some 
age-specific analyses 
for all adults (≥19 
years) and the elderly 
(>65 years) 

 
ERVs for all CVDs and subgroups: 
dysrhythmia, CHF, IHD and 
peripheral vascular diseases 
 
 

 
Sinclair and 
Tolsma, 2004 
 
 

 
Atlanta, GA, US 
ARIES 25 months: 
August 1, 1998–August 
31, 2000 
 

 
9.67 ± 4.74 

 
NR 

 
TS 

 
S 

 
Adult and children  
(≤18 years) 

 
Respiratory visits for asthma, upper 
and lower respiratory infections in an 
ambulatory care setting 
 

 
Peel  
et al., 2005 
 
 
 

 
Atlanta, GA, US 
ARIES 25 months: 
August 1, 1998–August 
31, 2000 
 

 
9.67 ± 4.74 

 
90th: 16.2 
 

 
TS 

 
S 
 
 

 
All ages 

 
ERVs for  asthma, COPD, upper 
respiratory infections,  pneumonia or 
the above four groups combined 
 

 
Slaughter  
et al., 2005 
 

 
Spokane, WA, US 
1995–2001 

 
NR 

 
NR 

 
TS 

 
S 

 
Various age groups  
(all ages or ≥15 years) 

 
ERVs for respiratory and 
cardiovascular diseases 

 
Sinclair  
et al., 2010 
 
 
 
 

 
Atlanta, GA, US 
ARIES 25 months: 
August 1, 1998–August 
31, 2000  
 
ARIES 28 months: 
September 1, 2000–
December 2002 

 
ARIES 25 months: 
9.67 ± 4.74 
 
 
ARIES 28 months: 
9.5 ± 5.8 

 
NR 

 
TS 

 
S 

 
Adults and children  
(≤18 years)  

 
Outpatient visits for acute respiratory 
illnesses including child and adult 
asthma; lower and upper respiratory 
infections  
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Reference 

 
Location and  
study period 

 
Mean ± SD (µg/m3)  
if not specified 
otherwise  
 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study design 

 
Single/multi- 
pollutant 
models 
 

 
Subjects 

 
Health outcomes 

 
Strickland  
et al., 2010 
 
 
 
 

 
Atlanta, GA, US 
1993–2004 

 
9.0 ± 5.0 

 
NR 

 
CC, TS + 
some 
alternative 
model 
specifications 
 

 
S 

 
Children (5–17 years) 

 
ERVs for asthma or wheeze  

Europe 
 
Halonenet 
al., 2008 
 
 
 

 
Helsinki, Finland 
1998–2004 
 

 
Median: 9.9 

 
75th: 12.1 
Max: 101.4 

 
TS 

 
S/M with other 
PM metrics as 
well as with CO 
or NO2 

 
Children (<15years), 
adults (15–64years) 
and the elderly 
(≥65years)  

 
ERVs for asthma and for pooled 
asthma-COPD 
 

CC = case-crossover; CVD = cardiovascular diseases; COPD = chronic obstructive pulmonary disease; M = multi-pollutant models; NR = not reported; SD = Standard deviation; S = 
single-pollutant models; TS = time-series
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Figure 4.7  Risk estimates for ERVs or medical visits due to respiratory diseases per 
10 µg/m3 increase in PM10–2.5concentration in single-pollutant models 

 

 
 

-10 0 10 20 30 40

       ▫ COPD; 15-64 years; lag 0 d  

       ▫ asthma; <15 years; lag 5 d  

       ▫ asthma; ≥65 years; lag 0 d  

       ▫ asthma; ≤18 years; lag 3-5 d  

      ▫ lower respiratory infections; lag 3-5 d;  
                p < 0.05 

      ▫ asthma or wheeze; 5-17 years; warm season  
                 lag 0-3 d  

       ▫ upper respiratory infections; lag 3-5 d  

      ▫ asthma or wheeze; 5-17 years; all year 
                 lag 0-3 d  

      ▫ asthma or wheeze; 5-17 years; cold season  
                 lag 0-3 d  

       ▫ lower respiratory infections; lag 3-5 d  

       ▫ COPD; lag 3 d  

       ▫ all respiratory; lag 3 d  

       ▫ acute asthma; lag 1 d  

      ▫ upper respiratory infections; lag 0-3 d  

      ▫ all respiratory; lag 0-3 d  

      ▫ upper respiratory infections; lag 3-5 d;  
                p < 0.05 

      ▫ asthma; ≤18 years; lag 3-5d ; p < 0.05  

      ▫ allergic rhinitis; ≥ 65 years; May-Oct lag 5 d  

      ▫ allergic rhinitis; ≥ 65 years; all year lag 0 d  

mean 10.8 µg/m3 

mean 9.7 µg/m3 

mean 9.67 µg/m3 

mean 9 µg/m3 
 

mean 8.3 µg/m3 
 

mean 9.67 µg/m3 

mean 9.67 µg/m3 

median 9.9 µg/m3 

NR 

Excess Risk Estimates (%); 95% CI 

Toronto, Canada Villeneuve et al., 2006 

Helsinki, Finland; Halonen et al., 2008 

Spokane, USA; Slaughter et al., 2005 

Atlanta, USA; Sinclair and Tolsma, 2010 

Atlanta, USA; Strickland et al., 2010 

Atlanta, USA; Peel et al., 2005 

Atlanta, USA; Sinclair and Tolsma, 2004 
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Peel et al. (2005) also performed an investigation in Atlanta during the ARIES 25-month 
period to study the association of ambient air pollution and various respiratory ERVs, including 
asthma, COPD, URIs, pneumonia and these four groups combined. The a priori models used 
by the investigators were the Poisson GEE for URIs, asthma and all respiratory diseases (to 
account for possible autocorrelations) and Poisson GLMs for the outcomes with minimal 
autocorrelations—COPD and pneumonia. Natural cubic splines were used to control for long-
term trends and meteorological conditions (temperature and dew point). Seasonal indicators 
(21st d of March, June, September and December) were also added to the model, along with 
indicator variables for the day of the week, hospital entry and exit dates, and holidays. The lag 
structure used in the a priori models was the 3-d moving average (0, 1 and 2 d). Single- and 
multi-pollutant models were used, though only single-pollutant models were carried out for 
coarse PM. The team also conducted a series of exploratory analyses: GAMs with LOESS 
smoothing functions, assessments of lag structure (unconstrained distributed lag) and age-
specific case groups.  
 
Positive but non-significant associations were observed between coarse PM (based on an 
increment of 4.74 µg/m3) and all respiratory diseases, as well as with URIs; RRs were 1.003 
(95% CI 0.982–1.025) and 1.013 (95% CI 0.987–1.039) respectively. Negative and non-
significant associations were observed with asthma (RR= 0.998; 95% CI 0.987–1.039), 
pneumonia (RR =0.975; 95% CI 0.940–1.011) and COPD (RR= 0.948; 95% CI 0.897–1.003). 
No statistically significant associations were observed between any health endpoints and 
PM2.5 or its components over the ARIES period. Positive and significant associations were, 
however, found over the 1993–2000 period linking all health endpoints with PM10 and gaseous 
pollutants. Overall, this study provided evidence of associations between several correlated 
particulate and gaseous pollutants and specific respiratory conditions. Positive but non-
significant associations were found between coarse PM and all respiratory diseases, as well 
as with URIs. It is perhaps telling that PM2.5, which has been linked to some of these 
respiratory outcomes in ERV studies, was not related to these endpoints in this study over the 
same limited duration. 
 
Sinclair et al. (2010) had the opportunity to perform a comparison of two ARIES periods—the 
25-month period (August 1, 1998–August 31, 2000) and the 28-month period (September 
2000–December 31, 2002)—for the effects of ambient air pollutants on outpatient visits due to 
acute respiratory illnesses. Unscheduled outpatient visits or appointments made on the day 
the visit occurred were obtained electronically from a non-profit managed care organization 
covering 11 health care facilities serving 270,000 members. Visits for asthma, LRIs and URIs 
were included in the study. Associations were studied using Poisson GLMs, controlling for 
long-term temporal trends and meteorological conditions (temperature and dew point). Also 
included in the model were indicator variables for season, the day of the week, the study 
month and federal holidays. Only single-pollutant models were carried out, while various lag 
structures were investigated (lag 0–2, lag 3–5 and lag 6–8 d). Results for coarse particles 
were based on increments of 5.35 µg/m3. Few significant associations were observed in this 
study for the hundreds of associations tested. Most of these were found at lag 3–5 d in the 25-
month period; the associations were more delayed in the follow-up period, with all of the 
significant associations observed at lag 6–8 d.  
 
For childhood asthma, positive associations have been found in both ARIES periods, with a 
significant association (RR= 1.053; 95% CI 1.004–1.103) during the 25-month ARIES period 
at lag 3–5 d. Significant associations were also found between some coarse PM metals and 
childhood asthma: a positive and significant association was observed with coarse zinc during 
the 25-month period (RR=1.107; 95% CI 1.032–1.188) at lag 3–5 d, while a significant 
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negative association was observed during the 28-month period at lag 0–2 d, with a RR of 
0.949 (95% CI 0.902–0997). No clear associations were observed between coarse particles 
and adult asthma. Positive and significant associations have also been observed between 
coarse particles and both URIs and LRIs at lag 3–5 d in the 25-month period, with RRs of 
1.022 (95% CI 1.0004–1.041) and 1.069 (95% CI 1.017–1.124) respectively. The main 
objective of the study was to demonstrate that reduction in air pollutants could lead to an 
improvement in health response; given other factors influencing health responses, such as an 
influenza episode in the first 25-month ARIES period, Sinclair and colleagues were unable to 
demonstrate this.  
 
Using monitoring data available up to December 2004, Strickland et al. (2010) investigated the 
impact of ambient air pollutants on ERVs for asthma or wheeze in children 5–17 years of age. 
Data were analyzed mainly with Poisson GLMs (3-d moving average; lag 0–2d) but additional 
alternative model specifications were also constructed. All models controlled for various 
confounding factors, including day of season, dew point, temperature, year, month, day of the 
week and hospital. Estimates were also computed separately for both the warm (May–
October) and cold (November–April) seasons. Single- and multi-pollutant models were 
constructed and results were all based on IQR increment. In the main model, positive and 
significant associations were observed with various air pollutants including coarse particles; 
an overall RR of 1.034 (95% CI 1.011–1.057) was computed for an increase of 5.9 µg/m3. The 
association was, however, only significant in the cold season (1.041; 95% CI 1.010–1.073); 
the association during the warmer months was positive but non-significant (RR=1.025; 95% CI 
0.991–1.059). Seasonal associations based on quintiles were also performed, and the only 
significant association between coarse particles and pediatric asthma ERVs was during the 
cold season with the fifth quintile (12.3µg/m3 to ≤ 50.4 µg/m3); the RR was 1.075 (95% CI 
1.015–1.139). Positive but non-significant associations were also obtained with the third and 
fourth quintiles: (7.1µg/m3 to <9.3 µg/m3) and (9.3µg/m3 to <12.3 µg/m3) respectively. The cold 
PM10–2.5 association was no longer significant in two-pollutant models (data not shown). The 
main conclusion the authors reached was that ozone and traffic-related air pollutants 
contributed independently to the burden of pediatric asthma ERVs.  
 

4.2.2.3 Other Studies 
Slaughter et al. (2005) investigated the relationship between various PM metrics (PM1, PM2.5, 
PM10, PM10–2.5) and all ERVs for respiratory, acute asthma, and COPD causes from January 
1995 through December 2001 in Spokane, WA. PM concentrations were estimated at hourly 
resolutions using a TEOM located in Spokane (Rockwood); 90% of levels ranged from 3.3 
µg/m3 to 17.6 µg/m3 for PM1, from 4.2 µg/m3to 20.2 µg/m3 for PM2.5, and from 7.9µg/m3 to 41.9 
µg/m3 for PM10. PM10–2.5 levels were estimated by subtracting PM2.5 from PM10 data and were 
not given in the paper.  
 
The highest correlations between the various air pollutants were observed between PM1 and 
PM2.5 (r= 0.95) as well as between PM10 and PM10–2.5 (r= 0.94). Fine particles were also 
strongly correlated with CO levels (r= 0.63 with PM1 and r= 0.62 with PM2.5). GLMs with 
natural splines to control for seasonal confounding, calendar time, temperature and relative 
humidity were used to analyze the data. Dummy variables were also included in the model to 
adjust for the day-of-the-week effect. There were 9 d where PM10 levels greatly exceeded the 
usual range, so repeated analyses were performed by removing PM10 levels higher than 100 
µg/m3. The exclusion of those days had little effect on the results, so they were included in the 
final model. Pollution lags ranging from 0 to 3 d were analyzed. To explore the statistical 



 

Human Health Risk Assessment for Coarse Particulate Matter     108 
 

problems with GAM-based techniques, GAMs with smoothing splines were also used to 
compare results with the GLMs using natural splines. Results were based on a 10 µg/m3 
increase for PM1 and PM2.5, and on a 25 µg/m3 increase for PM10 and PM10–2.5. 
 
The authors found positive but non-significant associations between coarse particles (based 
on an increment of 25 µg/m3) and all respiratory illnesses (RR = 1.01; 95% CI 0.98–1.04, lag 1 
and 2 d) (RR = 1.02; 95% CI 0.99–1.05, lag 3 d), acute asthma (RR = 1.03; 95% CI 0.98–
1.08, lag 1 d)(RR = 1.01; 95% CI 0.96–1.07, lag 2 d) and COPD ERVs in adults (RR = 1.01; 
95% CI 0.93–1.09, lag 1 d)(RR = 1.02; 95% CI 0.95–1.10, lag 3 d). As expected, higher 
estimates were generally found when GAMs were used, while the standard error estimates 
were always larger using GLMs. The lack of consistency between the PM size fractions, the 
health outcome and the lag structures did not allow the authors to draw any definitive 
conclusions with this analysis. Greater respiratory associations were generally observed for 
the fine PM fraction than for the coarse PM fraction. 
 
Halonen et al. (2008) investigated the impact of urban PM and gaseous air pollution on ERVs 
for asthma and COPD for different age groups (children <15years, adults 15–64years, the 
elderly ≥65years) between 1998 and 2004 in Helsinki, Finland. They obtained ambient levels 
of nucleation mode particles (<0.03 µm), Aitken mode particles (0.01–0.1 µm), accumulation 
mode particles (0.1–0.29 µm), fine (PM2.5) and coarse (PM10–2.5) PM. Particles with a diameter 
of less than 0.1 µm were counted as UFPs. Coarse PM levels were obtained by subtraction of 
PM2.5 from PM10. The team also performed a source apportionment analysis, but only for the 
PM2.5 fraction. Four different PM2.5sources were investigated: traffic exhaust, long-range 
transport (LRT), soil and road dust, and coal and oil combustion. Poisson regression 
(controlling for time trend, weekdays, holidays, temperature, relative humidity, air pressure, 
influenza and pollen episodes) was used to compute the percentage change in hospital ERVs 
for an IQR in the pollutant concentration that corresponded to 7.2 µg/m3 for the PM coarse 
fraction. Single- and two-pollutant models were performed for several lag structures (0–5 d).  
 
In single-pollutant models, coarse particles at lag 0 d were significantly associated with pooled 
asthma-COPD ERVs in both adults (2.70%; 95% CI 0.21–5.26%) and the elderly (2.45%; 95% 
CI 0.18–4.76%). This last association was reduced and became non-significant after the 
inclusion of UFPs into the model (1.7%; 95% CI -0.65% to 4.10%). Similar reductions were 
also observed following inclusion of PM2.5 or gaseous pollutants (NO2 or CO). The authors 
reported that the relationship between coarse PM and pooled asthma-COPD ERVs in the 
adults was not impacted by other pollutants (data not shown). For the ERVs due to asthma in 
the children, positive but non-significant associations were found with coarse particles at lag 4 
d (1.21%; 95% CI -1.67% to 4.17%) and 5 d (2.55%; 95% CI -0.24% to 5.41%), whereas 
positive and significant associations were observed with Aitken and accumulation particles, as 
well as with gaseous air pollutants and with traffic-related PM2.5, at lag 3 to 5 d. In two-
pollutant models, the effect of UFPs on children’s asthma ERVs disappeared with the 
inclusion of NO2 while the effect of NO2 remained independently associated. The effect of CO 
was also reduced with the inclusion of either NO2 or UFPs but not with PM2.5.  
 
Based on their results the authors suggested that the effects of air pollution on asthma ERVs 
or pooled asthma-COPD ERVs were more immediate for the elderly, while the effect on 
asthma ERVs in children was delayed. They concluded that the mechanisms of the respiratory 
effects from air pollution and the responsible air pollutants differ by age group.  
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4.2.3 Hospitalizations and Medical Visit Studies on Crustal-Derived 
or Source-Derived Particles 
Crustal-derived particles are particles usually derived from natural sources (dust storms, 
resuspended road dust, volcanoes). High wind events can also contribute large quantities of 
crustal materials to the air.  
 
At the time of the 2003 coarse PM assessment no morbidity studies had been performed in 
areas with high levels of crustal-derived particles. Since 2002, 11 new studies looking at either 
hospital admissions, ERVs or other medical visits due to respiratory or cardiovascular 
diseases have been undertaken in Asia. In addition, five new studies have been conducted in 
other areas around the world. Gordian and Choudhury (2003) have investigated the impact of 
coarse particles on asthma medication in schoolchildren living in Anchorage, AK (an area with 
high crustal-derived particles) and Chimonas and Gessner  (2007) have evaluated the 
association of outpatient visits for asthma and quick-relief medication in the same area. 
Bennett et al. (2006) has investigated the impact of the 1998 Gobi dust event on 
cardiovascular and respiratory hospital admissions in the Lower Fraser Valley in British 
Columbia, Canada, and results from a source apportionment study (Andersen et al., 2007) 
looking at the link between several PM10 sources and daily hospital admissions in 
Copenhagen, Denmark, have been presented. The effects of changes in air pollution and dust 
storms on both respiratory and cardiovascular hospitalization have also been studied in a 
smaller Eastern Mediterranean city located in Cyprus (Middleton et al., 2008). Details of these 
studies are included in Table 4.4. 
 

4.2.3.1 Dust Studies 
Bennett et al. (2006) investigated the impact of the 1998 Gobi dust event on cardiovascular 
and respiratory hospital admissions in the Lower Fraser Valley in British Columbia, Canada. 
An extraordinary dust storm occurred in Asia and transported dust across the Pacific, 
impacting western North America for several days in the spring of 1998. The Gobi dust was 
rich in crustal elements (naturally derived PM) but was made of relatively fine particles with a 
mean diameter of 2.5 µm (McKendry et al., 2001). The Gobi event was short, sudden and 
distinct; it provided an opportunity to study the possible health effects related to naturally 
derived particles in an urban setting.  
 
Daily average PM10 levels were calculated from hourly levels for the 24-h period from midday 
to midday at six monitoring stations. Hourly PM10 levels during the Gobi event peaked at 
around 120 µg/m3. A meteorological analogue event in April 1997, during which the only 
marked difference was the Gobi dust event, was used for comparison. PM10 concentrations 
during the 1997 event were between 40µg/m3 and 50 µg/m3 and were anthropogenically 
derived particles. Time-series of PM10 levels as well as cardiovascular (n= 56,438 cases) and 
respiratory (n= 34,990 cases) hospital admissions from 1997 to 1999were analyzed. A 2-week 
period following the Gobi event was included to capture any possible lagged public health 
effects. Rates of hospitalizations for cardiovascular and respiratory outcomes were compared 
(using a Chi-square test) between the analogue event and the 1998 Gobi event. The Gobi 
dust event was not significantly associated with either cardiac or respiratory hospital 
admissions in the Greater Vancouver area, with probabilities of 0.89 (X2= 0.71) and 0.91 (X2= 
0.54) respectively. The Gobi dust event was only associated with an additional 1–2 
hospitalizations per 100,000 people for respiratory and cardiovascular diseases, and the other 
results indicated that these increases were not distinguishable from the usual variability in 
hospitalization rates. The investigators concluded that virtually identical hospital admission 
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rates were observed during the analogue event. This supports the view that crustal-derived 
particles (irrespective of particle size) pose lower risks than anthropogenically derived 
particles. The authors also discussed the possibility that the dust event was primarily 
associated with less severe health impacts than hospitalizations, such as visits to general 
practitioners or pharmacists. The statistical power of this study was probably very low, given 
the short duration of the Gobi dust event. In fact, the idea that a 4-d event at this level of 
exposure could have any observable effect on this outcome is questionable.  
 
In the year-round model, several positive associations were found for both respiratory and 
cardiovascular hospitalizations (1994 – 2003) in Minqin, China, an area with few industries 
and where PM is mostly naturally derived (Meng and Lu, 2007).  For total respiratory, RRs of 
1.14 (95% CI 1.01–1.29) and 1.18 (95% CI 1.00–1.41) were found respectively for male and 
female on dust events with a lag of 3 days. In males, significant associations were also 
observed with hospital admissions due upper respiratory tract infections (RR= 1.28; 95% CI 
1.04–1.59; lag 4 days); pneumonia (RR= 1.17; 95% CI 1.00–1.38; lag 6 days) and 
hypertension (RR= 1.30; 95% CI 1.03 –1.64; lag 3 days). The team also demonstrated that 
the hospitalizations for respiratory and cardiovascular diseases were higher in spring and 
winter, respectively. Overall, the team concluded that the results of this study suggest that 
dust events are a risk factor for respiratory and cardiovascular hospitalizations.  
 
Similar results were also observed by Middleton et al. (2008) who investigated the effect of 
short-term changes in air pollution and dust storms in Nicosia, a small city located in Cyprus, 
on respiratory and cardiovascular hospitalizations from 1995 – 2004. Based on a 10 µg/m3 
increase in the same-day PM10 levels significant associations were observed with all-cause 
hospital admissions (0.83 %; 95% CI 0.38–1.28%) while a borderline statistically significant 
association was found for cardiovascular hospitalizations (1.19%; 95% CI -0.10 to 2.49%).  
Positive but non-significant associations were observed with hospitalization due to respiratory 
diseases but only in the summer season (1.42%; 95% CI -0.42 to 3.31%). Episodes of re-
suspended windblown dust from desert regions are a particular feature of the Eastern 
Mediterranean. A total of 63 confirmed or suspected dust storm events occurred during the 
study period and the team reported higher risks with both all-cause (4.8%; 95% CI 0.7 – 9.0%) 
and cardiovascular (10.4%; 95% CI -4.7 to 27.9%) on dust storm days.  
Several studies conducted by the same team have also been performed in Taipei, Taiwan, 
from 1996 through 2001 to investigate the relationship between ADS events and hospital 
admissions for daily stroke (Yang et al., 2005a), asthma (Yang et al., 2005b) CVD (Chen and 
Yang, 2005), COPD (Chiu et al., 2008), pneumonia (Cheng et al., 2008), and CHF (Yang et 
al., 2009). ADS events in Taipei are usually composed mainly of coarse crustal particles 
rather than combustion-related particles. It has been demonstrated that coarse PM levels in 
central Taiwan increased during and after an ADS period (Fang et al., 2002). Fifty-four ADS 
events were identified during the study period. PM10 was measured continuously at six 
different monitoring stations by β-ray absorption and daily average estimates were calculated. 
The mean level of PM10 on index days (ADS events) was 111.68 ± 38.32 µg/m3 (n=54); on 
comparison days it was 55.43 ± 24.66 µg/m3 (n=108). In the primary analysis, hospital 
admissions on index days were compared with hospital admissions on comparison days, 
which were selected either 7 d or 14 d before and after the event to control for time trends, 
seasonal factors and day-of-the-week effect. Poisson regression models were used to analyze 
the data while controlling for temperature, humidity and ozone (the authors did not specify 
how confounders were accounted for). Several lag structures were analyzed: 0, 1, 2, and 3 d 
after the events.  
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Yang et al. (2005a) used medical insurance files to extract data on daily hospital admissions 
for cerebrovascular diseases. The data were categorized as follows: sub-arachnoid 
hemorrhagic stroke, primary intracerebral hemorrhagic stroke, and ischemic stroke. The 
researchers observed an average of 30 stroke admissions during each event, for a total of 
approximately 1,620 for all the dust event days (n= 54). A positive and statistically significant 
association was found between ADS events and admissions for primary intracerebral 
hemorrhagic stroke 3 d after the event (RR= 1.15; 95% CI 1.01–10.10). A positive but non-
significant association was also found between ischemic stroke admissions and ADS events 
(RR= 1.04; 95% CI 0.97–7.98) 3 d after the event. Negative though non-significant 
associations were found with sub-arachnoid hemorrhagic stroke at all lags analyzed. This 
study suggests that PM10 from ADS events composed of coarse crustal particles rather than 
combustion-related particles could be associated with stroke admissions in Taipei.  
 
A positive and non-significant association (RR= 1.08; 95% CI 0.97–8.76) was also found for 
asthma hospital admissions 2 d after the ADS events (Yang et al., 2005b). The increase in 
asthma admissions corresponds to a 1.42% increase in admissions per 10 µg/m3 increase in 
PM10. The authors concluded that ADS events could increase the risk of asthma admissions in 
Taipei, although the association was not statistically significant. Chen and Yang (2005) also 
reached the same conclusions on hospital admissions for CVD after observing positive but 
non-significant associations with ADS events. The effect on CVD admissions was most 
pronounced 1 d after the event, with an increase of 3.65%. An average of 67 hospital 
admissions for CVD was observed during each ADS event, for a total of approximately 3,618 
cases for all the dust-event days. Chiu et al. (2008) have also found positive and non-
significant associations with hospital admissions for COPD, with RRs of 1.002 (95% CI 0.928–
1.081) at lag1 d, 1.039 (95% CI 0.962–1.121) at lag 2 d, and 1.057 (95% CI 0.982 – 1.138) at 
lag 3 d. A low average of 21 COPD admissions occurred on dust storm days during the study 
period, which could represent an inadequate sample size. Yang et al. (2009) also found no 
associations between ADS events during this period and CHF hospitalizations. The only 
positive association was 1 d after the event, with a RR of 1.114 (95% CI 0.993–1.250). Again, 
the non-significant association could be the result of the low number of admissions, which was 
an average of 8.78 on ADS days. A statistically significant association was, however, reported 
by Cheng et al. (2008) with hospitalizations due to pneumonia 1 d after the event (RR = 1.049 
(95% CI 1.002–1.098), with an average of 57 pneumonia admissions on dust storm days. This 
study was the first one to provide an analysis of the impact of ADS events on pneumonia; the 
authors concluded that more attention should be paid to the relationship between health and 
ADS events that are mainly composed of coarse crustal particles rather than combustion-
related particles. 
 
Using the same methodology described in previous studies, an additional study (Chang et al., 
2006) investigated the relationship between ADS events and daily clinic visits for allergic 
rhinitis in Taipei from 1997 to 2001. Over that period, 49 ADS events were observed and 
classified as index days. PM10 was measured at six monitoring stations by β-ray absorption. 
An average of 3.55 clinic visits for allergic rhinitis occurred on each ADS event day, for a total 
of approximately 174 cases for all the dust event days (n=49). The mean PM10 level during the 
index days was 110.37 ± 37.86µg/m3, in contrast to the 61.73 ± 30.22 µg/m3 found on 
comparison days. Again, a positive but non-significant association was observed between 
ADS and clinic visits for allergic rhinitis (RR= 1.19; 95% CI 0.98–11.39), with the effect being 
most prominent 2 d after the event. The team concluded that ADS events could increase the 
risk of clinic visits for allergic rhinitis in Taipei although the association was not statistically 
significant. During the same period, positive but non-significant effects of ADS (RR= 1.11; 
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95% CI 0.97–9.41) 4 d after the event were also observed by Yang (2006) on clinical visits for 
conjunctivitis.  
 
Lai and Cheng (2008) also investigated the impact of ADS that occurred in metropolitan Taipei 
(41 districts), Taiwan, on hospital respiratory admissions for several age groups (preschoolers 
(0–4 years of age), children (5–14), adults (15–64) and the elderly (≥ 65) but over a different 
period (2000–2004). There were 29 dust storm episodes with a total of 97 ADS days classified 
as index days. Poorer air quality was observed in the shorter ADS episodes. Statistical 
analyses were performed between respiratory hospital admission counts and air quality 
parameters for the first to the fourth day for each index day. Overall, positive but non-
significant RRs were observed for hospital respiratory admissions for all age groups during the 
ADS events although hospital admissions for preschool children appeared to occur earlier 
than for adults. The risks for males and females were similar. The strongest, but non-
significant, RR observed was for the elderly group 3 d after the event (RR = 3.44 (95% CI 
0.03–380.19). Some positive and statistically significant increases have been, however, 
observed in some districts in the preschool children group (RR = 1.02 (95% CI 0. 23–4.47). 
 
To investigate the impact of ADS on cardiopulmonary ERVs in Taipei from 1995 through 
2002, Chan et al. (2008) tracked dust storms from their origins to downwind areas over 4,000 
km by satellite images from MODIS (moderate resolution imaging spectroradiometer). This 
information was confirmed by backward trajectory analysis and ground air pollution 
monitoring. A total of 85 ADS events occurred during this period: 39 events with PM10 levels 
higher than 90 µg/m3 (high dust events), and 46 events with levels below 90 µg/m3 (low dust 
events). For the high dust events, the average PM10 level difference between the ADS and the 
pre-dust period was 77.2 µg/m3, whereas it was only 1.5 µg/m3for the low dust event category. 
During the high dust event in March 18–19, 2002 the PM10–2.5 levels (measured by subtracting 
PM2.5 from PM10 levels) estimated from the 16 air monitoring stations varied between 22.4 
µg/m3and 104.5 µg/m3. OC, EC, nitrate and sulphate levels measured at one site were also 
higher than the measurement taken on the pre-dust event. Two-tailed paired t-test was used 
to compare emergency visits to the National Taiwan University Hospital for IHD, 
cerebrovascular disease and COPD between dust events and their pre-dust periods. 
Cardiovascular ERVs were higher during ADS (7.2 ± 2.9 cases) compared to the pre-dust 
period (5.7 ± 2.5 cases). ERVs for IHD, cerebrovascular diseases and COPD also increased 
during ADS events by 0.7 cases, 0.7 cases and 0.9 cases respectively. By comparing the 
model-predicted to the observed ERVs, the team found that the ERVs for CVDs increased by 
67% during the high dust events. 
 

4.2.3.2 Non-Asian Dust Studies  
Some more recent studies have been performed with non-Asian crustal-derived particles. 
Two new studies have been performed in Anchorage, AK, an area greatly affected by crustal-
derived particles. Gordian and Choudhury (2003) investigated the impact of crustal-derived 
particles on the use of asthma medication in schoolchildren, while Chimonas and Gessner 
(2007) have evaluated the link between PM air pollution and outpatient visits for asthma and 
quick-relief medication prescriptions among children less than 20 years of age. 
 
In Anchorage, fine particles arise primarily from vehicle emissions, whereas PM10particles are 
mostly from natural and geological sources. Gordian and Choudhury (2003) investigated the 
relationship between the asthma medication consumption in schoolchildren and PM air 
pollution from September 1994 to December 1997 in Anchorage. The 24-h PM10 concentration 
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averaged 36.11 ± 30.46 µg/m3, and ranged from 2.96 µg/m3 to 210 µg/m3. Nurses’ records of 
asthma medication use in elementary schoolchildren were employed as an indicator. The 
PM10 moving average, lagged at 7, 14, 21 and 28 d, was used in the regression models, 
controlling for potential confounders of temperature, time trend and day of the week. A dummy 
variable was used to account for any confounding effects of the month. All models yielded 
positive and significant associations between PM10 concentration and medication use. The 
strongest association (estimated coefficient 7.25, SE 2.88, p= 0.01) was observed between 
PM10 and asthma medication for the 21-d moving average. Hence, in this study, an 
association was observed between PM10 and asthma, in an area where PM10 air pollution is 
85% coarse particle fractions, and mostly silico-aluminum-based rather carbon-based.
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Table 4.4 Study characteristics and ambient crustal or source-derived PM concentrations from epidemiological studies 
investigating hospital admissions, emergency room visits or other medical visits due to respiratory and/or 
cardiovascular diseases 

 
 
Reference 

 
Location and 
study period 

 
Mean concentration (µg/m3) 
if not specified otherwise 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study 
design 

 
Single/multi-
pollutant models 
 

 
Subjects 

 
Health outcomes 

Canada 
 
Bennett  
et al., 2006 

 
Greater 
Vancouver region, 
BC, Canada 
 
Spring 1998 
 

 
Hourly PM10 during Gobi dust 
event: ~120 (rich in crustal 
elements) 
 
Hourly PM10 during non-Gobi 
dust event: 40–50 
(anthropogenic particles)  
 
 

 
NR 

 
TS 

 
Hospitalization 
rates during the 
Gobi and 
comparison 
events 

 
All ages 

 
Hospitalizations for respiratory 
and cardiovascular diseases 
 

United States 
 
Gordian and  
Choudhury, 
2003 
 
 
 

 
Anchorage,  
AK, US 
 
September 1994–
December 1997 

 
24-h PM10: 36.11±30.46 

 
Range 2.96–210 

 
TS 

 
S 

 
Schoolchildren 
(kindergarten 
through  
grade 6) 

 
Asthma medication 
consumption in schoolchildren 

 
Chimonas and  
Gessner, 2007 
 
 

 
Anchorage,  
AK, US 
 
1999–2003 

 
Mean PM10 
27.6 

 
NR 

 
TS 

 
S 

 
Children 
(<20 years) 

 
Outpatient and inpatient visits 
for asthma and LRIs, including 
inhaled quick-relief medication 
prescription 
 

Europe 
 
Andersen  
et al., 2007 
 

 
Copenhagen, 
Denmark 
 
1999-2004 

 
Mean PM10 
23 (SD=14) 
 
Mean crustal PM10: 
2.3 (SD=2.2) 
 
Mean sea-salt PM10: 
2.2 (SD=2.0) 
 
 

 
75th: 30 
 
 
75th: 2.7 
 
 
75th: 3.0 
 

 
TS—Source 
apportionm
ent 

 
S/M with  
CO or NO2 

 
Children 
(5–18 years) 
 
The Elderly 
(≥65 years) 
 

 
Hospitalizations for asthma, 
respiratory and cardiovascular 
diseases 
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Reference 

 
Location and 
study period 

 
Mean concentration (µg/m3) 
if not specified otherwise 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study 
design 

 
Single/multi-
pollutant models 
 

 
Subjects 

 
Health outcomes 

 
Middleton  
et al., 2008 
 
 
 
 
 

 
Nicosia, Cyprus 
1995–2004 

 
Mean PM10 
Cold season: 57.6 
Warm season: 53.4 

 
Cold season 
75th: 103.0 
Max.: 1370.6 
 
Warm season 
75th: 77.6 
Max.: 933.5 

 
TS—on 
non-storm 
and dust 
storm days 
separately 

 
S/M with O3 

 
All ages 

 
Hospitalizations for respiratory 
and cardiovascular diseases 

Asia 
 
Chen and 
Yang, 2005 

 
Taipei, Taiwan 
 
1996–2001 

 
ADs days:  
PM10=111.68 ± 38.32 
 
NADS days:  
PM10=55.43 ± 24.66 
 

 
NR 

 
ADS vs. 
NADS 
 

 
S 

 
All ages 

 
Hospitalizations for CVDs 

 
Yang  
et al., 2005a 

 
Taipei, Taiwan 
 
1996–2001 
 

 
ADS days:  
PM10=111.68 ± 38.32 
 
NADS days:  
PM10=55.43 ± 24.66 
 

 
NR 

 
ADS vs. 
NADS 
 

 
S 

 
All ages 

 
Hospitalizations for stroke 

 
Yang 
 et al., 2005b 

 
Taipei, Taiwan 
 
1996–2001 

 
ADs days:  
PM10=111.68 ± 38.32 
 
NADS days:  
PM10= 55.43 ± 24.66 
 

 
NR 

 
ADS vs. 
NADS 
 

 
S 

 
All ages 

 
Asthma hospitalizations 

 
Chang  
et al., 2006 
 
 
 
 

 
Taipei, Taiwan 
 
1997–2001 

 
ADS days:  
PM10=110.37 ± 37.86 
 
NADS days: 
PM10 = 61.73 ± 30.22 
 

 
NR 

 
ADS vs. 
NADS 

 
S 

 
All ages 

 
Daily clinic visits for allergic 
rhinitis 

 
Yang, 2006 
 
 
 
 

 
Taipei, Taiwan 
 
1997–2001 

 
ADS days:  
PM10=110.37 
 
NADS days: 
PM10 = 48.64 

 
NR 

 
ADS vs. 
NADS 

 
S 

 
All ages 

 
Daily clinic visits for 
conjunctivitis 
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Reference 

 
Location and 
study period 

 
Mean concentration (µg/m3) 
if not specified otherwise 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study 
design 

 
Single/multi-
pollutant models 
 

 
Subjects 

 
Health outcomes 

 
Meng and  
Lu, 2007 
 

 
Minqin, China  

 
NR 

 
NR 

 
Dust events 
vs. non-dust 
event  

 
S 

 
All ages 

 
Hospitalization for respiratory 
and cardiovascular diseases 
 
 
 

 
Chan  
et al., 2008  
 
 
 
 
 

 
Taipei, Taiwan 
 
1995–2002 
 

 
High dust events:  
PM10>90 
 
Low dust events: 
PM10<46 
 

 
NR 

 
High dust 
events vs. 
low dust 
events 

 
S 

 
All ages 

 
Cardiopulmonary ERVs 

 
Cheng  
et al., 2008 
 
 

 
Taipei, Taiwan 
 
2000–2004 

 
ADS days:  
PM10=111.68 ± 38.32 
 
NADS days:  
PM10=55.43 ± 24.66 
 
 

 
NR 

 
ADS vs. 
NADS 
 

 
S 

 
All ages 

 
Hospitalizations for pneumonia 

 
Chiu  
et al., 2008 

 
Taipei, Taiwan 
 
1996–2001 

 
ADs days:  
PM10=111.68 ± 38.32 
 
NADS days:  
PM10=55.43 ± 24.66 
 
 

 
NR 

 
ADS vs. 
NADS 
 

 
S 

 
All ages 

 
Hospitalizations for COPD 

 
Lai and  
Cheng, 2008 

 
Taipei, Taiwan 
 
2000–2004 

 
NR 

 
NR 

 
ADS vs. 
NADS 
 

 
S 

 
Various age 
groups 
(preschoolers 
(0–4 years), 
children 
(5–14 years), 
adults 
(15–64 years) 
and the elderly 
(≥65 years) 
 
 

 
Hospitalizations for respiratory 
diseases 
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Reference 

 
Location and 
study period 

 
Mean concentration (µg/m3) 
if not specified otherwise 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study 
design 

 
Single/multi-
pollutant models 
 

 
Subjects 

 
Health outcomes 

 
Yang et al., 
2009 
 
 

 
Taipei, Taiwan 
 
1996–2001 

 
ADS days:  
PM10=111.68 ± 38.32 
 
NADS days:  
PM10=55.43 ± 24.66 
 

 
NR 

 
ADS vs. 
NADS 
 

 
S 

 
All ages 

 
Hospitalizations for CHF 

ADS = Asian Dust Storm events; COPD = chronic obstructive pulmonary disease; ERVs = emergency room visits; LRIs = lower respiratory infections; M = multi-pollutant models; 
NADS = Non-Asian Dust Storm events; NR = not reported; S = single-pollutant models; TS = time-series  
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Using Poisson GEE models adjusted for season, year, weekends, temperature, wind speed 
and precipitation, Chimonas and Gessner (2007) have analyzed the impact of both PM2.5 and 
PM10 on outpatient and inpatient visits for asthma and LRIs between 1999 and 2003. Daily 
mean (range) of PM10 and PM2.5 levels were, respectively, 27.6 µg/m3 (5.0–116.0) and 6.1 
µg/m3 (1.8–45.0) during the study period. For a 10 µg/m3 increase in PM10 significant 
associations were found with outpatient asthma visits (RR=1.006; 95% CI 1.001–1.013) and 
inhaled quick-relief medication prescription (RR=1.018; 95% CI 1.006–1.30). These 
associations remained statistically significant in a sensitivity analysis where days with PM10 
higher than 150 µg/m3 were removed. Positive but non-significant associations were also 
observed between PM10 and outpatient LRIs, inpatient asthma, inpatient LRIs and inhaled 
steroid prescriptions. The team also analyzed all of these associations on a weekly basis 
while incorporating simultaneously the other PM fraction into the model. Positive and 
significant associations remained between PM10 and both outpatient asthma visits (RR= 
1.021; 95% CI 1.004–1.038) and inhaled quick-relief medication (RR=1.057; 95% CI 1.037–
1.077), whereas no associations were observed for the fine PM fraction. The team also 
investigated the possibility of a dose–response relationship between PM10 levels and both the 
outpatient asthma visits and the inhaled quick-relief medication using several daily (<13, 13–
19, 20–33, 34–60, 61–421 µg/m3) and weekly (<13.5, 13.5–20, 21–30, 31–60, 61-116 µg/m3) 
PM10 quintiles. Dose–response relationships were observed with both daily and weekly PM10 
quintiles and the use of prescriptions for inhaled quick-relief medication; no dose–response 
relationship was found between PM10 and outpatient asthma visits.  
 
Overall, this study found significant associations between PM10 largely of crustal origin and 
outpatient asthma visits and prescriptions for inhaled quick-relief medication in children, 
suggesting that particles from geologic sources can induce health effects. The specific PM10 
sources (i.e., anthropogenic or natural) were, however, not determined.  
 
A growing area of interest is the identification of specific pollutant sources that may contribute 
to the adverse health effects of air pollution. A source apportionment study was performed by 
Andersen et al. (2007) in Copenhagen, Denmark, for a 6-year period (1999–2004) to 
investigate the relation between PM10 from various sources and cardiorespiratory hospital 
admissions among children and the elderly.  
 
A GAM Poisson time-series regression model was conducted for PM10, CO, NO2 and six PM10 
sources while adjusting for weather (temperature and dew point), long-term trend and 
seasonality, influenza, day of the week and public holidays;  school holidays and pollen were 
also accounted for in the asthmatic children model. The investigators used principal 
component analyses to apportion the different PM10 sources, but only for a 1½-year period 
(May 2002–December 2003). Six different source profiles were developed: biomass 
combustion, fuel oil combustion, vehicle emissions (exhaust and brake wear), secondary 
particles, crustal and sea salt. The team believed that crustal and sea salt PM10 source 
profiles should represent particles from the coarse PM fraction. Analyses were limited to days 
with PM10 levels below 150 µg/m3and performed for single-day lags (0–5 d) as well as for 4-d 
pollutant average (0–3 d average) for elderly cardiovascular admissions, 5 d average (0–5 d 
average) for elderly respiratory admissions and 6-d average (0–5 d average) for children’s 
asthma hospital admissions. Single- and two-pollutant models were run. All RRs were 
estimated based on IQR increment, which for PM10 corresponded to 14 µg/m3. A PM10 mean 
of 25 µg/m3 (SD= 14) was observed during the study period. Biomass combustion was the 
largest contributor (32.5%) to the total PM10 mass, followed by secondary particles (29.0%) 
and oil combustion (15.7%), while crustal, sea salt and vehicle sources accounted for 10.5%, 
9.3% and 3.0% respectively. 
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Positive and significant associations were found between 4-d PM10 average and 
cardiovascular admissions of the elderly (2.7%; 95% CI 1.3–4.2%) as well as between 5- and 
6-d PM10 averages and both respiratory admissions of the elderly (3.7%; 95% CI 1.4–6.0%) 
and hospital admissions in children (7.7%; 95% CI 0.4–15.5%). Associations between PM10 
and both cardiovascular and respiratory hospital admissions for the elderly remained robust 
and statistically significant in models with either CO or NO2, whereas the relationship with 
children’s asthma hospital admissions was no longer significant. No associations were found 
between any of these health outcomes and the gaseous air pollutants. In single-pollutant 
models, all PM10 sources were significantly associated with cardiovascular admissions in the 
elderly except sea salt and vehicle emissions. The strongest association observed was with 
crustal particles, with a RR of 1.054 (95% CI 1.028–1.081) for an increment of 1.8 µg/m3; this 
was also the only association to remain robust in the model that adjusted for other PM10 
sources (RR=1.051; 95% CI 1.018–1.084). For respiratory hospital admissions in the elderly, 
significant positive associations were only observed with biomass combustion and secondary 
particles. No specific PM10 sources were significantly linked with children’s asthma 
hospitalizations in single-pollutant models.  
 
The team concluded that PM10 total mass was significantly associated with morbidity health 
outcomes in Copenhagen; these associations were also robust to adjustment for gaseous 
pollutants. They demonstrated that different PM10 sources may be related to different health 
outcomes. The finding that a crustal PM10 source was strongly associated with cardiovascular 
hospital admissions for the elderly may merit further investigation. However, the results 
obtained for the gaseous pollutants, as well as for PM10 sources from vehicle emissions, 
suggested a weak influence of local traffic on the measured health outcomes, which contrasts 
with results usually obtained in other similar studies (Laden et al., 2000; Mar et al., 2000). 

4.3 Panel Studies 
In recent years, researchers have used panel studies to advance our knowledge of particle-
related adverse health effects. These studies examine the association between changes in air 
pollution and adverse health effects in groups of people engaged in normal activities in the 
environment. Exposures are usually to the ambient mix of pollutants, and pollutant levels can 
be closely monitored. A particular strength of this design is that panel studies allow 
investigators to make repeated measurements of physiological and biochemical changes in 
the respiratory, cardiovascular or haematological systems in individuals in “real world” 
settings. Subjects act as their own controls over time. Even the most sensitive populations can 
be observed in those studies to evaluate the relationship between exposure and health 
effects. Each subject’s medical history, lifestyle, activity patterns and episodes of illness can 
be closely followed. Numerous panel studies investigating the effects of coarse PM air 
pollution on various health endpoints have been published over the last few years and details 
of these studies are summarized in Table 4.5. Figure 4.7 shows risk estimates, per 10 µg/m3 
increase in PM10–2.5 concentration in single-pollutant models, derived from panel studies.  

4.3.1 Cardiovascular Effects 
Over the last few decades the autonomic nervous system has been recognized as playing an 
important role in cardiovascular illness and death. Clinical studies have consistently 
demonstrated that lower heart rate variability (HRV), measured as reductions in the standard 
deviation of normal R–R intervals (SDNN) and high frequency power (0.15–0.40 Hz), is 
associated with higher risks of tachyarrhythmia, ventricular fibrillation and cardiac death (Task 
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Force of the European Society of Cardiology and the North American Society of Pacing and 
Electrophysiology, 1996; Tsuji et al., 1996). 
 
The 2003 coarse PM assessment found that only two panel studies had investigated the 
association between exposure to ambient coarse particles and cardiovascular changes (Gold 
et al., 2000 and Peters et al., 2001). The indicators used in the studies (HRV and risk of onset 
MI) were most clearly associated with the fine fraction of PM10. There was little indication of an 
effect of the coarse PM fraction on these measures of cardiac health. In contrast, PM2.5 was 
significantly associated with cardiovascular endpoints in both studies. 
 
Since 2002, 12 new panel studies have examined the association between coarse particle 
exposure and cardiovascular changes.  
 
Most of the new studies focused on HRV as an indicator of cardiovascular changes. In 
addition to HRV, one study also included heart rate and supraventricular ectopy and two 
studies investigated the effect of coarse particles on ST-segment depression, which is an 
indicator of a high probability of myocardial ischemia in exercise tests. Other studies looked at 
the effect of coarse particles on cardiac arrhythmia and on heart rate. Most of the studies have 
been conducted in the US; three studies were conducted in Europe, two in Asia and only one 
in Canada. Daily mean levels of coarse PM found in these studies ranged from 3.7 µg/m3 to 
23 µg/m3. The ambient coarse PM levels was calculated as the difference between PM10 and 
PM2.5 for all studies, with the exception of Yeatts et al. (2007), where coarse particles were 
directly measured with a dichotomous air sampler. Personal coarse PM exposures were also 
measured in the two Asian studies which observed means ranging from 9.5 µg/m3 to 16.4 
µg/m3. Most of these studies were conducted on elderly persons with pre-existing 
cardiopulmonary conditions such as coronary artery diseases, COPD or hypertension. 
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Table 4.5  Study characteristics and ambient coarse or crustal-derived PM concentrations from panel studies  
 

 
Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

Canada 
 
Ebelt  
et al., 2005 

 
Vancouver, 
BC 
 
Summer 1998 

 
Non-smoking older 
adults with COPD 
(n=16) aged 54–86 
 

 
Ambient: 5.6 ± 3.0 
 
Estimated from sulphate 
(exposure): 2.4 ± 1.7 
 

 
Max 
Ambient: 11.9 
Estimated: 7.2 

 
S 

 
Linear mixed-
effects  
regression 
models 

 
HRV, heart rate, 
systolic BP, 
supraventricular 
ectopy  
(SVE) (a type of 
arrhythmia) 
Lung function: FEV1 
 
 

United States 
 
Mar  
et al., 2004 
 

 
Spokane, WA 
 
March 1997– 
June 1999 
 

 
Non-smoking 
asthmatic children 
(n=9) 9.22 ±  
2.04yearsof age and 
adults (n=16) aged  
41 ± 9 years 
 
 

 
1997: 13.5 ± 12.6 
1998: 10.3 ± 6.9 
1999: 8.7 ± 4.2  
 

 
NR 

 
S 

 
Logistic 
regression 
models 

 
Respiratory 
symptoms 

 
Lipsett  
et al., 2006 

 
Coachella 
Valley, CA 
 
Spring 2000 
 

 
Non-smoking elderly 
subjects with CHD  
(n= 16) aged  
71.3 ± 6.0 years 
 
 

 
Indio: 22.9   
Palm Springs: 17.0 

 
Max 
Indio: 289.2 
Palm Springs: 140.3 

 
S 

 
Linear mixed-
effects  
regression 
models 

 
HRV 

 
Trenga  
et al., 2006 

 
Seattle, WA 
 
1999–2002 

 
Elderly subjects with 
COPD (n = 24) 
aged 65–89and  
without COPD (n= 33) 
aged 56–88  
 
Asthmatic children (n= 
17) 6–13 years of age 
 
 

 
Median: 4.7 

 
Max.: 25.3 

 
S/M  
with CO  
and NO2 

 
Mixed-effect 
random intercept 
longitudinal 
regression 
models 

 
Lung function: FEV1, 
PEF and MMEF 
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
Adar  
et al., 2007a 
 

 
St. Louis, MO 
 
March– 
June 2002 
 

 
Non-smoking elderly  
(≥60 years) living in 
independent senior 
residences; diesel bus 
riders  
 
 
 

 
Coarse particle counts 
(pt/cm3) 
Facility: 0.01 ± 0.04 
Bus: 0.16 ± 0.13 
Activity: 0.29 ± 0.26 
Lunch: 0.16 ± 0.36 
All: 0.02 ± 0.11 
 
 

 
NR 

 
S/M  
with PM2.5 

 
Generalized  
additive models  

 
HRV 

 
Adar  
et al., 2007b 
 

 
St. Louis, MO 
 
March– 
June 2002 
 

 
Non-smoking elderly  
(≥ 60) living in 
independent senior 
residences; diesel bus 
riders (n=44) 
 
 

 
Coarse particle counts 
(pt/cm3) 
Median in pre-trip: 0.02 
Median in post-trip: 0.09 

 
NR 

 
S 

 
Mixed-effects 
regression 
models with 
random 
subject effects  

 
eNO 

 
Metzger  
et al., 2007 
 

 
Atlanta, GA 
 
 August 1998–
December 
2002 
 

 
Patients with 
implantable 
defibrillators  
(n= 518) 
aged 15–88  
 

 
9.6 ± 5.4 

 
50.3 

 
S 

 
Generalized 
estimating 
equations, case-
crossover 
analysis and 
conditional 
logistic 
regression  
 

 
Cardiac arrhythmias  

 
Svendsen  
et al., 2007 
 

 
Chapel Hill,  
NC  
 
Sept 2003– 
July 2004 
 

 
Asthmatic children  
(n=26) 
8–18 years of age 

 
5.3 ± 2.8 

 
14.6 
 

 
S 

 
Mixed-effect 
multivariate 
longitudinal 
linear regression 
models 

 
Lung function: FEV1 
and PEF 

 
Yeatts  
et al., 2007 
 

 
Chapel Hill,  
NC  
 
Sept 2003– 
July 2004 
 
 

 
Adult asthmatics  
(n =12) 
aged 21–50 

 
5.3 ± 2.8 
 

 
14.6 

 
S 

 
Linear mixed-
effects with 
restricted 
maximum-
likelihood 
estimation  

 
HRV, circulating 
proteins, 
hematologic and 
lipid indices, lung 
function and airway 
inflammation 
markers 
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
Delfino  
et al., 2008 
 

 
Los Angeles,  
CA 
 
July 2005 –  
February 2006 
 
 
 

 
Non-smoking elderly 
subjects with CAD  
(n=29) 
aged 85.7 ± 5.94 
years 
 
 

 
Outdoor: 10.04 ± 4.07 
Indoor: 4.12 ± 4.76 

 
Outdoor: 22.38 
Indoor: 37.63 

 
S 

 
Linear mixed-
effects  
regression 
models 

 
Blood plasma 
biomarkers  
and antioxidant 
capacity 

 
Delfino  
et al., 2009 
 

 
Los Angeles,  
CA 
 
Phase 1: 
2005–2006; 
Phase 2: 
2006–2007 
 
 
 

 
Non-smoking elderly 
subjects with CAD  
(n=60) 
aged 84.1 ± 5.60 
years 
 

 
Phase 1: 11.45 ± 4.65 
Phase 2: 7.25 ± 4.39 

 
Phase 1: 23.41 
Phase 2: 24.63 

 
S 

 
Linear mixed-
effects  
regression 
models 

 
Blood plasma 
biomarkers  
and antioxidant 
capacity 

 
Mann  
et al., 2010 
 

 
Fresno, CA 
 
Nov 2000– 
April 2005 
 

 
Asthmatic children  
(n=280) 
6–11 years of age 

 
Median: 18.5 

 
121.0 

 
S/M  
with NO2 

 
Autoregressive 
integrated, 
moving average 
(ARIMA) 
methods; logistic 
regression 
models  
 
 

 
Wheeze  

 
Delfino  
et al., 2011 
 
 
 
 
 
 
 

 
Los Angeles, 
CA 
 
2005–2007  
(2 
communities  
were studied  
in 2005–2006 
and 2 others in  
2006–2007) 
 
 
 

 
Non-smoking elderly 
with CAD (n=38) aged  
≥65and living in 
retirement 
communities  

 
9.38 ± 4.98 

 
Max.: 24.63 

 
S 

 
Generalized 
estimating 
equations 

 
ST-segment 
depressions 
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
Ebelt Sarnat  
et al., 2011 
 
 

 
US–Mexico 
border; El 
Paso, TX  
and Ciudad 
Juarez, 
Mexico 
 
January– 
May 2008 

 
Asthmatic children  
(n=58) 
6–12 years of age 
 
 
 
 
 

 
48-h mean indoor: 
CJ-A: 41.5 ± 22.0 
CJ-B: 26.9 ± 11.4 
EP-A: 9.2 ± 5.2 
EP-B: 11.9 ± 13.5 
 
48-h mean outdoor: 
CJ-A: 56.6 ± 19.4 
CJ-B: 34.4 ± 16.1 
EP-A: 10.0 ± 6.5 
EP-B: 25.4 ± 13.9 
 

 
48-h max indoor: 
CJ-A: 101.2 
CJ-B: 53.6 
EP-A: 22.0 
EP-B: 56.8 
 
48-h max outdoor: 
CJ-A: 109.9 
CJ-B: 83.8 
EP-A: 25.0 
EP-B: 66.0 
 

 
S/M  
with O3 

 
Linear mixed-
effects  
regression 
models (eNO) 
and logistic 
regression 
models 
(respiratory 
symptoms) 

 
Respiratory 
symptoms  
and eNO 

 
McCormack  
et al., 2009 
 

 
Baltimore, 
Maryland 
 
6 month 
period 
between Sept. 
2001 – April 
2004 

 
Asthmatic children           
(n= 150) 
2–6 years of age 

 
Indoor mean (SD):  
 
Overall: 17.4 ± 21.1   
Summer: 12.83 ± 14.90 
Fall: 18.14 ± 18.22 
Winter: 16.16 ± 12.19 
Spring: 20.85 ± 30.91 
 
Outdoor mean (SD):  
Overall: 10.3 ± 21.0 
 

 
NR 

 
S 

 
Generalized 
estimating 
equations 

 
Respiratory 
symptoms  
and medication use 

 
McCormack  
et al., 2011 
 

 
Baltimore, 
Maryland 
 
6 month 
period 
Between Sept. 
2001  and 
April 2004 
 

 
Asthmatic children           
(n= 133) 
2–6 years of age 
 
 
 

 
Indoor median: 13.4 for non-
atopic asthmatics and 11.6 
for atopic asthmatics 
 
 
 

 
NR 

 
S 

 
Generalized 
estimating 
equations 

 
Respiratory 
symptoms and 
medication use 

 
Peel  
et al., 2011 
 

 
Atlanta, 
Georgia 
 
August 1998 – 
December 
2002 
 

 
Infants prescribed 
home 
cardiorespiratory 
monitors (n=4277) 
chronological age at 
start of follow-up time 
45.8 ± 35.2 d) 
 

 
9.6 ± 5.4 

 
50.3 

 
S 

 
Generalized 
estimating 
equations 

 
Bradycardia and 
central apnea  
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
Schinasi  
et al., 2011 
 

 
16 eastern  
NC 
communities 
 
Sept 2003– 
Sept 2005 
 
 
 

 
Non-smoking adults  
(n=101) 
mean age not given; 
living near 
concentrated swine 
feeding operations 
 

 
12-hour overall mean 
(measured in 12 out of the 
16 communities):  
6.47 ± 6.74 
 

 
Max. 12-hour 
community mean:14.49 
± 20.61 
 

 
S 

 
Conditional 
fixed-effects 
logistic and 
linear regression 
models  

 
Lung function and  
physical symptoms 
 

South America 
 
Bourotte  
et al., 2007 
 

 
Sao Paulo, 
Brazil 
 
May–July 
2002 
 
 
 

 
Asthmatic subjects  
(n=33) 
aged 39.8 ± 12.3 
years 

 
21.7 ± 12.9  
 
Ionic species were also 
measured in the coarse PM 
fraction  
 

 
62.0 

 
S 

 
Linear mixed-
effects  
regression 
models 

 
Lung function: PEF 

Europe 
 
Pekkanen  
et al., 2002 

 
Amsterdam, 
the 
Netherlands; 
Erfurt, 
Germany and 
Helsinki, 
Finland 
 
Winter 
1998/99 
 
 
 

 
Non-smoking subjects 
with CHD  
(n=45) 
68 ± 6.5 years 

 
Median: 4.8 (not specified in 
which city it occurs) 

 
Max.: 37.0 (not 
specified in which city it 
occurs) 

 
S 

 
Logistic 
regression and 
generalized 
additive models 

 
ST-segment 
depressions 

 
von Klot  
et al., 2002 
 

 
Erfurt, 
Germany  
 
Sept 1996–
March 1997 
 
 

 
Non-smoking adult 
asthmatics  
(n=53) 
mean age of 59 years 
 

 
10.3 

 
64.3 

 
S 

 
Logistic 
regression 
models 

 
Respiratory 
symptoms  
and corticosteroid 
use 
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
Timonen  
et al., 2006 

 
Amsterdam, 
the 
Netherlands; 
Erfurt, 
Germany and 
Helsinki, 
Finland 
 
October 1998– 
June 1999 
 
 
 

 
Amsterdam: Elderly 
subjects with stable 
CHD (n= 37) aged 
71.5 ± 8.3 y Erfurt and 
Helsinki: 
(n= 47) aged 64.4 ± 
8.0 years and 68.3 ± 
6.4 years, respectively  
 

 
Amsterdam: 15.3 
Erfurt: 3.7 
Helsinki: 6.7 

 
Max 
Amsterdam: 45.3 
Erfurt: 51.3 
Helsinki: 37.0 
 
 

 
S 

 
Mixed models in 
SAS  
(PROC MIXED) 

 
HRV 

 
Lagorio  
et al., 2006 
 
 

 
Rome, Italy 
 
May 24– 
June 24, and 
November 18–
December 
22,1999 

 
COPD subjects (n= 
11) aged 67 ± 9.1 
years 
Mild asthmatic 
subjects  
(n= 11) aged 41 ± 14 
years 
IHD subjects (n= 7) 
aged 64 ± 10 years 
 
 
 
 

 
Spring: 18.7 ± 7.4 
Winter: 12.3 ± 5.4 
Overall: 15.6 ± 7.2 

 
Max.: 39.6 
 

 
S 

 
Generalized 
estimating 
equations 

 
Lung function:  
FVC and FEV1 

 
Moshammer  
et al., 2006 
 
 

 
Linz, Austria 
 
September 
2000 –August 
2001 
 

 
Schoolchildren  
(n=163) 
7–10 years of age 

 
9.94 

 
NR 

 
S/M  
with  
PM2.5 and NO2 

 
Generalized 
estimating 
equations 

 
Lung function: FVC, 
forced expiratory 
volume in 0.5 
seconds (FEV0.5), 
FEV1, PEF, 
hypothetical 
resistance at 
frequency  
= 0; MEF75%, 
MEF50%, MEF25% 
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
de Hartog  
et al., 2010 
 
 
 
 
 

 
Helsinki, 
Finland; 
Athens, 
Greece; 
Amsterdam, 
the 
Netherlands; 
and 
Birmingham, 
UK 
 
October 2002–
March 2004 
 

 
Subjects 
(n= 135) 
mean age range from 
60.1 to 63.5 years 
suffering from asthma 
or COPD 

 
Central site (median): 
Helsinki: 4.3 
Athens: 28.8 
Amsterdam: 9.2 
Birmingham: 7.0 
 
Range of median 
home outdoor:  
3.5–21.8  
Home indoor:  
4.2–11.8 
 

 
Central site (max): 
Helsinki: 152.6 
Athens: 126.4 
Amsterdam:  24.2 
Birmingham: 118.9 
 

 
S 

 
Mixed models in 
SAS  
(PROC MIXED) 
Combined effect 
estimates 
assessed with 
the inverse of 
the variances of 
the city-specific 
estimates to 
calculate a 
weighted mean 
of the city-
specific slopes 
 

 
Lung function:  
FVC, PEF and FEV1 

 
Hampel 
et al., 2010 
 

 
Augsburg, 
Germany 
 
May 2003– 
February 2004 
 
 

 
Non-smoking MI 
survivors (n=67) 
aged 59.3 ± 8.5 years 

 
15.8 ± 7.7 

 
NR 

 
S 
 

 
Additive mixed 
models in SAS  
with a random  
patient effect 

 
Changes in heart 
rate and cardiac 
repolarization 
(QTc and Tamp) 

Asia 
 
Aekplakorn  
et al., 2003 
 

 
Mae Mo, North 
Thailand  
 
Oct 1997– 
Jan 1998 
 

 
Asthmatic and non-
asthmatic children  
(n=98 in each group) 
6–14 years of age 

 
7.15–11.18 

 
34.04 

 
S/M  
with SO2 

 
Generalized 
estimating 
equations 

 
Respiratory 
symptoms  

 
Chuang  
et al., 2005 
 

 
Taipei, Taiwan 
 
Nov 2002–
March 2003 

 
Non-smoking patients 
with CHD  
(n=10) aged 61–72  
 
Non-smoking patients 
with pre-hypertension 
or hypertension  
(n=16) aged 52–76  
 

 
Personal exposure;  
 
Cardiac patients 
1-h mean: 16.4 ± 10.7 
 
Hypertension patients 
1-h mean: 14.0 ± 11.1 

 
Max 
59.6 for cardiac patients 
and 66.5 for 
hypertension patients  
 

 
S/M with  
PM0.3–1.0,  
PM1.0–2.5 

 
Linear mixed-
effects  
regression 
models  

 
HRV 
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
Park  
et al., 2005 

 
Korea  
(14 ADS 
events) 
 
March– 
June 2002 
 
 
 
 

 
Asthmatic adults  
(n= 64) 
mean age 46.1 ± 4.1 
years 

 
Control days: 60 ± 19.9 
ADS days: 188.5 ± 163 

 
NR 

 
S 

 
Generalized 
estimating 
equations and 
generalized 
additive models 

 
Respiratory 
symptoms,  
PEF and 
bronchodilator 
inhaler use 
 
 

 
Kasamatsu  
et al., 2006 

 
Shenyang, 
China 
 
July 2001, 
October 2001, 
January 2002 
and April 2002 
 
 
 
 

 
Schoolchildren  
(n=244) 
8–10years of age 

 
School A: 86.4 - 182.7  
School B: 90.1 - 161.5  
School C: 78.1 to 173.6  

 
NR 

 
S 

 
Generalized 
estimating 
equations 

 
Respiratory 
symptoms and lung 
function: FVC, FEV1 
PEF  

 
Chang  
et al., 2007 
 

 
Taipei County, 
Taiwan 
 
2003–2005 

 
Non-smoking subjects 
with CHD or pre-
hypertension or 
hypertension  
(n=15) 
aged 53–75 
 
 
 
 

 
Personal exposure:  
9.5 ± 9.9  

 
145.4 
 

 
M with PM1 
and  
PM1–2.5 

 
Linear mixed-
effects  
regression 
models 

 
HRV 

 
Tang  
et al., 2007 
 

 
Taipei County, 
Taiwan 
 
Dec. 2003– 
February 2005 
 
 
 
 

 
Asthmatic children  
(n=20) 
6–12 years of age 

 
Personal exposure: 
17.8 ±19.6  
 
Ambient level:  
17.0 ± 10.6  

 
Personal exposure: 
80.2 
 
Ambient level:  
195.7 
 
 

 
S 

 
Linear mixed-
effects  
regression 
models 

 
Lung function: PEF 
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Reference 

 
Location  
and study 
period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean ± SD 
(µg/m3) if not specified 
otherwise  

 
Upper percentile 
concentration (µg/m3) 
 

 
Single/multi- 
pollutant 
models 
 

 
Study design  
 

 
Health  
outcomes 

 
Yoo  
et al., 2008 

 
Seoul, South 
Korea 
 
Spring 2004  
(5 ADS 
events) 
 

 
Asthmatic children  
(n=52) 
mean age of 10.5 ± 
3.2 years 

 
NR 

 
NR 

 
S 

 
Prevalence of 
symptoms and 
pulmonary 
function 
parameters on 
ADS events 
were compared 
with those on 
control days with 
Kruskall-Wallis 
non-parametric 
test 
 

 
PEF, bronchodilator 
use  
and respiratory 
symptoms 

ADS = Asian dust storm; BP = blood pressure; CAD = coronary artery disease; CHD = coronary heart diseases; COPD = chronic obstructive pulmonary disease; eNO = exhaled nitric 
oxide; FEV0.5 = forced expiratory volume in 0.5 seconds;  FEV1 =  forced expiratory volume in 1 second; FVC = forced vital capacity; HRV = heart rate variability; M = multi-pollutant 
model; MEF50%, MEF25%, MEF75%); MMEF: maximum mid-expiratory flow = mid expiratory flow at 25, 50 or 75%; PE =: peak expiratory flow; QTc = Bazett-corrected QT interval; S = 
single-pollutant models; SVE = supraventricular ectopy; Tamp = T-wave amplitude.  
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4.3.1.1 Changes in Heart Rate Variability  
HRV is a measure of the difference in the beat-to-beat intervals of successive heart beats and 
is regulated by the autonomic nervous system; HRV is an indicator of cardiac autonomic 
modulation. Reduced HRV is a predictor of sudden arrhythmic death and an indicator of non-
arrhythmic cardiac events (e.g. MI, coronary atherosclerosis). Measures of HRV include time 
domain parameters (SDNN, the square root of the mean squared difference of successive 
normal-to-normal intervals (r-MSSD), and the percentage of differences between adjacent 
normal-to-normal intervals that are greater than 50 msec (pNN50)) and frequency domain 
parameters (e.g. low frequency power (LF), high frequency power (HF), and the ratio of LF to 
HF (LF/HF)). HRV indices are usually measured with a continuous ambulatory 
electrocardiographic (ECG) monitoring device; variables may be derived from analysis of the 
total ECG recording or using smaller recording segments.  
 
Seven new studies (Ebelt et al., 2005; Chuang et al., 2005; Chang et al., 2007; Lipsett et al., 
2006; Timonen et al., 2006; Adar et al., 2007a; Yeatts et al., 2007) have investigated the 
relationship between coarse particles and HRV parameters. Characteristics and results of 
these studies are presented in Table 4.6 and summarized below.  
 
A Canadian study (Ebelt et al., 2005) investigated the impacts of exposure to particles of 
ambient versus non-ambient (indoor) sources on various cardiopulmonary endpoints. The 
study was conducted in Vancouver in the summer of 1998 and included 16 COPD sufferers 
54–86 years of age (mean age 74). The health endpoints measured included HRV, heart rate, 
systolic blood pressure, supraventricular ectopy (SVE) (a type of arrhythmia) and lung 
function. Results on respiratory endpoints are discussed in the next section. Daily ambient 
monitoring of PM10 and PM2.5 was performed at five sites within the study area. Ambient levels 
of PM10–2.5 were calculated as the difference between PM2.5 and PM10. The 24-h average 
ambient level of PM10–2.5 was 5.6 ± 3.0 µg/m3, with a range of 1.2–11.9 µg/m3. Total PM2.5 and 
sulphate, used as a tracer for indoor infiltration of particles, were directly measured using 
personal monitors. Subjects underwent five to seven repeated 24-h monitoring periods. The 
mean (24-h average) exposure to ambient PM10–2.5 estimated with sulphate tracer and time-
activity data for each subject was 2.4 ± 1.7 µg/m3, with a range of -0.4 µg/m3 to 7.2 µg/m3. 
Mixed-effect regression models were used to evaluate associations between the health 
outcomes and the various PM exposures. Only single-pollutant models were used in this 
study. 
 
Personal PM2.5 exposures were largely composed of non-ambient particles. Ambient 
exposures and ambient concentrations of PM2.5 and sulphate were not highly correlated with 
the corresponding quantities for PM10–2.5. For coarse PM, non-significant associations were 
observed only between HRV and SVE with both ambient levels and ambient personal 
exposures of PM10–2.5. For HRV (as SDNN), the relationship was small or nonexistent, and 
opposite to the expected direction. Coarse total personal and non-ambient PM2.5 exposures 
were not associated with any cardiopulmonary health endpoints. Ambient personal exposures 
and (to a lesser extent) ambient concentrations for PM2.5 were, however, associated with 
decreased lung function, systolic blood pressure, and HRV, and also with increased heart rate 
and SVE. In general, ambient exposures provided larger effect estimates (and smaller 
confidence intervals) than ambient concentrations for several health endpoints.
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Table 4.6 Summary results of coarse particles on heart rate variability parameters in panel studies  

 
 
Reference 

 
Study location  
and period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean  
± SD (µg/m3)  if not 
specified otherwise  
 

 
Recording 
length of  
HRV indices  

 
SDNN 

 
r-MSSD 

 
PNN50 

 
HF 

 
LF 

 
LF/HF 

 
Ebelt  
et al., 2005 

 
Vancouver, BC 
 
Summer 1998 

 
Non-smoking older 
adults with COPD  
(n = 16)  
aged 54–86  
 

 
Ambient: 5.6 ± 3.0 
 
Estimated from sulphate 
(exposure): 2.4 ± 1.7 
 
 

 
24 h 

      

 
Lipsett  
et al., 2006 

 
Coachella 
Valley, CA 
 
Spring 2000 
 

 
Non-smoking elderly 
subjects with CHD  
(n = 16)  
aged 71.3 ± 6.0 years  
 

 
Indio: 22.9   
Palm Springs: 17.0  

 
5 min for  
frequency 
domain, 2 h 
and 24 h for  
time domain  
 

      

 
Timonen  
et al., 2006 

 
Amsterdam, the 
Netherlands; 
Erfurt, Germany 
and Helsinki, 
Finland 
 
October 1998– 
June 1999 

 
Amsterdam:  
(n = 37)  
Elderly subjects with 
stable CHD aged 71.5 
± 8.3 years;   
 
Erfurt and Helsinki:  
(n = 47)  
aged 64.4 ± 8.0 years 
and 68.3 ± 6.4 years 
respectively  
 
 

 
Amsterdam: 15.3 
Erfurt: 3.7 
Helsinki: 6.7 

 
5 min 

      

 
Adar  
et al., 2007a 
 

 
St. Louis, MO 
 
March– 
June 2002 
 

 
Non-smoking elderly  
(≥60 years) living in 
independent senior 
residences; diesel bus 
riders  
 

 
Coarse particle  
counts (pt/cm3) 
 
Facility : 0.01 ± 0.04 
Bus: 0.16 ± 0.13 
Activity: 0.29 ± 0.26 
Lunch: 0.16 ± 0.36 
All: 0.02 ± 0.11 
 
 

 
5 min 

      



 

Human Health Risk Assessment for Coarse Particulate Matter     132 
 

 
Reference 

 
Study location  
and period 

 
Subjects’ 
characteristics  
 

 
Daily ambient mean  
± SD (µg/m3)  if not 
specified otherwise  
 

 
Recording 
length of  
HRV indices  

 
SDNN 

 
r-MSSD 

 
PNN50 

 
HF 

 
LF 

 
LF/HF 

 
Chang  
et al., 2007 
 

 
Taipei County, 
Taiwan 
 
2003–2005 

 
Non-smoking elderly 
subjects with CHD or 
pre-hypertension or 
hypertension  
(n = 15)  
aged 53–75  
 

 
Personal exposure:  
9.5 ± 9.9  

 
5 min 

      

 
Chuang 
et al., 2005 
 

 
Taipei, Taiwan 
 
Nov 2002–
March 2003 

 
Non-smoking patients 
with CHD  
(n = 10)  
aged 61–72  
 
Non-smoking patients 
with pre-hypertension 
or hypertension  
(n = 16)  
aged 52–76  

 
Personal exposure:  
 
Cardiac patients 
1-h mean: 16.4 ± 10.7 
 
Hypertension patients 
1-h mean: 14.0 ± 11.1 
 
 
 

 
5 min 

      

 
Yeatts  
et al., 2007 
 

 
Chapel Hill,  
NC  
 
Sept 2003– 
July 2004 
 

 
Adult asthmatics  
(n = 12) 
aged 21–50  

 
5.3 ± 2.8 
 

 
5 min 

      

CHD = coronary heart diseases; COPD = chronic obstructive pulmonary disease; HF = high frequency power; LF = low frequency power; LF/HF = ratio of LF to HF; HRV = heart rate 
variability; PNN50 = percentage of differences between adjacent normal-to-normal intervals that are greater than 50 msec; r-MSDD = square root of the mean squared difference of 
successive normal-to-normal intervals; SDNN = standard deviation of the normal-to-normal interval 
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Some of these cardiovascular panel studies have been conducted in the US; in the Coachella 
Valley, CA (Lipsett et al., 2006), in St-Louis, MO (Adar et al., 2007a) and in Chapel Hill, NC 
(Yeatts et al., 2007).  
 
Lipsett et al. (2006) conducted a panel study in the Coachella Valley in the spring of 2000 to 
evaluate the association between coarse particles and HRV among older adults with coronary 
artery disease. Non-smoking elderly subjects (n = 16) aged 71.3 ± 6.0 years with documented 
coronary artery disease were studied. Subjects’ residence had to be within 5 miles of either of 
the two fixed-site air quality monitoring stations in the Coachella Valley. Mean (range) 24-h 
average levels for PM10 and PM2.5 were, respectively, 46.1 µg/m3 (11.8–289.2 µg/m3) and 23.2 
µg/m3 (6.3–90.4 µg/m3) in Indio and 31.0 µg/m3 (9.0–140.3 µg/m3) and 14 µg/m3 (4.7–52 µg/m3) 
in Palm Springs. Mean PM10–2.5 levels in Indio and Palm Springs, respectively, were 22.9 µg/m3 
and 17.0 µg/m3 as calculated by the difference between PM10 and PM2.5 levels. Linear mixed 
regression models controlling for inter-individual variations were used to study the association 
between levels of each particle size-fraction and HRV variables. Barometric pressure was also 
included in the model. Both time-domain (SDNN, SDANN, r-MSSD, triangular index (TRII)) and 
frequency-domain (total power (TP), HF, LF) HRV variables were analyzed. Frequency-domain 
variables were measured during sleep. Holter monitors were worn by each subject for 24 h once 
per week for 12 weeks and various PM moving averages were examined: 2 h (6–8 p.m.), 4 h 
(4–8 p.m.), 6 h (2–8 p.m.), 8 h (noon–8 p.m.) and 24 h prior to the HRV measurement. Only 
single-pollutant models were conducted.  
 
No associations were observed between time-domain HRV variables and PM2.5, whereas 
significant associations were found with both PM10 and PM10–2.5. Coarse PM was associated 
with a decrease of 1–4% in different HRV time-domain measures per 10 µg/m3 increase in 
PM10–2.5. The magnitude of the association between coarse particles and SDNN and SDANN 
increased with averaging time up to 6 h prior to HRV measurement and then decreased. For 
TRII the estimates increased up to the 8-h averaging time, but no significant relationships were 
found thereafter. No associations were observed with any pollutants and r-MSSD. These results 
suggest that there is a relationship between decreased HRV and coarse PM, with effects 
occurring in close temporal proximity to the exposure. For frequency-domain HRV variables, TP 
was associated with all three PM metrics. A statistically significant decrease of 14% was 
observed between TP and the coarse PM moving average measured 4 h prior to the HRV 
measurements. A significant decrease of 11% was also observed with PM2.5 for the 1-h prior 
measurement. The team also identified a stronger and more consistent association between 
HRV variables and coarse particle exposure in the evening. The mean PM10–2.5 level was 
47.1µg/m3 at night and 18.3 µg/m3 in the morning, which suggests a concentration-related effect 
of coarse PM on HRV variables. The composition of coarse particles in this area probably differs 
markedly from other urban coarse particles; the former contain high particulate levels of metals 
such as silicon, aluminum, iron and calcium, which are markers of crustal sources. In addition, 
the estimated coarse particle levels were quite high in this study. These findings suggest that 
elevated coarse PM levels may affect HRV in older subjects with coronary artery disease. In 
fact, the strongest signal observed in this study was with coarse particles, which in this area are 
primarily of geological origin. 
 
Effects of traffic-related air pollution from diesel-dominated environment on HRV parameters 
have been assessed in a panel study  (Adar et al., 2007a) with non-smoking elderly (n=44; ≥60 
years; 82% were hypertensive, 18% were diabetics and 11% had a history of MI) living in one of 
the four independent seniors’ residences located in suburban St. Louis, MO. The subjects 
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participated in four repeated downtown trips aboard a diesel-powered shuttle bus using primarily 
highways. Each trip included two standardized 1-h periods aboard the diesel bus and one 
activity after the first bus trip (bus time; i.e. additional time on the bus while waiting, theater 
performance, Omni movie, outdoor band concert, or a boat cruise on the Mississippi River) 
followed by lunch time and a 1-h trip on the bus back to their residence. Associations between 
various HRV parameters and the various air pollutants (PM2.5, black carbon (BC), fine and 
coarse particle counts) were analyzed with GAMs while controlling for a number of confounding 
factors (subject, hour of the day, day of the week, trip type as proxy for activity type and season, 
current location (bus, activity, lunch or facility) and temperature. Both single- and two-pollutant 
models (PM2.5 and coarse particle counts) were run. Participants were outfitted with Holter ECG 
monitors before each trip; continuous traffic-related particles were collected for a 48-h period 
surrounding each trip. PM2.5, BC and fine particle counts were generally higher during the bus 
ride, while coarse particles were elevated throughout the entire trip period. The median (IQR) 
coarse particle counts were 0.16 pt/cm3 (0.13) and 0.29 pt/cm3 (0.26), respectively, during the 
bus ride and the activity, while the median (IQR) ambient coarse particle count was 0.02 pt/cm3 
(0.11).  
 
The team found negative associations for PM2.5, BC and fine particle counts with SDNN, pNN50 
(percentage of adjacent normal-to-normal intervals that differed by more than 50 msec), r-
MSSD, LF and HF and positive associations with LF/HF and heart rate, while positive 
relationships were observed with coarse particle counts. The relationships with coarse particle 
counts became weaker, however, in two-pollutant models with PM2.5 or resulted in a change in 
the direction in the relationships, while the associations for the fine PM fraction remained 
unchanged and significant. The strongest associations were found for the 24-h moving average 
of pollutant concentrations. The authors concluded that fine PM and traffic-related air pollutions, 
as demonstrated with BC and fine particle counts, were linked to decreased HRV in elderly 
subjects. 
 
The impact of coarse particles from Chapel Hill, NC, on HRV parameters in adult asthmatics 
(n=12; aged 21–50) was also assessed by Yeatts and collaborators (Yeatts et al., 2007). The 
subjects, who lived within a 30-mile radius of the monitoring site, were followed for a 12-week 
period. This team also analyzed the associations of coarse PM with airway inflammation 
biomarkers as well as with circulating immune cells and prothrombotic factors; specific results of 
these biological markers are presented in Section 4.3.3. Fine and coarse particle concentrations 
were measured separately for each 24-h period using a dichotomous air sampler located on the 
roof of the US EPA Human Studies Facility of the University of North Carolina campus. Several 
HRV parameters were assessed in this study, including ASDNN5 (the mean of the standard 
deviation in all 5-min segments of a 24-h recording), SDANN5 (the standard deviation of the 
average of normal-to-normal intervals in all 5-min segments of a 24-h recording), SDNN24h, 
SDNN7min, r-MSSD, pNN50_24 and pNN50_7 (the percentage of difference between adjacent 
normal-to-normal intervals that are >50 msec for both a 24-h and a 7-min period and MCL 
(mean cycle length of normal R-R intervals). HRV parameters were measured with an 
ambulatory ECG, which was worn for four 24-h periods, and data were analyzed by a cardiac 
electrophysiology nurse specialist and reviewed by a cardiologist. Relationships between air 
pollution (1-d lagged) and HRV parameters were analyzed using linear mixed-effect models with 
restricted maximum-likelihood estimation. Results were calculated for a 1 µg/m3increase. 
Coarse particles were directly measured with a dichotomous air sampler. The mean coarse PM 
concentration for the study period was 5.3 ± 2.8 µg/m3 with a range of 0–14.6 µg/m3. A 
moderate correlation was observed between PM10–2.5 and PM2.5 (r= 0.46), while a strong 
correlation was observed between PM2.5 and PM10 (r= 0.90) as well as between PM10–2.5 and 
PM10 (r= 0.73).  
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Statistically significant associations were observed between coarse particles and several HRV 
indices; significant decreases were found with ASDNN5 (-0.77%; 95% CI -1.50% to -0.04%), 
SDANN5 (-3.76%; 95% CI -6.76% to -0.76%), SDNN24h (-3.36%; 95% CI -6.06% to                      
-0.65%), HF (-0.46%; 95% CI -0.79% to -0.14%) and percentage of HF power (-2.14%; 95% CI -
3.98% to -0.305%). A significant association was also observed with maximum heart rate                  
(-1.95%; 95% CI -3.67% to -0.23%), while a borderline association was found with PNN50_7min 
(p=0.07). HF power is a measure of parasympathetic modulation; this result is indicative of a 
decrease in the vagal autonomic input to the heart. The only significant associations found with 
fine particles were an increase in SDANN5 and r-MSSD. The authors concluded that this study 
demonstrated that relatively low coarse PM levels are associated with decreases in HRV in 
adult asthmatics and that the effect of these particles appears to be stronger and more 
consistent than with fine particles.  
 
Only one study, Timonen et al. (2006), was performed in Europe. This team investigated the 
effects of ultrafine, fine and coarse PM as well as gaseous air pollutants (CO and NO2) on 
cardiac autonomic control in subjects with coronary artery disease. The study was performed in 
Europe from October 1998 to June 1999 in three locations—Amsterdam, the Netherlands; 
Erfurt, Germany; and Helsinki, Finland— and is part of the Exposure and Risk Assessment for 
Fine and Ultrafine Particles in Ambient Air (ULTRA) study. Elderly subjects with stable coronary 
artery disease (n= 37) in Amsterdam, aged 71.5 ± 8.3 years; (n= 47) in both Erfurt and Helsinki, 
aged 64.4 ± 8.0 years and 68.3 ± 6.4 years, respectively) were studied. Subjects were followed 
for 6 months with biweekly clinical visits. PM10–2.5 was a calculated fraction ofPM10 and PM2.5. 
The mean 24-h level of PM10–2.5 in Amsterdam was 15.3, with a range of 0–45.3 µg/m3; it was 
3.7 with a range of 0–51.3 µg/m3 in Erfurt, and 6.7 with a range of 0–37.0 µg/m3 in Helsinki. 
Mixed models were used in SAS (PROC MIXED) to estimate the relationship between 
particulate air pollutants and HRV. Basic models were developed for each panel. In Amsterdam, 
linear terms for time trend were included, and temperature, relative humidity, barometric 
pressure and weekday were controlled for with categorical variables. In Erfurt the basic model 
included linear terms for time trends, while relative humidity, temperature and barometric 
pressure were modelled with linear, squared, and cubic terms and with weekday as a 
categorical variable. Finally, the basic model for Helsinki included linear terms for time trend, 
relative humidity and barometric pressure; temperature was modelled with linear and squared 
terms and with weekday as a categorical variable. Pooled-effect estimates were also calculated 
based on a weighted average of the centre-specific estimates, using inverse of centre-specific 
variances as weights. The estimates were calculated with a random-effect model if significant 
heterogeneity (p <0.1) existed. Both time-domain (SDNN and r-MSSD) and frequency-domain 
(HF and LF) were analyzed as HRV variables, and various lag structures were tested, including 
lag 0, 1, 2, 3, 4, and 5 d moving averages. Ambulatory electrocardiograms were performed 
according to a standardized protocol (5-min periods of rest in supine position, 6-min periods of 
light exercise at a heart rate of 90–100/min with and a 10-min recovery period in a supine 
position). Only single-pollutant models were developed for coarse PM. Two-pollutant models 
were performed for sensitivity analyses, but only for fine and ultrafine particles and/or gaseous 
pollutants. 
 
No significant associations were observed between any of the HRV variables measured (either 
time- or frequency-domain) and PM10–2.5 in any of the three locations or in the pooled analysis. 
In Helsinki, PM2.5 was associated with reduced HF as well as an increased LF/HF ratio, whereas 
in Amsterdam and Erfurt no clear association was found between PM2.5 and HRV variables. In 
Erfurt, CO was significantly associated with a decreased LF/HF ratio. In the pooled analysis, 
number concentrations of UFPs were significantly associated with decreases in LF/HF ratio, 
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although no association was found with SDNN or HF. Statistically significant associations were 
also observed between some HRV variables and PM2.5, NO2 and CO. In bivariate models only, 
inclusion of both UFPs and NO2 resulted in an unstable model.  
 
The team concluded that cardiovascular effects of both PM2.5 and UFPs can differ from each 
other and that their effect may be modified by the characteristics of exposed subjects and 
sources of particles. However, there was little or no consistency in the findings among the three 
locations, and no association of HRV variables with any particle size fraction in Amsterdam, 
where mean coarse PM levels were higher than for the other two cities. There is also no 
evidence of an effect of coarse PM in this, a moderate-sized panel study in which ambient 
coarse PM exposures were low to moderate.  
 
Two other studies (Chuang et al., 2005; Chang et al., 2007) performed in Taiwan also 
investigated the impact of coarse particles on several HRV parameters. Chuang et al. (2005) 
studied the association between various particle size fractions (PM0.3–1.0, PM1.0–2.5 and PM10–2.5) 
and HRV in patients with CHD (n = 10; aged 61–72) and patients with pre-hypertension or 
hypertension (n = 16; aged 52–76) in Taipei for a 6-month period (November 2002–March 
2003). Chang et al. (2007) also followed a similar cohort of patients with either CHD or 
hypertension (n = 15; aged 53–75) during the years 2003–2005. 
 
Personal exposures to different size fractions of PM were assessed using personal dust 
monitors. A technician carrying a dust-check monitor accompanied each subject between 7 a.m. 
and 11 p.m. Coarse PM was a calculated fraction obtained by subtracting PM2.5 from PM10. In 
the first cohort (Chuang et al., 2005) the 1-h mean level of PM10–2.5 for cardiac patients was 16.4 
µg/m3 ± 10.7 (IQR: 14.8; range: 0.7–59.6), while the 1-h mean level for hypertensive patients 
was 14.0 ± 11.1 µg/m3 (IQR: 11.9; range: 0.3–66.5). Average personal exposures to PM1, PM1.0–

2.5 and PM10–2.5 have been calculated for the second cohort (Chang et al., 2007); a mean of 9.5 ± 
9.9 µg/m3 (IQR: 6.4; max.: 145.4) was calculated during the study period for coarse particles. 
No correlation coefficients were given for the different PM size fractions measured in these 
studies. Associations between size-fractionated PM and HRV were analyzed with linear mixed-
effects regression models that included time-invariant (gender, age, body mass index (BMI), 
hour of day) and time-varying variables (temperature and humidity). Smoothing splines were 
used to control for temperature and humidity to determine a linear or non-linear relation. Linear 
terms were included in the final model. Both time and frequency time-domain measurements 
were analyzed: SDNN, r-MSSD, LF, HF, and LF/HF ratio. Single- and multi-pollutant models 
including other PM sizes were analyzed in the first cohort (Chuang et al., 2005), while only 
multi-pollutant models including the three PM fractions were presented in the study led by 
Chang et al. (2007). No measurements of gaseous pollutants were made in this study. Various 
lag structures were tested, including 1- to 4-h moving averages for the first cohort and 1- to 8-h 
moving averages for the second cohort. Chuang et al. (2005) presented results as percentage 
changes in HRV parameters by IQR in PM concentrations; Chang et al. (2007) presented all of 
their estimates based on 1 µg/m3 increases.  
 
PM2.5–1.0 and PM10–2.5 exposures were not associated with SDNN, r-MSSD, LF, HF or the LF/HF 
ratio in either cardiac or hypertensive patients followed by Chuang et al. (2005). For coarse PM, 
decreases in HRV were observed with both time and frequency-domain measures and none of 
the associations reached statistical significance. Statistically significant results were only 
observed with PM1.0–0.3 and these remained significant in multi-pollutant models with other PM 
size fractions. Exposure to PM1.0–0.3 was significantly associated with decreases in SDNN and r-
MSSD at 1- to 4-h moving averages in both cardiac and hypertensive patients, as well as with 
decreases in LF and HF for hypertensive patients (1- to 3-h moving averages) and for cardiac 



 

Human Health Risk Assessment for Coarse Particulate Matter     137 
 

patients (2- or 3-h moving averages). The team also combined the data of cardiac and 
hypertensive patients and included them in multi-pollutant models with and without the disease 
status as a variable; they determined that disease status did not significantly modify the 
association with PM1.0–0.3 (data not shown). Overall, these results indicated that PM1.0–0.3 may 
have acute effects on cardiac autonomic function.  
 
The study led by Chang et al. (2007) and performed on a similar cohort, however, found 
significant associations between coarse particles and both the frequency domain parameters 
(especially with the LF/HF ratio) and the time domain parameters (SDNN and r-MSSD). The 
strongest associations for coarse particles with the time domain parameters were observed at 
the 6-h moving average, where an increase of 1 µg/m3was associated with a decrease of 1.43% 
(95% CI -2.03% to -0.82%) in SDNN and a decrease of 4.27% (95% CI -5.39% to -3.15%) in r-
MSSD. Significant increases in the heart rate were also observed with coarse particles for the 
short-term intervals (1–4 h). Similar effects were seen for fine particles but at the medium-term 
intervals (5–8 h). The authors concluded that short-term and medium-term PM exposures were 
associated with reduced HRV in elderly subjects with pre-existing cardiovascular conditions, 
and that stronger effects were observed for the PM coarse fraction. 
 

4.3.1.2 Changes in Other Cardiac Parameters  
A limited number of studies have also investigated the impact of coarse PM air pollution on 
other cardiovascular parameters, including ST segment (Pekkanen et al., 2002; Delfino et al., 
2011), cardiac arrhythmias (Metzger et al., 2007), cardiac repolarization parameters (Hampel et 
al., 2010) and bradycardia (Peel et al., 2011). 

4.3.1.2.1 ST segment  
The ST segment is the part of the ECG between the QRS complex (the three central deflections 
of the ECG) and the T-wave (a later deflection) and represents the period of time during which 
the ventricles of the heart are depolarized. Elevation or depression of the ST segment is the 
hallmark of myocardial ischemia or injury; ST-segment depression during an exercise test will 
indicate with high probability myocardial ischemia. 
 
Pekkanen et al. (2002) studied the association between particulate air pollution and the 
occurrence of ST-segment depression during repeated exercise tests among subjects with 
stable CHD. This study was conducted in Amsterdam, The Netherlands, Erfurt, Germany, and 
Helsinki, Finland; it was also part of the ULTRA study. Non-smoking subjects (n = 45) with 
coronary artery disease and an average age of 68 years were followed up for 6 months during 
the winter of 1998–1999 with biweekly clinical visits. Daily symptom diaries were also 
completed. Several urban aerosol size fractions were measured, including PM1, PM2.5 and PM10–

2.5, number counts of UFPs (NC0.01–0.1) and number counts of accumulation mode particles 
(NC0.1–1.0). In Helsinki, PM1 and PM2.5 were monitored with single-stage HCIs. Some PM2.5 
values (13 missing days) were imputed using data from a dynamic mass monitor. PM10 data 
were obtained from the Helsinki Metropolitan Area Council. PM10–2.5 was calculated as the 
difference between PM10 and PM2.5 data. Number concentrations of particles were measured 
continuously with an electric aerosol spectrometer. Subjects were all living within a 5-km radius 
of the monitoring site. IQRs of 5.5 µg/m3 (max 37 µg/m3) and 7.9 µg/m3 (max 39.8 µg/m3) were 
observed for PM10–2.5 and PM2.5 respectively. A low correlation coefficient of 0.13 was noted 
between PM2.5 and PM10–2.5. 
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During the clinical visits, an ECG was recorded for each subject as part of a standardized 
protocol, which included a 6-min sub-maximal exercise with a bicycle ergometer. During the 
exercise phase a steady-state heart rate of 90 to 100 beats per minute was the target. No 
exercise tests were performed during the clinical visit if the subject had symptoms of angina 
pectoris or moderate to severe respiratory symptoms. Only ST-segment depression was 
considered in this analysis, which was restricted to Helsinki in the end, given the low frequency 
of ST-segment depression observed in Erfurt and Amsterdam. This was mainly due to the lower 
heart rates obtained during the exercise tests. Risk of ST-segment depression was related to 
levels of air pollution using logistic regression and GAM in the statistical software package S-
Plus. Various lag structures were also examined. Shape and lag structure were explored using 
LOESS smoothing functions; basic models were first built including dummy variables for each 
subject and either linear terms or non-parametric functions with spans of 0.5–0.8 of time trend, 
temperature and relative humidity. Only single-pollutant models were performed.  
 
Statistically significant associations were observed between increased risks of exercise-induced 
ST-segment depression >0.1 millivolt (mV) and all measured air pollutants, except with coarse 
particles, where increased but non-significant associations were measured. For a 10 µg/m3 
increase in coarse particles ORs of 1.48 (95% CI 0.70–3.15) and 1.99 (95% CI 0.70–5.67) were 
observed, respectively, on lag 0 d and at lag 2 d. Hence, the results of this study do not suggest 
a role for coarse PM in inducing ST-segment depression, though it should be noted that levels 
of coarse particles, which were mainly soil-derived, were relatively low (median of 4.8 µg/m3). 
 
Non-smoking elderly subjects (n = 38; aged ≥65) with coronary artery disease and living in four 
retirement communities in the Los Angeles Basin, CA, were also followed using 10 d of 
continuous ambulatory ECG monitoring to evaluate the relationship between exposure to air 
pollutants and ST-segment depressions. Two communities were followed in 2005–2006 and the 
other two in 2006–2007. Repeated measures of hourly traffic-related air pollutants were 
collected outdoors at home (particle number, PM2.5, BC, OC, primary OC and secondary OC) as 
well as size-fractionated PM mass (PM0.25, PM0.25–2.5 and PM10–2.5) and gaseous (NO2/NOx, CO 
and O3) during two seasonal periods (July to October and mid-October through February). 
Coarse particles were directly measured with the Sioutas Personal Cascade Impactor Sampler 
and a mean of 9.38 ± 4.98 µg/m3 was observed during the study period. A moderate Spearman 
correlation (r = 0.55) was found between PM10–2.5 and PM2.5 mass. Ambulatory ECG was 
performed during 5 consecutive days (Monday–Friday) for each seasonal period. Electronic 
ECG and actigraph data (physical activity data) as well as personal digital data activities were 
downloaded during daily home visits by the research assistant. To estimate the odds of hourly 
ST-segment depressions, GEE logistic models were used, controlling for temperature, day of 
the week, time of day, and physical activity (for the hourly exposure–response models). Various 
lag structures were tested, including the last 1-h, 8-h, and 24-h (1-d lag) moving averages as 
well as cumulative exposures up to 9 d before the hourly ECG measurements. The RRs for the 
PM size-fractionated mass were, however, computed based on IQR increase for the previous 
24-h (1-d lag) and the lag 0 d and lag 1 d averages (2-d lag). Single- and two-pollutant models 
were run for the traffic-related air pollutants; only single-pollutant models were conducted for 
coarse particles.  
 
Significant associations were observed between ST-segment depression and several traffic-
related air pollutants (BC, primary OC, CO and NO2/NOx) for various lag structures (1-h through 
3–4 d). Significant associations were also found for the 2-d averages of PM0.25,while positive but 
non-significant associations were obtained for respective increases of 10.58 µg/m3 in PM0.25–2.5 
(RR = 1.17; 95% CI 0.70–1.95) and of 5.46 µg/m3 in PM10–2.5 ( RR = 1.25; 95% CI 0.94–1.67). 
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Based on the observed results the team concluded that exposure to quasi-UFPs (PM0.25) and air 
pollutants from fossil fuel combustion can increase the risk of MI.  
 

4.3.1.2.2 Heart rate and cardiac repolarization  
Metzger et al. (2007) and Peel et al. (2011) conducted studies of heart rate and arrhythmias in 
Atlanta, GA, on two different subpopulations. Metzger et al. (2007) investigated the impact of air 
pollution on cardiac arrhythmias in patients with implantable defibrillators; Peel et al. (2011) 
focused their attention on infants prescribed home cardiorespiratory monitors. A superstation 
monitoring the chemical composition of ambient PM by size fraction (as well as other pollutants) 
was in operation in Atlanta from August 1, 1998, to December 31, 2002. Both studies looked at 
various air pollutants, including PM10–2.5, PM2.5, PM10, O3, NO2, SO2 and CO, as well as various 
PM2.5 components, including PM2.5 acidity, PM2.5 sulphates, PM2.5 EC, PM2.5 OC, PM2.5 water-
soluble transition metals, 10–100 nm particle count and oxygenated hydrocarbons. Coarse PM 
mass was measured directly; a mean of 9.6 ± 5.4 µg/m3was observed during this period. A 
moderate correlation was observed between PM10–2.5 and PM2.5 (r = 0.47), while strong 
correlations were observed between PM2.5 and PM10 (r = 0.91) as well as between PM10–2.5 and 
PM10 (r =0.73). Logistic regression utilizing GEEs was used to investigate the relationship 
between cardiac arrhythmias and air pollution while controlling for time trends, seasonality, 
meteorological factors (temperature and dew point), day of the week and federal holidays. Only 
single-pollutant models were conducted while various lag structures were examined. Various 
sensitivity analyses were also carried out to analyze the robustness of the primary model. 
 
Metzger and collaborators (2007) followed 518 patients with implantable defibrillators (aged 15–
88; mean age of 61) for a 10-year period; 78% of the patients were male. The team looked at 
various tachyarrhythmia events: events resulting in defibrillation (n=821 event-days), events 
resulting in cardiac pacing or defibrillation (n = 2,539 event-days) and all events (n=6,287 event-
days). Coarse PM estimates were calculated for a 5 µg/m3 increase. Positive but non-significant 
associations were observed between coarse PM and tachyarrhythmia events (OR= 1.031; 95% 
CI 0.997–1.066), events resulting in cardiac pacing or defibrillation (OR=1.048; 95% CI 0.995–
1.104) and events resulting in defibrillation (OR=1.049; 95% CI 0.943–1.166). Similar 
associations were observed for the other air pollutants. Associations between air pollutants and 
all tachyarrhythmia events analyzed separately for the warm and the cold season were also all 
non-significant ,with the exception of the association with coarse PM during the cold season 
(OR=1.050; 95% CI 1.005–1.097). The team concluded that the present results do not support a 
strong association between air pollution and ventricular tachyarrhythmic events in subjects with 
implantable defibrillators and that future studies on coarse particles, the only pollutant with 
observed positive associations, may provide additional insight into these findings.  
 
The same team (Peel et al., 2011) also examined the association of air pollution in relation to 
bradycardia (low heart rate) and apnea events in children with prescribed home 
cardiorespiratory monitors. Results for apnea will be discussed in Section 4.3.2. From August 
1998 through December 2002 a total of 4,277 infants (mean chronological age at the start of 
follow-up = 46 days) followed by the Apnea Center were included in the study; 3,875 infants had 
at least one recorded bradycardia event. Significant associations with low heart rate were found 
with both 8-h O3 and 1-h NO2, while only a positive but non-significant relationship was 
observed with the PM coarse fraction, with an OR= 1.005 (9% CI 0.987–1.023). The effect of O3 
remained significant in two-pollutant models while the effect with NO2 was no longer significant. 
Sensitivity analyses were also performed and revealed that associations among the full-
term/normal birth weight (NBW) group were generally greater than associations in the 



 

Human Health Risk Assessment for Coarse Particulate Matter     140 
 

premature/low birth weight (LBW) group, but the confidence intervals were wider, given the low 
number of subjects. The team concluded that higher air pollution levels may increase the 
occurrence of low heart rate events in high-risk infants.  
 
The influence of air pollution in Augsburg, Germany, on changes in heart rate and cardiac 
repolarization was studied by Hampel et al. (2010). ECG parameters were collected from a 
group of non-smoking MI survivors (n=67; aged 59.3 ± 8.5 years) followed from May 2003 
through February 2004.Hourly means of air pollution data (CO, NO2, PM10 and PM2.5) were 
measured at fixed monitoring stations. Particle number concentrations (PNCs) were also 
obtained, while coarse particle concentrations were computed by subtracting PM2.5 from PM10 
levels.  
 
Heart rate, Bazett-corrected QT interval (QTc), T-wave amplitude (Tamp) and PQ interval were 
available from the ECG parameters collected. In the heart's electrical cycle the QTc is a 
measure of the time between the start of the Q wave and the end of the T wave. This measure 
usually represents the electrical depolarization and repolarization of the left and right ventricles, 
and a prolonged QTc can put a patient at risk for sudden death. The T-wave is the ventricular 
repolarization. Additive mixed models with a random patient effect were used to analyze the 
relationships between air pollution and cardiac repolarization while controlling for several 
confounders (long-term time trend, day of the week, temperature, relative humidity and 
barometric pressure). The relationships were investigated for several lag structures (0–23 h, 
24–47h, 48–71h, 72–95h, 96–119h and 5-d average) prior to the transmission of the ECG data, 
and only single-pollutant models were conducted. Effect modification was also assessed for 
several variables, including age, BMI, beta-adrenergic receptor blockers, sex, season, smoking 
status (ex-smoker vs. never-smoked) and being in traffic 2 h before the transmission of the ECG 
data. The team also analyzed whether the relationships were different in patients with single 
nucleotide polymorphisms (SNPs) in genes involved in detoxification pathways, including the 
nuclear factor (erythroid-derived 2)-like-2, the cytochrome P450 family I member AI (CYPIAI), 
and the hemochromatosis (HFE) and glutathione S-transferase pi (GSTP1) genes.  
 
Significantly prolonged QTc intervals were observed for all PM fractions (PM10, PM10–2.5 and 
PM2.5), whereas an inverse association was observed with the PNC, a proxy for UFPs. For 
coarse particles an increase of 10.9 µg/m3 in the 24-h average (24–47h) was significantly 
associated with a 0.8% change (95% CI 0.3–1.3; p<0.05) in QTc prolongation. For all PM 
fractions, QTc prolongation was more pronounced in patients with one or two minor alleles of 
the nuclear factor (erythroid-derived 2)-like-2 (NFE2L2) SNPs rs2364725 gene (only shown in 
figure), which is believed to play a role in the defence against oxidative stress. A significant but 
inverse relationship was also found with PM10–2.5 (96–119 h before transmission) and Tamp (-
3.2%; 95% CI -6.4% to -0.1%) while no associations were observed with heart rate and PQ 
interval. The association between heart rate and exposure to fine particles (0–23h) was, 
however, modified by the BMI; heart rate was increased in individuals with BMIs ≥30 kg/m2 and 
individuals not using beta blocker medication. 
 
Results from this study suggest that air pollution levels, including coarse particles, may lead to 
changes in cardiac repolarization and that these changes may be precursors of cardiovascular 
problems in people who have in the past suffered from a MI.  
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4.3.2  Respiratory Effects 
The 2003 coarse PM assessment discussed a number of studies assessing the impact of 
coarse particles on respiratory health and/or pulmonary functions. The 2003 conclusions were 
that fine PM was much more strongly associated with decrements in lung function than was 
coarse PM, while coarse particles were more strongly associated with upper respiratory 
symptoms (cough, runny nose). This apparent specificity is consistent with the deposition 
pattern of PM in the human respiratory tract. Larger particles are more likely to deposit in the 
upper airways, with resultant localized effects. Smaller particles penetrate deeply into the 
alveolar region of the lungs and apparently are able to affect more basic lung function 
parameters. The effects may be more related to aspects of either the chemistry or the physical 
nature of the particles.  
 
Since 2002, 21 new studies investigating the short-term effects of ambient PM10–2.5 or crustal-
derived particles in areas highly impacted by dust events or by natural/geological sources on 
respiratory health and/or medication use and/or pulmonary functions have been published. Most 
of the studies were performed in the US; four were conducted in various European countries, 
one in Canada, one in Brazil and five in Asia. Daily mean/median levels of coarse PM in these 
studies ranged from 4.7 µg/m3 to 28.8 µg/m3 except in a Chinese study, where very high levels 
of PM7 were measured (ranging from 78.1 µg/m3 to 182.7 µg/m3) and in a Korean study 
influenced by ADS events, where PM10 levels ranged from 60 µg/m3 to 188.5 µg/m3. Some 
studies (Lagorio et al., 2006; Bourotte et al., 2007; Yeatts et al., 2007; Svendsen et al., 2007; 
Ebelt Sarnat et al., 2011) directly measured PM10–2.5 with dichotomous samplers; in all the other 
studies coarse PM levels were obtained by subtracting PM2.5 from PM10 data. Personal coarse 
PM exposure (17.8 ± 19.6 µg/m3) was also measured in a Taiwanese study (Tang et al., 2007). 
 

4.3.2.1 Changes in Pulmonary Function  
Several new studies focused on the relationship between coarse PM exposure and decrements 
in lung function parameters such as forced vital capacity (FVC), FEV1, PEF/PEFR, forced 
expiratory flow at 25% of FVC (FEF75), and maximum expiratory flow rate at 25%, 50% or 75% 
of FVC (MEF25, MEF50, MEF75).  
 
In a small Canadian study, Ebelt et al. (2005) reported slight but significant associations 
between ambient coarse PM and lung function in a panel of 16 elderly subjects with COPD from 
Vancouver, BC. Levels of PM air pollution were relatively low (mean ambient PM10–2.5, estimated 
by difference, was 5.6 ± 3.0 µg/m3). This study, summarized in Section 2.3.1.2, focused on the 
health effects of exposure to ambient versus non-ambient PM, using sulphate as a tracer for 
indoor infiltration of ambient particles. Estimated exposure to ambient PM10–2.5, calculated using 
ambient concentrations of PM10 and PM2.5, sulphate tracer results and time-activity data, was 
associated with significant reductions in ΔFEV1 (post-sample FEV1 minus pre-sample FEV1) (-
38.20 ml, 95% CI -57.32 ml to -19.07 ml for a 2.4 µg/m3 increase in ambient coarse PM). 
Ambient concentrations of PM10–2.5 alone were associated with non-significant decrements in 
ΔFEV1. Coarse PM-related reductions in post-sample FEV1 were also observed, but these were 
very small and not statistically significant. For PM10 and PM2.5, whether as ambient 
concentrations or estimated exposure to particles of ambient origin, the reductions in both 
measures of lung function were generally more pronounced or similar to those associated with 
coarse PM. Measured total personal exposure to PM2.5 (most of which was estimated to 
originate from non-ambient sources), and estimated exposure to non-ambient PM2.5 were not 
associated with any of the respiratory or cardiovascular endpoints.  
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In four other new studies (Trenga et al., 2006; Lagorio et al., 2006, Moshammer et al., 2006; 
Schinasi et al., 2011) there was no significant association between ambient coarse PM 
concentrations similar to or somewhat higher than those in the Ebelt et al. (2005) study and lung 
function, but there was an association with levels of fine particles. 

Trenga et al. (2006) studied the effect of personal, indoor and outdoor (outside subjects’ 
residences) particulate air pollution on lung function in older adults and children in a Seattle 
panel study. Various lung function outcomes, including FEV1, PEF and MMEF, were measured 
in elderly subjects with COPD (n = 24) and without COPD (n = 33) as well as in children with 
asthma (n = 17, aged 6–13). Gravimetric 24-h measurements of PM2.5 and PM10 were obtained 
inside and outside the subjects’ homes with HCIs. Subjects also carried personal samplers to 
record their exposure levels of PM2.5. Integrated fixed-site and personal measurements were 
made over 24-h periods for 5–10 consecutive session days. Outdoor PM10–2.5 was a calculated 
fraction with a median level of 4.7 µg/m3. Mixed-effect random intercept longitudinal regression 
models were used to test decrements in lung function associated with a 10 µg/m3 increase in 
PM exposure. Nested random intercepts were included to accommodate the variation in 
susceptibility among subjects and sessions. The team controlled for climatologic covariates as 
well as for seasonal factors by decomposing daily PM2.5 into three components. Additional 
controls for age, gender and BMI were added for the children. Both single- and multi-pollutant 
models with CO and NO2 were examined.  

No significant associations were found in either single- or multi-pollutant models between 
coarse PM and lung function decrements in the elderly or children. Only results from the multi-
pollutant models including both CO and NO2 were presented in the paper. In the all-elderly 
group, as reported by the authors, same-day outdoor PM10–2.5 was associated with a decrement 
in FEV1 of -27.9 ml (95% CI -87.5 ml to 31.8 ml) in overall subjects (n = 617), a decrement of -
49.2 ml (95% CI -22.3 ml to 23.9 ml) in subjects without COPD (n = 369), and an increment of 
7.3 ml (95% CI -84.7 ml to 99.4 ml) in subjects with COPD (n = 248). In the all-children group, 
same-day outdoor PM10–2.5 was associated with a decrement in FEV1 of -7.43 ml (95% CI -69.41 
ml to 54.55 ml), a decrement of -63.87 ml (95% CI -199.58 ml to 74.84 ml) in children without 
anti-inflammatory medication, and an increment of 6.57 ml (95% CI -96.90 ml to 110.04 ml) in 
children using prescribed anti-inflammatory medication. Significant associations were, however, 
found between 1-d lag PM2.5 and FEV1 decrements in elderly subjects with COPD, and also 
between same-day indoor, outdoor and central site exposures to PM2.5 and all lung function 
parameters in children not receiving anti-inflammatory medication. To summarize, this study 
found consistent decrements in lung function related to PM2.5 in both children with asthma and 
elderly adults with COPD. 
 
Lagorio et al. (2006) also studied the effect of air pollution on lung function parameters, but 
among various susceptible adult subjects living in Rome, Italy. Three panels were included in 
this study: COPD subjects (n= 11, mean age of 67); mild asthmatic subjects (n= 11, mean age 
of 41) and subjects with IHD (n= 7, mean age of 64). Daily coarse PM levels were directly 
measured with dichotomous samplers. The levels (24-h average) in the spring and winter 
seasons averaged 18.7 ± 7.4 µg/m3 and 12.3 ± 5.4 µg/m3 respectively, with an overall mean of 
15.6 ± 7.2 µg/m3. Atomic absorption spectrometry was used to determine selected metals in 
PM2.5 only (cadmium, chromium, iron, nickel, lead, platinum, vanadium and zinc). GEEs were 
used to analyze the relationship between air pollutants and lung function parameters. Linear 
terms for daily mean temperature, relative humidity, and day of the week were included in the 
models for the COPD and IHD panels. For the asthmatic panel, linear terms for temperature, 
relative humidity, and β-2 agonist use were included in the model. Various lag structures were 
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analyzed, including 1-, 2- and 3-d lags in single-pollutant models. Variations in respiratory 
function were based on 1 µg/m3 increases in PM air pollutant. 
 
PM10–2.5 was not significantly associated with any lung function parameters in any of the three 
panels, although non-significant decrements were observed with both FVC and FEV1 
parameters in the panel of COPD subjects, as well as in subjects with asthma. In COPD 
subjects, decrements in lung function parameters were associated with PM2.5 and NO2 as well 
as with some metals (especially zinc and iron), while in asthmatic subjects only NO2 was 
associated with a decrease in FEV1. No associations were observed with any air pollutants in 
IHD subjects, although non-statistical increments in both FVC and FEV1 were observed with 
PM10–2.5. The results suggested that the negative impact of short-term exposure to low levels of 
air pollutants on lung function parameters was limited to individuals with already impaired 
respiratory health.  
 
Moshammer et al. (2006) studied the short-term effects of air pollution (PM1, PM2.5, PM10, 
coarse PM and NO2) on lung function outcomes of young schoolchildren of Linz, Austria, in 
2000–2001. Coarse PM, calculated by subtracting PM2.5 from PM10, was found to have a daily 
mean of 9.94 µg/m3 and an 8-h average of 9.15 µg/m3. A group of 163 schoolchildren 7–10 
years of age was included in the study. The team looked at various lung function parameters: 
FVC, forced expiratory volume in 0.5 seconds (FEV0.5), FEV1, hypothetical resistance at 
frequency = 0 (R (0, c)), MEF75%, MEF50%, MEF25% and PEF. GEE models were used to analyze 
the relationship between lung function measures and air pollutants. Gender, age, height and 
weight were included in the model. The impact of the 8-h average concentration of the various 
pollutants was analyzed using both single- and multi-pollutant models. Results for coarse 
particles were not shown in the paper because coarse particles were only weakly associated 
with all lung function measures in single-pollutant models; the statistical significance of these 
relationships was not reported. In the multi-pollutant model with both PM2.5 and NO2, coarse 
particles did not exhibit any significant effect. The authors did not specify the direction of the 
effect observed for coarse particles. Both PM2.5 and NO2 were strongly associated with 
decrements in lung function parameters in children, but NO2 showed stronger associations in 
multi-pollutant models including PM2.5. Reductions in most lung function variables were 
approximately 1% for a 10 µg/m3 increase of both PM2.5 and NO2. The authors concluded that in 
the basic model, the reduction of lung function parameters was highest for NO2, followed by 
PM1, PM2.5 and PM10, while exposure to coarse PM dust did not change end-expiratory flow 
significantly.  
 
Coarse particles were also not associated with decreased lung function, as measured by PEF 
and FEV1, in another study (Schinasi et al., 2011) performed in rural communities of North 
Carolina, although fine particles were able to induce significant decrements in FEV1. Twelve-
hour average concentrations of coarse particles measured by dichotomous samplers were 
modelled as predictors of lung function and physical symptoms (results on reported symptoms 
are discussed in Section 4.3.2.2) in a subset group (n=70) of non-smoking residents (mostly 
free of chronic respiratory diseases) living within 1.5 miles of hog operations. Several other 
pollutants were also modelled as predictors, including PM2.5, PM10, hydrogen sulphide (H2S) and 
endotoxin levels from PM10–2.5 filters. Participants were trained to measure their own pulmonary 
functions. The mean (±SD) 12-h PM2.5 and PM10–2.5 measured in 12 North Carolina communities 
were, respectively, 10.87 ± 5.65 µg/m3 and 6.47 ± 6.74µg/m3. A between-community variation of 
18.2% was observed for coarse particles, along with a maximum community 12-h mean of 
14.49 ± 20.61µg/m3. Associations between air pollutants and lung function were analyzed using 
conditional fixed-effects linear models controlling for the time of day. The log odds (± SE) for 
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PEF and FEV1 increased respectively by 1.96 (± 2.08) and 0.01 (± 0.02) per 10 µg/m3 in 12-h 
PM10–2.5; the t-ratios were respectively 0.94 and 0.52.  
 
No consistent associations between any particle sizes (PM10, PM2.5, PM10–2.5, PNC and 
absorbance (ABS)) were found in several cohorts of people living in various European cities (de 
Hartog et al., 2010) and suffering from asthma or COPD. The main objective of this study was to 
compare the impact on lung function of different measurements of PM (PM10, PM2.5, PM10–2.5, 
PNC and ABS) at a central monitoring site as well as inside (indoor) and directly outside 
(outdoor) of the participants` homes. Four European panels of patients (Helsinki, Finland; 
Athens, Greece; Amsterdam, the Netherlands; Birmingham, UK) were followed for 1 week; data 
from a total of 135 subjects were used for the analysis. Coarse particle concentrations were 
calculated by subtracting PM2.5 from PM10 concentrations obtained from HCIs. Daily median 24-
h average (range) for coarse particles measured at a central site varied by location: 4.3 µg/m3        
(-1.7 µg/m3 to 152.6 µg/m3) in Helsinki, 7.0 µg/m3 (-3.7 µg/m3 to 118.9 µg/m3) in Birmingham, 
9.2 µg/m3 (-6.4 µg/m3 to 24.2 µg/m3) in Amsterdam, and 28.8 µg/m3 (0.7–126.4 µg/m3) in 
Athens. The median 24-h average for outdoor levels ranged from 3.5 µg/m3 to 21.3 µg/m3 while 
indoor levels varied from 4.2 µg/m3 to 11.8 µg/m3; the lowest indoor levels were observed in 
Helsinki and the highest in Athens. Lung function (FVC, PEF and FEV1) was measured three 
times a day (morning, at lunch, evening) with a portable data-recording spirometer; participants 
were instructed on the first home visit on how to perform the spirometry tests. Baseline 
characteristics, symptoms and medication use were obtained with a questionnaire. Linear 
regression models, controlling for between-subject differences in lung function, were used at 
first to estimate the centre-specific effect estimates. Additional confounders were also 
considered: season, time of day, temperature, humidity and supervision of the test. Single-
pollutant models were carried on for several lag structures (0 d and lag 1–3 d). Combined 
estimates, based on a 20 µg/m3increase in coarse particles, were also calculated with the 
inverse of the variances of the city-specific estimates. All results were only presented in figures. 
As mentioned previously, there was no consistent association with any air pollutants; lung 
function was not more strongly associated with air pollutant concentrations whether they were 
measured outside or inside the home. The lack of association found in this study was robust to 
several modifications in the models and might be due to a high percentage of subjects using 
medication; 77% of the panel subjects used reliever medication while 83% of the participants 
used inhaled glucocortico-steroids.  
 
Similarly, no associations between both fine and coarse particles and lung function were 
observed in adult asthmatics living in Chapel Hill, NC (Yeatts et al., 2007). Details of this study 
have been described in Section 4.3.1.1. The estimated regression coefficients (ß) for FEV1 and 
FVC with increase of 1 µg/m3 in coarse particles were, respectively, 0.00 (p-value= 0.49) and 
0.00 (p-value= 0.82); similar results were also obtained for fine particles. The authors were 
surprised by these results, given that exposures to both fine and coarse PM were associated 
with decreases in HRV in the susceptible adult cohort suffering from asthma. Most of the people 
they followed were, however, treated with anti-inflammatory medication during the study period 
and 9 out of 12 had only mild asthma. The authors suggested that the medication treatment 
may have mitigated the effect of particles on the respiratory system or that adults suffering from 
asthma may be less sensitive than asthmatic children.  
 
Another study performed in Chapel Hill by the same team (Svendsen et al., 2007) also analyzed 
the effects of both fine and coarse particles on pulmonary function, but in non-smoking children 
suffering from persistent asthma (n=16; 8–18 years of age). One objective of this particular 
study was to identify whether some blood cell surface markers could be used to identify 
susceptible asthmatic subpopulations at higher risk from adverse effects of PM air pollution. The 
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baseline clinical evaluation (medical histories, vital signs, collection of urine sample and exhaled 
breath condensate, allergy skin testing, nasal lavage and spirometry) was performed at the start 
of the 6-week panel study. Blood samples were also collected to conduct measurements of 
blood cell and differential cell counts as well as analyses of selected cell surface markers. Fine 
and coarse particle concentrations were obtained with a dichotomous sampler operated on the 
roof of the Human Studies Facility building during the study period. Each participant measured 
their pulmonary function each morning (after awakening) and evening (near bedtime) with a 
trained electronic peak flow meter. Data were electronically transmitted each night and were 
monitored remotely. Linear mixed-effect models adjusting for several factors (gender, age, race, 
BMI, standing height, season, day of the week, time of the maneuver (morning/evening), 
temperature, barometric pressure, relative humidity, anti-inflammatory use and environmental 
tobacco smoke(ETS)) were used to estimate the effects of particles on PEF and FEV1. The 
authors specified that gaseous pollutants were controlled for with the study design, since low 
Pearson correlation coefficients were observed between PM air pollutants and gaseous 
pollutants. Single-pollutant models were performed for lag 0 and 1 d; associations with 
pulmonary functions were based on an IQR increase of 4.1 µg/m3 for coarse particles.  
 
Daily means of 12.3 µg/m3 (0.6–37.1 µg/m3) and 5.3 µg/m3 (0.3–14.6 µg/m3) were measured for 
PM2.5 and PM10–2.5respectively. Coarse particles were associated with non-statistically significant 
decrements in both PEF (-1.5%; 95% CI -5.9% to 2.9%) and FEV1 (-1.5%; 95% CI -5.6% to 
2.7%) at lag 0 d. The relationship of coarse particles to lung function decrements was stronger 
for coarse particles than for fine particles. CD14 is the endotoxin receptor and acts as a co-
receptor for the detection of bacterial lipopolysaccharide. The effect of coarse particles was 
more pronounced and borderline statistically significant in children without measureable CD14 
expression on circulating neutrophils for both PEF (-4.8%; 95% CI -9.5% to 0.00%) and FEV1   
(-4.5%; 95% CI -8.9% to -0.1%). More pronounced decrements in lung function of children 
without measureable CD14 expression were also observed with fine particles. Given the fact 
that similar endotoxin levels were measured in both fine and coarse particles in a sub-study, the 
authors concluded that the observed effect is plausible and might suggest that asthmatic 
children with muted expression of CD14 on their neutrophils may have reduced capacity to 
respond to endotoxin exposure. The team concluded, however, that further investigation is 
needed to identify which PM components could be associated with the observed differential 
effect in lung function decrements.  
 
A number of recent studies have also been performed in areas where climates, meteorological 
conditions and pollution levels are likely to differ from Canada; two studies were performed in 
Asia (Kasamatsu et al., 2006; Tang et al., 2007) and one in South America (Bourotte et al., 
2007). Major findings of these studies are briefly described in the next paragraphs.  
 
Kasamatsu et al. (2006) studied the effects of high levels of winter airborne PM (TSP, PM7 and 
PM2.1) on pulmonary function and respiratory symptoms of children in three target schools 
located in different locations of Shenyang, China, where higher PM levels have been reported in 
the winter due to heating with coal. TSP, PM7 and PM2.1 were measured at all three school 
locations; PM7 levels varied from 86.4 µg/m3to 182.7 µg/m3 at school A, from 90.1 µg/m3to 
161.5 µg/m3 at school B, and from 78.1µg/m3 to 173.6 µg/m3 at school C. The relationship of 
changes in pulmonary function values with airborne PM measured during the same period (no-
delay model) and airborne PM measured in the previous quarter (delayed model) was 
investigated with GEEs, adjusting for height and age at the start of the study. Significant 
relationships were found between PM7 (increment of 63 µg/m3) and decreased FVC values in 
boys (-0.095 L; 95% CI -0.170 L to -0.019 L) and in girls (-0.082 L; 95% CI -0.145 L to -0.019 L) 
as well as decreased FEV1 values (-0.088 L; 95% CI -0.158 L to -0.019 L) and (-0.069 L 95%; 
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CI -0.126 L to -0.006 L), respectively, in boys and girls in the no-delay model. Similar statistical 
associations were found in the delayed model but with more pronounced decreases. Stronger 
associations were also observed between PM2.1 and FVC and FEV1 in both boys and girls, as 
well as with PEF in boys only. TSP increases were not related to any changes in pulmonary 
function values in the no-delay model; conversely, significant results were found with both TSP 
and PM2.1 for FVC and FEV1 in both boys and girls in the delayed model. The authors concluded 
that airborne PM has both sub-acute and prolonged effects on pulmonary function in children in 
Shenyang, where elevated levels of air pollution are observed during the coal heating season. 
While all measures of PM (TSP, PM7, and PM2.1) were associated with some decreases in 
pulmonary function, they were more pronounced and consistent as particle size decreased, with 
PM2.1 having the greatest effect. 

Statistically significant decrements in PEFR were also observed for several PM fractions (PM1, 
PM2.5–1, PM2.5 and PM10–2.5) in a study performed in Taipei County, Taiwan (Tang et al., 2007). 
This team evaluated the effects of personal PM exposure, measured continuously with a 
portable particle monitor, on PEFR of asthmatic children (n=13; 6–12 years of age). PEFR 
testing was performed twice daily; in the morning (after awakening) and in the evening (near 
bedtime) for a 2-week period. Linear mixed-effect models adjusting for personal (gender, age, 
BMI, history of respiratory disease in the family, ETS) and meteorological variables 
(temperature, relative humidity) were used to estimate the effect of PM personal exposure on 
PEFR. Ambient PM10 and PM2.5 were also measured at the central Taiwan monitoring site using 
TEOM monitors. Coarse particle concentrations were obtained by subtracting the PM2.5 fraction 
from the PM10 fraction. During the study period, 1-h personal exposures and ambient coarse PM 
concentrations were, respectively, 17.8 ± 19.6 µg/m3 (max 195.7 µg/m3) and 17.0 ± 10.6 µg/m3 
(max 128.4 µg/m3). Coarse particles had comparatively larger decreasing effects on PEFR than 
smaller PM fractions and the decrements were greater for longer exposure time frames: -20.55 
L/min (95% CI -45.83L/min to 4.73 L/min at lag 0 d) vs. -39.56 L/min (95% CI -79.56 L/min to 
0.44 L/min at lag 2 d) for an increase of 15.9 µg/m3. Larger decrements in PEFR were also 
observed in the morning for all PM size fractions. The authors suggested that not only fine 
particles but also coarse particles could contribute to asthma exacerbation. Morning PEFR, 
which is not influenced by daily activities and medication use, could be a more sensitive 
indicator, given that stronger associations were measured in that period.  
 
A similar conclusion was reached in a recent study (Bourotte et al., 2007) conducted in another 
tropical area: Sao Paulo, Brazil. The objective of this study was to assess the impact of the ionic 
PM composition on the respiratory function of asthmatic subjects (n= 33) aged 39.8 ± 12.3 
years. The team used the same statistical analysis as that followed by Tang et al. (2007) to 
analyze the effect of particles on both morning and evening PEF. Fine and coarse particles 
were measured directly with a dichotomous sampler; daily means observed were 11.9 ± 5.12 
µg/m3 (max 26.6 µg/m3) and 21.7 ± 12.9 µg/m3 (max 62.0 µg/m3), respectively, for PM2.5 and 
PM10–2.5. Mean ionic concentrations of different chemical species (ammonium, calcium, sodium, 
potassium, magnesium, chlorine, sulphate and nitrate) were also obtained for the aqueous 
extracts, and these accounted for 13% of the coarse PM mass and 21% of the fine PM mass. 
SO4 and NO3 were the dominant ionic species in both the coarse (64.4%) and fine (68.0%) 
aqueous extracts. Decrements in both morning and evening PEF were observed with various 
ionic species in both PM fractions. Significant decreases were found for coarse particle mass (3-
d moving average) between morning PEF and chlorine (-2.286 L/min; 95% CI -3.934 L/min to -
0.638L/min) as well as with evening PEF and sodium (-2.336 L/min; 95% CI -3.878 L/min to -
0.794 L/min), magnesium (-3.591 L/min; -7.056 L/min to -0.126 L/min) and chlorine (-1.902 
L/min; 95%       CI -3.589 L/min to -0.216L/min).No associations were observed between SO4 
and NO3, the dominant PM species, and PEF. The results of this study also demonstrated that 
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both fine and coarse particles could have an adverse effect on lung function of asthmatic 
subjects. The observations indicated that some chemical species may exacerbate airway 
inflammation in asthmatics and that coarse particles might accentuate the response more than 
fine particles. Unlike the findings of Tang et al. (2007) the results of this study suggest a 
worsening tendency of the lung function during the night rather than during the day. 
 

4.3.2.2 Respiratory Symptoms and Asthma Medication Use  

4.3.2.2.1 Panel studies with children  
Several studies published since 2002 (Mar et al., 2004; Aekplakorn et al., 2003; Mann et al., 
2010; McCormack et al., 2009, 2011; Ebelt Sarnat et al., 2011; Peel et al., 2011) have 
investigated the relationship between coarse particles and respiratory symptoms in children. All 
of these studies were performed in the US except for one conducted in Thailand (Aekplakorn et 
al., 2003). Results are summarized in Figure 4.8. 
 
Mar et al. (2004) studied the effect of various PM size fractions (PM10, PM10–2.5, PM2.5 and PM1) 
on respiratory symptoms in asthmatic children and adults in Spokane, WA, from March 1997 to 
June 1999. All subjects included in the study were physician-diagnosed with asthma and were 
non-smokers. PM10, PM2.5 and PM1 were measured with TEOMs at one monitoring site located 
in a mixed industrial and residential area. Coarse PM levels were obtained by subtracting PM2.5 
from PM10. Mean coarse PM levels were 13.5 ± 12.6 µg/m3, 10.3 ± 6.9 µg/m3 and 8.7 ± 4.2 
µg/m3, respectively, for 1997, 1998 and 1999. Respiratory symptom data (cough, difficulty 
breathing, wheezing, runny nose, eye irritation and sputum induction) were analyzed with 
logistic regression (Stata 6, a form of GEE). The team controlled for seasonal factors, day-of-
the-week effect, temperature and humidity with smoothing splines. Various lag structures were 
analyzed, including 0-, 1- and 2-d lags, and only single-pollutant models were used.  
 
Estimates were based on a 10 µg/m3 increase in PM. In asthmatic children, strong and 
significant associations were observed between cough and both PM10 and coarse PM, with ORs 
of 1.07 (95% CI 0.96–1.20) at 0-d lag, 1.06 (95% CI 1.02–1.10) at 1-d lag and 1.10 (95% CI 
1.02–1.18) at 2-d lag for coarse particles. Runny nose was also significantly associated with 
both PM10 and coarse particles: ORs of 1.13 (95% CI 1.06–1.20) at 0-d lag, 1.10 (95% CI 1.07–
1.15) at 1-d lag and 1.11 (95% CI 1.06–1.17) at 2-d lag were observed for PM10–2.5. Only 
positive but non-significant associations were found with sputum production: ORs of 1.13 (95% 
CI 1.00–1.28) at 0-d lag, 1.10 (95% CI 0.99–1.22) at 1-d lag and 1.10 (95% CI 0.99–1.23) at 2-d 
lag were noted. When all lower respiratory symptoms were grouped together, PM1 was most 
strongly associated with these symptoms. The authors concluded that the results obtained for 
coarse particles are consistent with PM deposition patterns and that both larger and smaller 
particles can aggravate asthma symptoms. 
 
Wheeze is a continuous whistling sound produced in the respiratory airways during breathing; it 
is a sign that a person is experiencing breathing problems. A cohort of asthmatic children 
(n=280) aged 6–11 from Fresno, CA, was followed by Mann et al. (2010) between November 
2000 and April 2005 to evaluate the impact of air pollution (NO2, PM2.5, PM10–2.5, NO3, EC, O3) 
on wheeze respiratory symptoms. The team also performed analyses to determine if children 
with atopy are more responsive to air pollution. Fresno is situated along a major transportation 
corridor, is surrounded by agricultural land, and also experiences periodic high ambient 
concentrations of coarse PM. Coarse particle levels were obtained by subtracting PM2.5 from 
PM10 levels, with a median of 18.5 µg/m3 for the study period, and were not correlated with fine 
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particles (-0.23) during this period. At the beginning of the study a baseline questionnaire was 
filled out and was followed up every 3 months. The children also had skin-prick testing with 14 
common local antigens and were trained to use a portable spirometer. Participants underwent 
14-d panels where they answered symptom questions twice daily. Associations between single 
air pollutants (lagged 0–14 d or moving average 2–14 d) and wheeze were evaluated with 
logistic regression models. Several confounding factors were considered (seasonal patterns of 
viral infections, outdoor allergens, age, race/ethnicity, SES, asthma severity, eczema, rhinitis, 
medication use, maternal/paternal history of asthma, smoking in the home, presence of 
pets).The final model included temperature, smoking in the home, home ownership, white race, 
sex, and moderate/severe asthma severity at baseline. Two-pollutant models were only carried 
out if statistical associations were observed in single-pollutant models. Effect modification was 
also tested for children with positive skin-tests, with a history of allergic rhinitis or eczema and 
with either mild intermittent or moderate to severe asthma at baseline. Results were calculated 
based on the 90th percentile of absolute differences in concentrations of lag 0 d and lag 1 d in 
the peak season, which for coarse particles corresponded to an increase of 14.7 µg/m3.  
 
Significant associations between coarse particles and wheeze were observed at 3- to 5-d lags. 
The largest association was measured at lag 3 d, with an OR of 1.11 (95% CI 1.01–1.22), 
although no significant associations were calculated based on the moving averages. NO2 was 
the only other pollutant significantly associated with wheeze in single-pollutant models. Effect 
estimates for wheeze were, however, reduced by 39% for NO2 and 10% for coarse particles 
(OR = 1.08; 95% CI 0.98–1.22 at lag 3 d) after the inclusion of both these pollutants in the same 
model. An independent relationship between wheeze and coarse particles (OR = 1.10; 95% CI 
1.00–1.20 at lag 3d) was observed in two-pollutant models including fine particles. Some 
analyses also showed evidence of effect modification; stronger associations were observed with 
coarse particles (3-d lag) in children who were skin-test positive to cat dander (OR= 1.28; 95% 
CI 1.09–1.51) and common fungi (OR= 1.16; 95% CI 1.02–1.33) and in boys with mild asthma 
(OR= 1.65; 95% CI 1.10–1.65). Strong and significant associations were also observed with 
NO2, NO3, PM2.5 and EC in those subgroups. 
 
The authors concluded that NO2, a traffic-pollutant marker, and PM10–2.5, a pollutant with 
bioactive constituents, were associated with increased risk of wheeze in asthmatic children 
living in Fresno, CA, and that some subgroups (including children with atopy to cat or common 
fungi and boys with mild intermittent asthma) might be more susceptible to these pollutants. 
Based on the observations, the authors suggested that more attention should be directed to the 
components of coarse particles that might contribute to asthma morbidity. 
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Figure 4.8  Risk estimates from panel studies for respiratory symptoms per 10 µg/m3 

increase in PM10–2.5 concentration in single-pollutant models 
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In contrast, results from a study in Atlanta, GA (Peel et al., 2011) described fully in Section 
4.3.1observed no associations between coarse particles and apnea in infants (n=4,277 infants; 
mean chronological age at the start of follow-up = 46 d) prescribed home cardiorespiratory 
monitors. Positive but non-significant associations were observed between coarse PM and 
apnea (OR= 1.007; 95% CI 0.977–1.037) for a 5 µg/m3increase. The only statistical association 
reported with apnea was with the OC component of fine particles in the full-term/NBW group. 
Positive associations were reported with all the other pollutants (O3, NO2, SO2, PM10 and PM2.5 
sulphate) but did not reach statistical significance 
 
No associations with any respiratory symptoms (cough, wheeze and difficulty breathing) were 
reported from the first binational panel study of asthmatic children (n=58) 6–12 years old living 
in El Paso, TX, or Ciudad Juarez, Mexico (Ebelt Sarnat et al., 2011). Relatively low levels of 
coarse particles were measured in El Paso during the study period while relatively high levels 
were noted in Ciudad Juarez. This study, however, focused on the impact of air pollution on 
exhaled nitric oxide (eNO), a marker of airway inflammation, and results on eNO are included in 
Section 4.3.3. The children completed daily diaries to provide information on the incidence of 
respiratory symptoms, school absenteeism, and medication use. The associations between the 
various air pollutants and respiratory symptoms were measured using GLMs. Since no 
associations were observed with any respiratory symptoms, no specific results were presented 
in the paper; the authors specified that the null findings may be due to low power and 
measurement and recall error.  
 
Since children spend roughly 80% of their time indoors, two panel studies by Johns Hopkins 
University (McCormack et al., 2009, 2011) investigated the impact of indoor air particles on 
asthma morbidity in preschool asthmatic children  2–6 years old (n=150; 91% African American 
from lower socioeconomic backgrounds) living in Baltimore, MD. The team looked at the impact 
of in-home particles (both fine and coarse) on several respiratory symptoms, including asthma 
symptoms, symptoms causing children to slow down, symptoms with running, nocturnal 
symptoms, wheezing that limited speech, and use of rescue medication. Air pollutants were 
measured by a trained technician for 3 consecutive days in the child’s bedroom at the beginning 
of the study and after 3 and 6 months. PM10–2.5 concentrations were calculated as the difference 
between PM10 and PM2.5 levels. Health questionnaires and daily activity diaries were completed 
by caregivers during each monitoring period. Logistic regression models with GEEs were used 
to assess the relationship between air pollution and asthma morbidity. Several covariates were 
included in the final multivariate models: age, sex, race, parental education level, season and 
PM levels. Estimates were all calculated based on a 10 µg/m3increase in the 3-d average PM. 
The relationships for indoor coarse particles were adjusted for both indoor and outdoor fine 
particles as well as for the ambient coarse PM fraction.  
 
The mean (± SD) indoor PM10–2.5 concentration during the study period was 17.4 ± 21.1 
µg/m3;higher levels were recorded for PM2.5 (40.3 ± 35.4 µg/m3).The in-home PM10–2.5 levels 
were significantly higher than the mean ambient levels measured during the study period (10.3 
± 21.0 µg/m3). The mean indoor PM10–2.5 concentration was significantly lower during the 
summer (12.83 ± 14.90 µg/m3) than in the other seasons.  
 
Several positive and significant associations were found with indoor coarse particles. The team 
found an increase of 6% (95% CI 1–12%) in the number of days of cough, wheeze or chest 
tightness, an increase of 8% in nocturnal symptoms (95% CI 1–14%) as well as in symptoms 
slowing down children’s activity (95% CI 3–13%), an excess risk of 11% (95% CI 3–19%) in 
symptoms limiting speech, and an increase of 6% (95% CI 2–11%) in rescue medication use. 
All these respiratory symptoms were, however, not significantly associated with ambient PM10–2.5 
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levels (data not shown). Similar associations were also found with indoor fine particles. Both 
indoor PM2.5 and PM10–2.5 were not associated with hospitalization, an ERV or an unscheduled 
doctor visit (no data presented). Based on the results of this study the team concluded that 
indoor particles have an impact on asthma health and that indoor coarse particles are harmful 
for asthmatic children. The results also suggested that fine particles were able to increase the 
days of exercise-related symptoms while coarse particles did not, which may be attributable to 
the area where these particles deposit in the respiratory airways.  
 
In a follow-up study using the same cohort the team investigated the effects of in-home particles 
among non-atopic (n = 41) and atopic children (n = 92). Children underwent skin-prick testing at 
baseline for 14 common allergens to determine atopy. The median concentrations (± SD) of 
indoor coarse particles were, respectively, 13.4 ± 13.2 µg/m3and 11.6 ± 13.2 µg/m3 among 
children with non-atopic and atopic asthma. In the non-atopic asthma group nearly all 
associations between respiratory symptoms and coarse particles were statistically significant. A 
10 µg/m3 increase in indoor PM10–2.5 was associated with increases of 8% (95% CI 1–15%) in 
incidence of cough, wheezing and chest tightness, 13% (95% CI 4–22%) in limited speech, 7% 
(95% CI 0–15%) in symptoms slowing children’s activities, 8% (95% CI 0–15%) in nocturnal 
symptoms and 7% (95% CI 2–13%) in incidence of rescue medication use. In the atopic asthma 
group significant increases of 14% (95% CI 1–27%) were reported with both symptoms that 
slowed children’s activities and symptoms with running. 
 
No clear associations have been reported between PM air pollution, including coarse particles, 
and respiratory symptoms in either asthmatic or non-asthmatic children living in Thailand. A 
panel study performed in the district of Mae Mo, Thailand (Aekplakorn et al., 2003) followed a 
panel of school children (n=196; 6–14 years of age) to evaluate the association between short-
term exposure to SO2 and PM air pollution (PM2.5, PM10 and PM10–2.5) and respiratory symptoms 
including cough, upper respiratory symptoms (URS) and lower respiratory symptoms (LRS). 
Half of the children (n=98) were diagnosed as asthmatic by the physician. The area is mostly 
impacted by lignite-coal power plant and residential wood burning emissions; SO2 and PM were 
poorly correlated. Concentrations of air pollutants were measured at the air monitoring network 
located in the area and PM10–2.5 was calculated as the difference between PM10 and PM2.5. 
Relatively low levels of coarse PM were observed in the area during the study period; 24-h 
means concentrations varied between villages, from 7.15 µg/m3 in Sob Pad to 11.18 µg/m3 in 
Hua Fai. Nurses interviewed children to collect data on their respiratory symptoms for 107 d in 
the winter season (October 1, 2007–January 15, 1998). Associations between air pollution and 
respiratory symptoms were analyzed with GEE models while controlling for several factors (time 
trend, weekend, weekday, temperature and relative humidity) and both single- and two-pollutant 
models were performed. Positive but non-significant associations were observed between a 10 
µg/m3increase in coarse particles and URS (OR= 1.04; 95% CI 0.93–1.17), LRS (OR=1.09; 
95% CI 0.95–1.26) and cough (OR=1.08; 95% CI 0.96–1.21) in the asthmatic children cohort. 
Associations remained similar in two-pollutant models including SO2. In the non-asthmatic 
group, coarse particles only increased URS (non-significantly), while fine particles had a non-
significant association with all respiratory symptoms.  
 

4.3.2.2.2 Panel studies with adults 
Only three new studies (von Klot et al., 2002; Mar et al., 2004; Schinasi et al., 2011) have 
investigated the impact of coarse particles on asthma medication and/or respiratory symptoms 
in adults.  
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The association of ambient PM with asthma medication use and respiratory symptoms was 
studied by von Klot et al. (2002) in a panel study of non-smoking asthmatic adults in Erfurt, 
Germany (n = 53; mean age 59) in the winter of 1996–1997. Various air pollutants were 
investigated, including PM10 and PM2.5 (measured by HCIs); PM10–2.5 was calculated as the 
difference between PM10 and PM2.5. Number concentrations of UFPs (NC0.01–0.1) and other 
particle ranges (NC0.1–0.5; NC0.5–2.5) were also measured, and mass concentrations of fine 
particles (MC0.01–2.5) and accumulation mode particles (MC0.1–0.5) were computed based on these 
measured number concentrations. Some gaseous pollutants (NO2, SO2 and CO) were also 
measured. Daily mean PM10 and PM10–2.5 concentrations during the study period were, 
respectively, 45.4 µg/m3 (4.7–172.4 µg/m3) and 10.3 µg/m3 (-8.7 µg/m3 to 64.3 µg/m3), and a 
correlation coefficient of 0.67 was observed between the two PM fractions. This study was 
conducted from September 1996 to March 1997; subjects recorded the severity of their 
respiratory symptoms (wheezing, shortness of breath, attack of shortness of breath with 
wheezing, waking up with breathing problems, phlegm and cough) as well as their medication 
use every evening. Logistic regression models controlling for time-varying confounders were 
used to estimate the relationship of ambient air pollution with asthma medication use and 
asthma symptoms. The selection of the confounders was made in stages. Trend was 
considered as a linear, quadratic or cubic function, and non-linearity of trend was assessed with 
non-parametric methods. Relative humidity and temperature were also taken into account in the 
model, both as linear and as quadratic terms. Very cold days were included with a piece-wise 
linear term, while dummy variables were used to account for the day-of-the-week effect, 
holidays and influenza epidemics. Single-pollutant models were employed for all air pollutants, 
while two-pollutant models were used only for MC0.01–2.5 and NC0.01–0.1. 
 
In single-pollutant models, inhaled corticosteroid use was associated with all air pollutants (5-d 
mean) including PM10–2.5. An OR of 1.12 (95% CI 1.04–1.20) was observed for an increase of 
11.7 µg/m3 in PM10–2.5. Higher effect estimates were observed with the 14-d mean, except for 
NO2 and CO. In two-pollutant models, MC0.01–2.5 had stronger and significant effects than the 
UFP number concentrations. Statistically significant associations were also observed between 
the use of inhaled short-acting β2-agonists and all air pollutants (5-d mean) except with coarse 
PM and CO. Fourteen-day means of the air pollutants mostly had lower, and often not 
statistically significant, effect estimates for β2-agonist use. In two-pollutant models, effect 
estimates of NC0.01–0.1 and MC0.01–2.5 were comparable. No association with the prevalence of 
wheezing was observed for any of the air pollutants on the same day; however, statistically 
significant associations were observed for NC0.01–0.1, NC0.1–0.5, NO2 and CO with the 5-d mean 
and the 14-d mean. Two-pollutant models underlined the effect of UFPs. The other respiratory 
symptoms were only analyzed for an association with NC0.01–0.1, MC0.01–2.5 and NO2; results 
showed consistent effects. 
 
Overall, this study suggested that coarse PM was associated with the prevalence of inhaled 
corticosteroid use. It also showed that reported asthma medication use and symptoms are 
associated with fine and ultrafine PM air pollution and gaseous air pollutants such as NO2.  
 
The study conducted in Spokane, WA, by Mar et al. (2004) and described in detail earlier in this 
section also analyzed the association of PM air pollution with respiratory symptoms in asthmatic 
adults. Unlike the asthmatic children, respiratory symptoms of asthmatic adults were not 
associated with any PM metrics. However, positive but non-significant associations were 
observed between 10 µg/m3 increases in coarse PM and sputum production (ORs of 1.04 (95% 
CI 0.96–1.13) at 0-d lag, 1.01 (95% CI 0.94–1.08) at 1-d lag and 1.02 (95% CI 0.95–1.08) at 2-d 
lag) and difficulty in breathing (ORs of 1.03 (95% CI 0.95–1.12) at 0-d lag, 1.02 (95% CI 0.95–
1.10) at 1-d lag and 1.03 (95% CI 0.98–1.09) at 2-d lag). Results from this study suggest that 
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adults suffering from asthma may be less sensitive than asthmatic children to coarse PM 
exposure.  
 
Coarse particles measured by dichotomous samplers in 12 North Carolina communities 
(Schinasiet al., 2011) were also not significantly associated with any respiratory symptoms 
(runny nose, mucus or phlegm, sore throat, cough, wheezing, difficulty breathing, chest 
tightness) in non-smoking residents living near hog operations. Details of this study are given in 
Section 4.3.2.1. 

4.3.3 Effects on Biological Markers 
Biological markers of effects are measurable and quantifiable parameters that are indicative of a 
biological state or changes to biological systems. They help to identify the pathways and 
mechanisms by which air pollutants may challenge the body’s biological systems. The utility of 
biomarkers is hindered by their lack of specificity, as the mechanisms of particle toxicity overlap 
with those of other substances. Another issue is the sensitivity of markers to detect very subtle 
changes induced by particles. Nevertheless, attempts have been made to identify biological 
markers of effects. 
 
A small number of studies (Adar et al., 2007b; Yeatts et al., 2007; Delfino et al., 2008, 2009; 
Ebelt Sarnat et al., 2011) have investigated the relationship between ambient coarse PM and 
different biological markers.  
 
The relationships between coarse particles and airway inflammation biomarkers, as well as with 
circulating immune cells and prothrombotic factors, were analyzed in the study performed by 
Yeatts et al. (2007) and described in detail in Section 4.3.1. Induced sputum as well as blood 
samples had been collected in order to be able to perform these analyses. Significant 
associations were found between 1 µg/m3increases in coarse particles and circulating 
eosinophils (0.16%; 95% CI 0.04 – 0.28%), triglycerides (4.8%; 95% CI 0.81–8.74%) and very-
low density lipoprotein (1.15%; 95% CI 0.29–2.08%) in a group of 12 adult asthmatics living in 
Chapel Hill, NC. No significant associations were, however, observed with coagulation factors 
(plasminogen, fibrinogen, Von Willibrand factor, Factor VII), circulating inflammatory cells 
(basophils, monocytes, neutrophils, lymphocytes) and C-reactive protein (CRP). No significant 
associations were observed between fine particles and any biomarkers. It should be noted that 
10 out of the 12 adult asthmatics were taking anti-inflammatory medication to control their 
disease, which might have impacted the effects on airway inflammation, or that asthmatic adults 
might be less susceptible than children with asthma. The authors concluded that the significant 
association observed with low levels of coarse PM and increased circulating eosinophils in 
asthmatics is suggestive of a general pro-allergic effect of coarse particles even in the absence 
of airway effects. This study is one of the few with daily coarse particulate gravimetric 
measurements, and the team was confident that it should be an acceptable proxy for residential 
exposure.  
 
Delfino et al. (2008, 2009) investigated the relationship between blood plasma biomarkers and 
various PM fractions collected in Los Angeles, CA. The biomarkers measured included CRP, 
fibrinogen, tumor necrosis factor-α (TNF-α) and its soluble receptor-II (sTNF-RII), IL-6 and its 
soluble receptor (IL-6sR), fibrin D-dimer, soluble platelet selectin (sP-selectin), soluble vascular 
cell adhesion molecule-1 (sVCAM-1), intracellular adhesion molecule-1 (sICAM-1), and 
myeloperoxidase (MPO). Changes in antioxidant capacity were also assessed by measuring the 
activity of erythrocyte lysates for glutathione peroxidase-1 (GPx-1) and copper-zinc superoxide 
dismutase (Cu, Zn-SOD). All subjects had a history of coronary artery disease, did not work 
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outside their residence, and had not smoked in the past 12 months. Twenty-four-hour indoor 
and residential outdoor samples of three particle size fractions (mass) were collected: quasi-
ultrafine (PM0.25), accumulation mode (PM2.5–0.25), and coarse mode (PM10–2.5). Several other air 
pollutants were also measured: OC, EC, BC, total particle number (PN) and gaseous pollutants. 
The relationships between the various PM metrics and the blood biomarkers were analyzed with 
linear mixed-effects models, which allow each subject to serve as his/her own control. Weather 
variables were controlled for and several lag structures were analyzed.  
 
In the first study (Delfino et al., 2008) the team followed 12 male and 17 female older adults 
(aged 85.7 ± 5.94 years) for two 6-week periods in 2005–2006. Mean indoor and outdoor PM10–

2.5mass concentrations were 4.12 ± 4.76 µg/m3 and 10.04 ± 4.07 µg/m3respectively. There were 
limited significant findings for the three measured outdoor PM mass fractions and biomarkers of 
inflammation, with significant findings generally limited to PM0.25. Positive but non-significant 
associations were observed between coarse particles and CRP, IL-6 and sTNF-RII at lag O d, 
while negative associations were observed with the 4-d average lag structure. Limited 
significant findings were also reported for the three measured indoor PM mass fractions. Same-
day and 4-d average indoor coarse PM was significantly associated with increased sP-selectin, 
a marker of platelet activation, as well as with decreased Cu,Zn-SOD. Similar associations were 
also observed with the 4-d average indoor PM0.25. The authors also reported (no data 
presented) that PM2.5 (as the sum of PM0.25 and PM2.5–0.25) was not associated with changes in 
CRP, IL-6 or sTNF-RII. It was, however, not specified whether this was for residential outdoor 
PM2.5, indoor PM2.5 or both. Stronger associations, not always significant, were more often 
observed with indoor concentrations of PM of ambient origin than total indoor levels of primary 
PM or EC, or of PN.  
 
An additional group of 31 subjects were followed up in 2006–2007 by the same team (Delfino et 
al., 2009) and the findings were combined with those for the subjects followed in 2005–2006 
(Delfino et al., 2008). Exposures were similar in the two periods; the mean outdoor PM10–2.5mass 
concentration during the second period was 7.25 ± 4.39 µg/m3. Similar findings were observed 
in the 2009 study, where traffic-emission sources (EC, primary OC, PN, PM0.25) were 
significantly associated with increased systemic inflammation (IL-6, sTNF-RII), platelet 
activation (sP-selectin) and decreased circulating erythrocyte antioxidant enzyme activity (Cu, 
Zn-SOD, GPx-1). Some of these associations were generally stronger in the cooler months 
when levels of all these pollutants were higher (except levels of the PM0.25 fraction) than those 
measured in the warmer months. Significant decreases in GPx-1 have also been observed for 
coarse particles.  
 
The team concluded that traffic emission sources, primary OC, EC, PN and quasi-UFPs led to 
increased systemic inflammation and platelet activation as well as to decreased antioxidant 
enzyme activity in older people with a history of coronary artery disease. 
 
One of the most studied biological markers in recent years is eNO. Small but consistent 
associations between eNO and several air pollutants were measured in asthmatic children 
followed by Ebelt Sarnat et al. (2011) in a panel study performed at the US–Mexico border. 
Indoor and outdoor measurements of PM2.5, PM10–2.5, BC and NO2 were conducted in four 
schools (two in El Paso and two in Ciudad Juarez) during two 48-h sampling sessions. In each 
city one school was located in a light traffic zone and the other in a heavy traffic zone; the 
children were all living within 2 miles of their respective schools. Associations between 
respiratory symptoms and air pollutants were analyzed with logistic models while controlling for 
school, temperature and relative humidity. Additional factors (age, gender, race, BMI, ETS, hay 
fever status, season, cold symptoms, inhaled corticosteroid and leukotriene blocker) were 
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considered as effect modifiers in secondary analyses. Single- and two-pollutant models 
including ozone were carried out. Estimates were based, respectively, on increases of 31.1 
µg/m3 for outdoor PM10–2.5 and of 25.3 µg/m3 for indoor PM10–2.5. Indoor levels were measured in 
various microenvironments, including a computer room, a library reference room, a classroom 
and a library, while outdoor measurements were performed on the roof of each school. Coarse 
PM levels were directly collected using HCIs. The indoor 48-h means at the two El Paso schools 
were reasonably low (EP-A: 9.2 ± 5.2 µg/m3; EP-B: 11.9 ± 13.5 µg/m3); the outdoor 48-h means 
were respectively 10.0 ± 6.5 µg/m3 and 25.4 ± 13.9 µg/m3 for schools A and B. Higher indoor 
(CJ-A: 41.5 ± 22.0 µg/m3; CJ-B: 26.9 ± 11.4 µg/m3) and outdoor (CJ-A: 56.6 ± 19.4 µg/m3; CJ-B: 
34.4 ± 16.1 µg/m3) coarse PM concentrations were measured in Ciudad Juarez. Coarse particle 
measurements from central air monitoring stations located in the study area were also obtained 
by subtracting PM2.5 from PM10 levels; means of 26.9 ± 23.5 µg/m3 and 25.4 ± 20.1 µg/m3, 
respectively, were estimated at two central sites.  
 
In single-pollutant models, positive and significant associations were observed between eNO 
and both outdoor 48-h PM10–2.5 (2.0%; 95% CI 0.3–3.6%) and indoor 48-hPM10–2.5 (2.8%; 95% CI 
1.2–4.5%). Although similar results were found with both PM10 and PM2.5, results were less 
stable for NO2. Observations also differed across the four school-based cohorts, and 
associations were generally stronger using school-based concentrations than concentrations 
from ambient air monitors. Based on the observed airway inflammation the authors concluded 
that air pollution in this area had effects on the subclinical respiratory health of asthmatic 
children. 
 
Coarse particles were not found to be associated with increased pulmonary inflammation in 
another study performed in St. Louis, MO. Samples of eNO were collected by Adar et al. 
(2007b) in a panel study of 44 non-smoking senior citizens. Subjects were taken on group trips 
aboard a diesel bus to a theater performance, Omni movie, outdoor band concert, and 
Mississippi River boat cruise. Details of this study have already been provided in Section 
4.3.1.1. Samples of eNO were collected from each subject before and after each bus trip. 
Percentage change (95% CI) in eNO was calculated per IQR change in microenvironmental 
(PM2.5, BC, fine and coarse particle counts) and ambient particles (PM2.5 and BC) for two 
different averaging periods; the preceding 6 and 24h. Positive and significant associations were 
observed with several microenvironmental and ambient particles in both the pre- and post-trip 
samples. For coarse particles, percentage changes in eNO were computed based on increases 
of 0.03 pt/cm3 and 0.07 pt/cm3, respectively, in the preceding 6- and 24-h averaging periods.  
 
Negative but non-significant associations were found between both the pre-trip (-4.5%; 95% CI -
14.4% to 6.4%) and post-trip (3.9%; 95% CI -12.0% to 5.0%) samples and coarse particle 
counts for the preceding 6-h period. A statistically significant association was measured with the 
coarse particle mean counts for the 24-h period preceding the post-trip sample. Each 0.15 
pt/cm3 increase in microenvironmental coarse particle counts (i.e., during the bus ride) was 
associated with a 16% decrease in eNO post-trip (95% CI: -21.5% to -10.1%). Coarse particles 
were not found to be associated with increased pulmonary inflammation. The team concluded 
that their findings suggested that exposures to fine PM traffic-air pollutants increased the levels 
of eNO and may possibly increase airway inflammation.  

4.3.4 Panel Studies of Crustal-Derived or Source-Derived Particles 
A few pre-2002 epidemiological studies examined crustal or windblown particles or conducted 
source-oriented evaluations of PM components, using factor analysis to estimate daily source-
specific emissions and their association with mortality from total, cardiovascular or respiratory 
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causes. The research was conducted by Pope et al. (1999); Schwartz et al. (1999); Ostro et al. 
(1999, 2000); Laden et al. (2000); Mar et al. (2000); and Tsai et al. (2000). These studies, 
reviewed in the 2003 coarse PM assessment, suggested that combustion particles are more 
strongly related to these effects than crustal-derived particles. 
 
Since 2002 only two new panel studies have examined the association of crustal-derived 
particles with respiratory effects and medication use. Both studies investigated the impact of 
ADS events on asthmatics: one in an adult panel (Park et al., 2005), and the other in children 
(Yoo et al., 2008). 
 
Park et al. (2005) studied the effects of ambient particles on PEF rates, respiratory symptoms 
and bronchodilator inhaler use in Korean asthmatics during periods influenced by ADS events 
from March to June 2002. The asthmatics were between 16 and 75 years of age (n= 64), with a 
mean age of 46.1 ± 4.1 years. For some analyses subjects were separated into three groups 
based on asthma severity: mild, moderate and severe. PEF measurements were obtained twice 
a day, during the morning and the evening, and subjects were asked to record at the end of 
each day whether they had any of the following respiratory symptoms: cough, wheezing, chest 
tightness, shortness of breath or sputum changes. Fourteen dust events occurred during the 
study period. The mean PM10 level on control days was 60 ± 19.9 µg/m3, while the mean PM10 
level on dust event days was significantly higher (p<0.05; Student’s t-test) at 188.5 ± 163 µg/m3 
(with one recorded peak at 505 µg/m3). A longitudinal study analysis was performed using 
GEEs to investigate the relationship between respiratory health and air pollution. GAM analysis 
with Poisson log-linear regression was also performed to accommodate variations in the data 
and to control for time trends. Only single-pollutant models were used.  
 
In the longitudinal data analysis PM10 levels were significantly (p= 0.01) associated with 
increased PEF variability >20% (coefficient of 0.0012; standard error of the mean (SEM) = 
0.0005) and with decreased mean PEF (coefficient of -0.0115; SEM= 0.0047) across all 
subjects. PM10 levels were also significantly (p= 0.04) associated with more night-time 
respiratory symptoms (coefficient of 0.0007; SEM= 0.0004) across all subjects. No associations 
were found between PM10 levels and cough, bronchodilator inhaler use or daytime respiratory 
symptoms. CO levels were also significantly (p= 0.01) associated with increased PEF variability 
>20% (coefficient of 0.9737; SEM= 0.3187) and with a decreased mean PEF (coefficient of  
-10.1030; SEM= 37.1466) across all subjects. CO levels were not, however, associated with 
increased respiratory symptoms at night. CO levels on ADS days were not significantly different 
from CO levels on control days (0.6462 ppm ± 0.0945 on ADS days vs. 0.6368 ppm ± 0.1522 on 
control days). No associations were found with SO2, NO2 or O3. With Poisson log-linear 
regression, positive but non-significant associations were observed with PM10 and PEF 
variability >20% (RR of 1.05; 95% CI 0.89–1.24), and a statistically marginal association was 
found with night-time respiratory symptoms in all subjects (RR of 1.05; 95% CI 0.99–1.17). 
Notably, a positive and significant (p <0.05) association was found between PM10 and a 
decrease in the mean PEF in the mild asthmatic group, though not in the other groups (data not 
shown in the paper). Analyses based on Poisson regressions also revealed no statistical 
relationships between PEF variability >20% and night-time respiratory symptoms with SO2, NO2, 
CO or O3.  
 
The longitudinal analysis and results obtained with the Poisson regression model suggested 
that ADS events have adverse effects on the respiratory symptoms of individuals suffering from 
asthma. The authors did report that no associations were, however, found between either 
respiratory symptoms or lung function in subjects with moderate or severe asthma. They 
suggested that these patients might not be exposed to sufficiently high air pollution levels due to 
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a decrease in their outdoor activities during ADS events. Findings from this study may be less 
relevant to the situation in Canada, given the high levels of exposure to coarse PM and the 
marginal nature of most of the associations. 
 
The acute effects of ADS events on PEF, bronchodilator use and respiratory symptoms in 
asthmatic children were also investigated in Seoul, South Korea, by Yoo et al. (2008). This team 
recruited 52 children (32 boys and 20 girls; mean age of 10.5 ± 3.2 years) with mild asthma and 
followed them for eight consecutive weeks in the spring of 2004, when five ADS days were 
recorded. PM10 levels were only presented in graphic form. To assist in the diagnosis of asthma, 
participants underwent methacholine bronchial challenge tests. PEF measurements were 
obtained twice a day, during the morning and the evening, and subjects were also asked to 
complete diaries twice daily by identifying respiratory symptoms. The reported prevalence of 
several respiratory symptoms (cough, runny/stuffed nose, sore throat, eye irritation, shortness of 
breath and wheeze) was significantly higher on ADS days than on control days. The prevalence 
of bronchodilator use was also significantly (p<0.05) higher on ADS days (8.7 ± 6.0%) than on 
control days (1.5 ± 2.1%). PEF values were also significantly reduced in the morning and 
evening, while an increased PEF variability was observed on ADS days compared with control 
days. Similarly to Park et al. (2005), the results of this study also suggested that ADS events 
have adverse effects on the respiratory symptoms of children suffering from asthma but at much 
higher levels than those usually observed in Canada.  
 
Two new panel studies (Lanki et al., 2006; Penttinen et al., 2006) were conducted in Helsinki, 
Finland, to assess the cardiovascular or respiratory effects of source-derived particles on 
subjects with pre-existing conditions. Though these studies used PM2.5 as the particle metric, 
some of the sources investigated are relevant to coarse (e.g. crustal) PM.  
 
Lanki et al. (2006) investigated whether it was possible to identify potential sources of fine 
particles responsible for exercise-induced ischemia. Forty-five non-smoking elderly subjects (24 
males and 21 females, with a mean age of 68 years) with stable CHD were followed with 
biweekly clinics, daily symptom records and medication diaries from November 1998 to April 
1999. Principal component analysis and multivariate linear regression were used to apportion 
PM2.5 mass (25th and 75th percentiles) between different sources: crustal, 0.6 µg/m3(0.0–
1.1);LRT, 6.4 µg/m3(2.2–9.8); oil combustion, 1.6 µg/m3(0.3–1.2); salt, 0.9 µg/m3(0.3–1.2); and 
local traffic, 2.9 µg/m3(1.7–3.4). ABS, a marker of local traffic, and UFPs were also measured. 
Logistic regression (R-GAM function) with penalized splines was performed, including dummy 
variables for each subject and linear terms for time trends, temperature and humidity. Penalized 
splines were also included to account for changes in heart rate during the exercise test, and 
various lag structures (lag 0–3 d) were analyzed. The team conducted sensitivity analysis as 
well, to evaluate the impact of extreme concentrations on results. Multi-pollutant models were 
also constructed to include elements for sources instead of source-specific mass; for every 
source the element with the highest correlation with source-specific mass was chosen as the 
source indicator. In addition, two-pollutant models including UFPs were analyzed.  
 
The highest correlations observed between elements and source-specific PM2.5 were as follows: 
silicon with crustal PM2.5, sulphur with LRT PM2.5, nickel, sulphur and vanadium with PM2.5 from 
oil combustion, chlorine with PM2.5 from salt sources, and ABS with traffic-origin PM2.5. All ORs 
were based on an increase of 1 µg/m3 in air pollutant. The highest ORs observed for ST-
segment depressions were with salt (1.55; 95% CI 0.83–2.89; lag 3 d) and with crustal particles 
(1.89; 95% CI 0.85–4.09; lag 3 d), but these were non-significant. Both LRT PM2.5 and PM2.5 
from local traffic were significantly associated with ST-segment depressions >0.1 mV, with ORs 
of 1.11 (95% CI 1.02–1.20; lag 2 d) and 1.53 (95% CI 1.19–1.97; lag 2 d) respectively. The 
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team stated that a suggestive association also emerged with PM2.5 from oil combustion when a 
stricter criterion for ST-segment depressions was used. In the multi-pollutant models including 
indicator elements instead of PM2.5, mass-only ABS remained significantly associated with ST-
segment depressions (OR 4.46; 95% CI 1.69–11.79; lag 2 d). The effect of ABS on ST-segment 
depressions at lag 2 d remained significant (OR 3.44; 95% CI 1.25–9.50) after inclusion of UFPs 
into the model, although the association with UFPs was no longer significant. 
 
The relationship between ST-segment depressions and particles of crustal origin was positive 
but non-significant. Overall, results from this study suggest that fine combustion particles 
(mainly from traffic) may be responsible for the exercise-induced ST-segment depressions 
observed in these elderly subjects with CHD.  
 
Penttinen et al. (2006) assessed the relationship of PM2.5 from different sources with deviation 
from mean PEF (ΔPEF) and respiratory symptoms in an adult asthmatic panel (n= 57; mean 
age of 53 years; 44 females) to see if any difference in ΔPEF changes emerged from different 
sources of fine particles. The team also investigated whether changes in ΔPEF and respiratory 
symptoms in asthmatics differ with the chemical properties of the particles. PEF was measured 
in the morning, the afternoon and at bedtime. Cough, asthma symptoms and medication use 
were also examined. The subjects all lived within 2 km of the urban central monitoring site. The 
median PM2.5 from all sources was 8.4 µg/m3. The median PM2.5 level estimated for the different 
particle sources was 2.41 µg/m3 for local combustion, 4.15 µg/m3 for LRT, 0.64 µg/m3 for soil-
derived, 0.10 µg/m3 for oil combustion, 0.27 µg/m3 for sea salt, and 0.02 µg/m3 for unidentified 
sources. Elemental analyses of PM2.5 filters were also conducted to study the relationship 
between individual chemical elements and changes in PEF.  
 
PM2.5 levels from different sources were estimated with PCA and multiple linear regression. A 
first-order generalized least squares autoregressive linear model was used to examine the 
association between particles and PEF. Adjustments for temperature, relative humidity, day of 
study, holidays and dummy variables for weekends were also included in the model. Various lag 
structures were analyzed, including 0-, 1-, 2- and 3-d lags and 5-d mean. Chemical analysis 
showed that copper, zinc, manganese and iron were associated with local traffic; sulphur, 
potassium and zinc with LRT; silica, aluminum, calcium, manganese and iron with soil; 
vanadium and nickel with oil combustion; and sodium and chloride with sea salt.   
 
Levels of PM2.5 attributable to soil particles were consistently associated with an increase in all 
measures of ΔPEF on 0-, 1- and 2-d lag, but in analyses with 3-d lag they were significantly 
associated with reduced PEF in the evening only. A decline of 0.84 L/min (95% CI -1.53 L/min 
to -0.15 L/min) in PEF for a 1.32 µg/m3 increase in PM2.5 from soil was noted. PM2.5 from local 
combustion was most consistently associated with a decline in ΔPEF. A decline of 1.14 L/min 
(95% CI -1.95L/min to -0.33 L/min) was observed in the evening and a decline of 0.87 L/min 
(95% CI -1.63 L/min to -0.12 L/min) was observed in the afternoon (5-d mean; 1.3 µg/m3 

increase). A significant reduction in the evening was also observed at 1-d lag: a decline of 1.16 
L/min (95% CI -1.93 L/min to -0.39 L/min). PM2.5 from LRT was also associated with reduced 
ΔPEF at 1-d lag, but in the morning only: there was a decline of 1.04 L/min (95% CI -0.88 L/min 
to -0.19 L/min) for a 4.89 µg/m3 increase.  
 
Total PM2.5or PM2.5 attributable to local combustion or to soil showed no consistent or 
statistically significant associations with cough, asthma symptoms or medication use (data not 
shown in the paper). A significant negative association was found between LRT particles and 
asthma symptoms (β= -0.02%; 95% CI -0.030% to -0.004%). 
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No consistent pattern of association or significant association was observed between oil 
combustion factor and changes in ΔPEF. PM2.5 from oil combustion was, however, always 
negatively associated with the use of bronchodilator medication, although no association 
reached statistical significance. Sea salt PM2.5 was negatively and significantly associated with 
bronchodilator use at 3-d lag and 5-d mean. PM2.5-salt was also significantly associated with 
corticosteroid use at 5-d mean. No consistent associations were observed between total PM2.5 
mass and any of the measured respiratory endpoints; nor were consistent associations 
observed between any of the respiratory parameters measured and the 5-d mean of 25 
individual chemical elements recovered from PM2.5 filters. 
 
In general, the authors concluded, negative effects of PM2.5 on changes in ΔPEF in adult 
asthmatics were mainly mediated through particles from local combustion sources.  

4.4 Summary and Considerations 
Numerous studies worldwide have reported associations between PM and various health 
effects, including premature mortality. Most of these studies have, however, focused on PM2.5 or 
PM10.  
 
This report reviewed in detail 24 studies published since 2002 investigating the relationship of 
daily variations in mortality with some measure of coarse particles (PM10–2.5 or PM10 from dust 
storm episodes which contain high levels of crustal material). The studies were performed using 
modern time-series and case-crossover methods and all produced quantitative results. Of these 
24 studies, 8 were performed in North America—2 in Canada and 6 in the United States; 1 
study was performed in South America, 7 were conducted in Europe and 7 in Asia, while 1 
study was a reanalyzed meta-analysis of studies performed throughout the world. There were 
17 studies that examined the association of coarse particles with total daily mortality: 10 dealt 
with respiratory mortality, 12 with cardiovascular mortality, 2 with cerebrovascular mortality, 1 
with combined cardiorespiratory mortality and 1 with cancer mortality. Some studies have also 
looked at more specific health outcomes, including MI, stroke and intracerebral hemorrhage.  
 
For total daily mortality, all 17 studies reported positive associations, although statistically 
significant associations were observed in only 6 studies. A limited number of epidemiological 
studies have studied the association between coarse particles and mortality due to respiratory 
diseases. Most of these studies, conducted around the world, have found positive associations 
with these particles and some have reported statistically significant associations in single-
pollutant models. Among the single-city studies, the independent effect of coarse particles was 
assessed in only one instance and the reported associations were no longer significant after the 
inclusion of fine particles in the model. For cardiovascular mortality, all studies performed, 
except one, found positive associations with these particles. In Vancouver, BC, PM2.5 was not 
found to be an important predictor of mortality, while PM10–2.5 was positively and significantly 
associated with increased cardiovascular deaths; the daily PM10–2.5 mean during the study 
period was very low (6.1 µg/m3). In contrast, no significant relationships were found in Spokane, 
WA, where coarse PM levels are usually higher than in Vancouver. Significant associations 
were observed in Tokyo, Japan, between PM7 and MI; the increased mortality within 1–6 h after 
high SPM concentrations suggested that the onset of MI occurs shortly after reaching high SPM 
levels. Strong associations have also been observed in Barcelona, Spain, and in Italy between 
coarse particles and mortality from both cardiovascular and cerebrovascular disease, whereas 
coarse particle levels found in Helsinki, Finland, were not related to cardiovascular mortality 
outcomes. In addition to the single-city studies, the well-designed US multi-study clearly 
demonstrated significant associations between coarse particles and mortality for all-cause, 
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cardiovascular and respiratory effects. The observed effects for all-cause, stroke and respiratory 
mortality also remained significant after inclusion of PM2.5 in the model. Notably, the 
associations observed between PM and the various mortality outcomes were highly variable, 
based on season and region; higher variations were observed for coarse particles than for fine 
particles, suggesting an important role for the composition of these particles. A Californian multi-
city study also provided evidence of an association between short-term exposure to coarse 
particles and both all-cause and cardiovascular mortality, and stronger associations were found 
in lower socioeconomic subgroups—Hispanics and non-high school graduates. To minimize 
exposure classification the authors of this study only included populations living within 20 km 
from collocated PM10 and PM2.5 monitors, which might have strengthened the findings. A multi-
city study performed in China has also reported positive and significant associations with both 
cardiovascular and respiratory mortality. These associations were, however, no longer 
significant when fine particles were included in the model, while they remained statistically 
significant for fine particles. 
 
Coarse particles in urban/industrial locations are likely to be enriched by anthropogenic 
components which tend to be inherently more toxic than wind-blown crustal material which tend 
to dominates coarse particle mass in arid rural areas (US EPA, 2009). New mortality studies 
have also been conducted in areas where PM10 levels are dominated by crustal materials from 
dust storm events and/or windblown particles from resuspended road dust. Most of these 
studies seem to support the previous hypothesis that windblown dust found from high-wind-
speed conditions in non-urban areas is less toxic than finer particles generated in urban areas. 
Results from Asian studies provide limited evidence that crustal coarse PM from ADS events 
has an effect on mortality, in spite of the extremely high levels of PM10 from dust storms (means 
of 101 and 188 µg/m3 in Seoul, South Korea, and 126 µg/m3 in Taipei, Taiwan). Though there is 
some suggestion of an increase in total and cardiorespiratory mortality, most pronounced in the 
elderly, this was usually not significant. Researchers conducting a study in El Paso, TX, 
concluded that coarse PM health effects cannot be dismissed, since they did observe an 
association between mortality and coarse particles, although it was statistically non-significant. 
Coarse particles in El Paso are believed to contain resuspended deposited metals previously 
emitted from several regional point sources. In contrast to the El Paso results, positive and 
significant associations were found between PM10 crustal-derived particles and respiratory 
mortality in Helsinki. However, these analyses do not appear to have been restricted to seasons 
when coarse PM would have dominated PM10, suggesting that PM2.5 would have been a 
substantial component; results from TSP blackness, a surrogate for combustion-derived 
particles, support this. Strong and robust associations were, however, reported in Barcelona 
between both PM1 and PM10–2.5 and cardiovascular and cerebrovascular mortality. These 
associations remained robust and significant with the inclusion of the other PM fractions in the 
model, suggesting that both combustion and non-combustion processes can affect 
cardiovascular and cerebrovascular mortality. This study also found that coarse particles on 
Saharan dust days led to higher excess risk of mortality than on non-Saharan dust days; 
however, when both Saharan and non-Saharan dust days were combined, the effect of fine 
particles on mortality was stronger. Coarse particles collected in Barcelona during Saharan dust 
days have also been shown to cause the highest inflammatory responses in toxicological 
assays as compared with the other PM fractions. Similar associations were also observed in 
Rome, Italy, with cardiovascular mortality; these associations were stronger during Saharan 
dust outbreaks than on dust-free days, suggesting that crustal-derived particles from dust 
events can also be detrimental to health. These associations could reflect an effect of either the 
crustal Saharan dust per se or of its specific components, such as biological material, 
accumulating anthropogenic pollutants during the long transit over Mediterranean. 
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The health database supporting the relationship between coarse particles and mortality 
outcomes has grown over the past few years. Consistent positive associations, through often 
non-significant, have been reported in several single-city studies performed in different locations 
around the world. In addition, strong associations were observed in inherently more powerful 
multi-city studies. Overall, the association between coarse particles and mortality is clearly not 
as strong as the association between fine particles and mortality.  The associations are however 
similar in magnitude, although less precise than those observed for fine particles likely due to 
the fact that fine particles are being better estimated and are impacted by less exposure 
measurement error. In those studies that included multi-pollutant models, associations with 
coarse PM were often (but not always) reduced and non-significant when other pollutants were 
included. Some authors have speculated that the chemical composition of PM10–2.5 could explain 
why coarse particles exhibited stronger associations than fine in some sites. Uncertainty 
remains due to the different methods utilized to estimate coarse PM concentrations across 
studies and the potential for confounding by the fine PM fraction and gaseous co-pollutants. 
 
The 2003 coarse PM assessment concluded that the existing evidence on the health effects of 
coarse PM indicates a possible role for this PM fraction in the development and expression of 
effects in the upper airway symptoms. The primary evidence was provided by studies of the 
relationship between short-term PM measures and upper respiratory symptoms (cough, phlegm, 
rhinitis), and it was supported by hospital admission studies, which indicate a role for this PM 
fraction in asthma exacerbation. The hospital admission studies reviewed at that time were, 
however, heavily reliant on GAM methods. A number of studies published since 2002 have also 
investigated the relationship between coarse particulate air pollution and hospital admissions for 
either respiratory or cardiovascular diseases. Fourteen new hospitalization studies have been 
published since the publication of the 2003 assessment and most focused on respiratory 
outcomes. Six of them were conducted in Canada, either in Toronto or Vancouver; three studies 
were performed in the US, three in Europe and one in Turkey. 
 
The Toronto and Vancouver research provides strong evidence of links between short-term 
exposure to coarse particles and respiratory hospital admissions in children. In Toronto, 
significant associations were observed between coarse particles and both respiratory infections 
and asthma hospitalizations. The studies used both time-series and case-crossover designs, 
which yielded similar results. These associations remained significant in multi-pollutant models 
with gaseous pollutants. Moreover, no significant associations were found with fine particles in 
these studies. Significant associations between coarse particles and respiratory hospital 
admissions in children were also noted in Vancouver, and the relationships persisted in multi-
pollutant models with gaseous pollutants. Strong and consistent associations were also 
observed in the first European multi-centre study performed in France (six French cities) 
between coarse particles and children’s hospital admissions due to respiratory diseases; it also 
assessed hospital admissions due to respiratory infections in the all-ages group. In Zonguldak, 
Turkey, an area with relatively high coarse PM levels, these particles were also related to 
children’s hospitalizations for asthma, allergic rhinitis and LRDs. Some of the new studies 
showed that coarse particles may have stronger health effects than fine particles, especially in 
children. 
 
Some new morbidity studies have also been conducted on the elderly population of Vancouver; 
they investigated the impact of coarse particles on hospitalizations for respiratory diseases. In 
general, these studies suggested that exposure to very low levels of ambient coarse particles is 
associated with respiratory hospital admissions in the elderly. In one study, coarse particles 
were also found to be more strongly associated with readmissions than with first hospital 
admissions for respiratory illness in the elderly, suggesting that these particles could act through 



 

Human Health Risk Assessment for Coarse Particulate Matter     162 
 

exacerbation rather than induction of respiratory diseases. The results of these studies were 
also robust to various analytical approaches and remained significant in multi-pollutant models 
with gaseous pollutants, except for COPD admissions. This relationship between PM10–2.5 and 
COPD admissions became non-significant when PM2.5 was included in bivariate analysis; similar 
results were also observed for PM2.5 in bivariate analyses with gaseous pollutants and coarse 
particles. Positive associations between coarse particles and hospitalizations due to respiratory 
diseases in the elderly were also reported in the both the US and French multi-city studies. 
However, these were not significant, and associations with respiratory hospital admissions in 
this age group were diminished after controlling for fine particles in the US multi-city study.   
 
Some new hospitalization studies also investigated the impact of coarse particles on CVD and 
most of them have focused on the elderly age group. Significant associations have been 
reported among the elderly in single-pollutant models from a large multi-city study performed in 
the United States; however, the association with coarse particles remained but was diminished 
and no longer statistically significant after adjusting for fine particle levels, while the effect of fine 
particles remained statistically significant. Based on their results the authors concluded that the 
associations between CVD and coarse particles were weaker than with PM2.5. Fine particles 
were also more related to cardiovascular hospitalizations, especially in the elderly, in the 
European multi-city study. Strong and significant associations were, however, observed 
between ischemic disease hospitalizations and coarse particles. 
 
In contrast to these studies, no significant associations between coarse PM and respiratory 
hospital admissions and cardiovascular admissions were found in Spokane, WA, for the all-age 
group; the fine PM fraction appears to be more strongly associated with the various health 
endpoints, although the relationships never reached statistical significance. Little evidence of an 
association between short-term coarse PM exposure and respiratory admissions for children 
has also been reported in London, England, where the source apportionment analysis 
suggested that non-primary particles, nitrates and sulphates, may be more relevant to 
respiratory hospital admissions. In Finland, LRT and traffic-related particles also appeared to be 
more related to the cardiorespiratory health of the elderly population. The low number of either 
respiratory or cardiac hospital admissions observed in some of these studies might have limited 
the statistical power.  
 
Overall, these new hospitalization studies support results from previous research, where 
significant associations were observed between coarse particles and respiratory hospital 
admissions or increased respiratory symptoms in most, but not all studies, even in locations with 
very low mean levels (5.6–12.2 µg/m3). Results from various studies revealed that coarse 
particles were more strongly and independently associated with respiratory endpoints after 
inclusion of gaseous pollutants, especially in children, while fine particles were more related to 
cardiovascular hospitalizations, especially in the elderly. 
 
In the past, no specific conclusions could be drawn about the relationship between coarse 
particles and ERVs, given the paucity of data. Only eight new studies have investigated the 
impact of coarse particles on ERVs due to respiratory or cardiovascular endpoints. While 
positive associations were found with almost all the endpoints, significant associations were 
only observed in Atlanta, GA, with both ERVs and ambulatory care acute visits for child asthma 
or upper and lower respiratory infections and in Helsinki, Finland, where the associations 
between coarse particles and asthma/COPD in the elderly group became non-significant after 
the inclusion of either UFPs, PM2.5 or gaseous pollutants (NO2 or CO). 
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Some new morbidity studies have also investigated the impact of crustal-derived particles from 
areas highly impacted by dust events or by natural/geological sources on medical visits. Most of 
these studies were performed in Taiwan during ADS events and have looked at a number of 
hospital admissions and ERVs/clinical visits for either respiratory or cardiovascular outcomes. 
Significant associations were found with primary hemorrhagic stroke and pneumonia 
admissions, as well as with respiratory hospital admissions, but only in the preschool children 
group. All the other associations with crustal-derived particles (CVD and CHF admissions; 
COPD and asthma hospital admissions; clinical visits for conjunctivitis and allergic rhinitis) were 
positive but not statistically significant. Their findings generally support results from mortality 
studies, suggesting that these types of particles seem less toxic than finer particles generated in 
urban areas. High levels of crustal-derived particles from dust storm events could be, however, 
potentially linked to respiratory health effects in people suffering from asthma and to CVD in the 
elderly.  
 
Results from the 19 newly published respiratory panel studies are consistent with previous 
research indicating that coarse particles are related to upper respiratory symptoms and  
aggravation of asthma, whereas PM2.5 seems more strongly associated with decreases in lung 
function. In Spokane, strong associations with increased respiratory symptoms (cough and 
runny nose) have been demonstrated in asthmatic children, although no associations were 
observed in the asthmatic adult cohort. Moreover, an independent relationship between wheeze 
and coarse particles was also observed in two-pollutant models including fine particles in 
asthmatic children of Fresno, CA. Some additional analyses in this cohort also showed evidence 
of effect modification; stronger associations were observed with coarse particles in children who 
were skin-test positive to cat dander or common fungi, suggesting that more attention should be 
directed to the components of coarse particles that might contribute to asthma morbidity. In 
Baltimore, MD, significant associations were also found in both atopic and non-atopic preschool 
asthmatic children between several respiratory symptoms (cough, wheeze or chest tightness, 
nocturnal symptoms, symptoms slowing down children’s activity, symptoms with running, 
symptoms limiting speech, rescue medication use) and exposure to indoor coarse particles, 
while no associations were reported with ambient coarse particles. The association between 
coarse particles and upper respiratory symptoms (such as cough and runny nose) as well as 
with asthma medication use that has been observed in recent panel studies also adds to the 
growing literature suggesting a role for this particular PM fraction on upper respiratory 
symptoms and aggravation of asthma.  
 
In addition, some new studies indicated that coarse particles could also be associated with 
decreases in some lung function parameters. The panel study in Vancouver, in which coarse 
PM-related decrements in ΔFEV1were observed in adults with COPD, is considered especially 
relevant. Not only was it conducted in a Canadian city with coarse PM levels similar to those 
observed in much of the country, but the effect was more strongly associated with the estimated 
personal exposure than with levels measured at a central site monitor. This more direct 
measure of exposure would be expected to result in lower measurement error than reliance on 
a central site monitor. The relationship of coarse particles to lung function decrements in non-
smoking children suffering from persistent asthma was also stronger for coarse particles than 
for fine particles in Chapel Hill, NC, where coarse particles were measured directly with a 
dichotomous sampler. The effect of coarse particles was more pronounced in children without 
measureable CD14 expression on circulating neutrophils; this might suggest that asthmatic 
children with muted expression of CD14 on their neutrophils may have reduced capacity to 
respond to endotoxin exposure. In Taiwan, personal exposure of asthmatic children to coarse 
particles, measured with a portable particle monitor, had comparatively larger decreasing effects 
on PEF than did smaller PM fractions. Decrements in both morning and evening PEF were also 
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observed in asthmatic subjects living in Sao Paulo, Brazil, with various ionic species of coarse 
particles that were measured directly with a dichotomous sampler. Results from these studies 
suggested that coarse particles, or some chemical species, could contribute to asthma 
exacerbation. The improved measurements may account for the fact that the researchers found 
an association between coarse particles and decrements in lung function at ambient levels of 
coarse PM where no significant association has appeared in other studies.  
 
A limited number of panel studies have also investigated the potential link between exposure to 
coarse particles and various biological markers. Significant associations observed between low 
levels of coarse PM and increased circulating eosinophils in adult asthmatics may be suggestive 
of a general pro-allergic effect of coarse particles even in the absence of airway effects. Small 
but consistent associations between eNO and coarse particles were also measured in asthmatic 
children living at the US–Mexico border but not in the non-smoking elderly of St. Louis, MO, 
where eNO was sampled before and after repeated diesel bus trips. Overall, results from these 
newly published studies suggest that children suffering from asthma may be more sensitive than 
asthmatic adults.  
 
Panel studies reviewed in the 2003 coarse PM assessment provided little indication that the 
coarse PM fraction affects measures of cardiac health; non-significant associations were, 
however, found between coarse particles and cardiovascular biomarkers (onset of the 
symptoms of MI and HRV). In contrast, fine particles were significantly associated with a range 
of cardiovascular endpoints. Since 2002, 12 new panel studies have examined the association 
between coarse particle exposure and cardiovascular changes. Findings from single-city studies 
performed in various locations around the world have showed variable results for both time and 
frequency domain HRV parameters; both decreases and increases in HRV have been 
demonstrated following exposure to coarse particles. Strong and consistent associations with 
HRV indices in adult asthmatics have been reported in Chapel Hill, an area with low levels of 
coarse particles (5.3 ± 2.8 µg/m3), suggesting that this group of people might be more 
susceptible to these particles. In several small studies of elderly subjects with cardiopulmonary 
conditions exposed to low or moderate levels of ambient coarse PM, there were associated 
reductions in HRV, but these were only statistically significant in the Coachella Valley, CA, 
where exposures were relatively high. Significant links between personal exposure to coarse 
particles in a panel of cardiac/hypertensive patients and HRV parameters have also been 
reported in one of the two Asiatic studies performed in Taipei, Taiwan. Other cardiovascular 
endpoints examined in individual studies, including supraventricular ectopy, ST-segment 
depression, and HRV (ventricular tachyarrythmic events and bradycardia), were not significantly 
related to coarse PM. Cardiac repolarization in non-smoking elderly subjects who survived a MI 
was, however, significantly impacted by exposure to coarse particles;  prolonged QTc intervals 
were observed following exposure to all PM fractions (PM10, PM10–2.5 and PM2.5) and these 
prolongations were more pronounced in patients with certain alleles of genes involved in 
detoxification pathways. In most of these studies, the evidence was more suggestive of a role 
for smaller size fractions in the health effects observed, with the exception of the research 
performed in the Coachella Valley and Chapel Hill, where HRV was not associated with PM2.5. 
Results from some of these panel studies are, however, in agreement with results observed in 
new controlled human exposure studies where exposure to very high but still realistic 
concentrations of freshly collected “real world” coarse particles was able to elicit cardiovascular 
effects (modest decrements in HRV and small increases in heart rate) and this warrants further 
investigation.  
 
Previous work on crustal-derived or source-derived particles suggested that combustion 
particles are more strongly related to respiratory and cardiovascular effects than crustal-derived 
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particles; these results have been confirmed with new panel studies published since 2002. Two 
new panel studies examined the association of crustal-derived particles from dust events with 
respiratory effects and medication use, while two others assessed the cardiovascular or 
respiratory effects of source-derived particles on subjects with pre-existing conditions. Results 
from these recent studies could indicate that some susceptible groups may be affected by 
crustal and/or soil-derived particles, although the evidence is currently too limited to reach firm 
conclusions in this regard. Even so, it is not possible to discount a role for coarse PM in these 
effects; there is some suggestion from recent panel studies that crustal and/or soil-derived 
particles may be associated with respiratory effects in adults and children suffering from asthma 
or effects on heart function in elderly subjects with CHD. The evidence remains equivocal, given 
uncertainties with respect to a possible role for the fine PM fraction and inconsistency in the 
direction of some of the effects; the lack of statistical significance is perhaps a function of the 
small size in most of the studies.  
 
Overall, the health effects of coarse particles have been examined through time-series, case-
crossover and panel studies, and new information has shown a strong association between 
coarse particles and increased hospital admissions for respiratory diseases. A number of recent 
studies, conducted in areas with different climates, meteorological conditions and pollution 
levels, have investigated the role of coarse particles or crustal-derived particles in total, 
respiratory or cardiovascular mortality. The mortality signal observed in these studies is weaker 
than the morbidity signal observed through the hospitalization studies; there is only limited 
evidence that coarse particles are associated with mortality independently of PM2.5. However, 
significant associations have been observed between coarse particles and cardiovascular 
mortality in one Canadian study where no association was found with fine particles. Moreover, 
signals observed in some well-conducted studies in areas with relatively high coarse PM levels 
still warrant some consideration.  
 
In general, the new panel studies on respiratory endpoints support previous conclusions of a 
potential role for coarse particles in the development and expression of respiratory symptoms, 
although results from investigations of the health effects of coarse particles on the cardiac 
system still provide a limited role for this PM fraction. The respiratory disease studies also 
suggest that combustion particles are more toxic than crustal-derived particles from dust storm 
events. As with mortality studies, however, some of the new research indicates that susceptible 
groups, such as asthmatics and elderly people, may be affected by these types of particles.  
 
New panel studies conducted in areas where PM10–2.5 or PM10 levels are dominated by crustal 
materials seem to support the previous hypothesis that these particles are less toxic than finer 
particles generated in urban areas. However, there are stronger and positive associations 
suggesting that older persons or those with cardiorespiratory disease may be more susceptible 
to coarse crustal-derived particles from sandstorm/dust episodes. The majority of the panel 
studies were conducted with compromised subjects (children or adults with asthma; elderly 
persons with COPD, CHD or hypertension); none investigated the health effects of coarse 
particles on healthy adults.   
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5.0  Epidemiological Studies—Chronic  
Effects 

 
The effects of long-term or chronic exposure to ambient coarse PM have been examined in 
cross-sectional studies and, more recently, in prospective cohort studies. However, in contrast 
to the large number of studies on mortality and morbidity endpoints associated with daily 
variations in air pollutants, there have been relatively few that examine the effects of long-term 
or chronic exposure to air pollutants. Longitudinal cohorts are relatively rare due to their 
considerable financial and logistical requirements. Furthermore, many of the health outcomes 
associated with air pollution are also associated with other risk factors and extensive analyses 
are required to distinguish air-pollution-related effects. 
 
There are several challenges in the epidemiology studies investigating the impact of chronic 
exposure to coarse particles including the appropriate measure of exposure to PM and the 
differential measurement error, the impact of residential moves on the true estimation of 
exposure and the possible role of co-pollutants. With respect to spatial variability, the majority of 
the chronic epidemiological studies estimated ambient air pollution levels at residential 
addresses of the participants at the start of the study using fixed-site monitoring data and 
usually not account for residential moves (or lengthy stays away from the residential home in 
another geographic region) or day-to-day movement. Residential mobility is important, because 
it is very hard to model and to track, and at the same time, if ignored, the assessment of long 
term exposure could be inaccurate. Risk estimates can also be bias if the risk factors spatially 
correlated with air pollution are inadequately measured or modelled.  In addition, in cohort 
studies, unmeasured spatial confounding is also a very common challenge. Another important 
issue is the spatial correlation between fine and coarse PM which is likely to be larger than the 
temporal (day-to-day) correlation and therefore further complicating the estimation of the effect 
of CPM adjusted by fine PM.  
 

5.1 Mortality Studies 
The conclusion reached in the 2003 coarse PM assessment regarding the association between 
mortality and long-term exposure to coarse PM was that the limited database available at that 
time (Krewski et al., 2000a; 2000b; Lipfert et al., 2000b; McDonnell et al., 2000) did not support 
a role for the coarse fraction of PM10. While several studies indicated that long-term exposure to 
fine PM appeared to be associated with various mortality outcomes, coarse PM was not or was 
only marginally associated. In the instances where PM2.5 and PM10–2.5 were examined in 
bivariate analyses, the marginal impact of coarse PM was reduced while the fine PM 
association remained unaffected.  
 
Since 2002, only five new studies (Pope et al., 2002; Chen et al., 2005b; Lipfert et al., 2006; 
Puett et al., 2009, 2011b), all prospective cohort designs, have examined the effects of long-
term exposure to coarse PM on mortality. The extended American Cancer Society (ACS) study 
(Pope et al., 2002) used PM15–2.5 as a coarse PM metric, while all the other studies used PM10–2.5 
in investigating the health effects of coarse particulates. In all these studies, coarse PM levels 
were calculated as the difference between PM15/PM10 and PM2.5 levels, rather than using direct 
measurement of the PM fraction. Methodological details of these studies are provided in Table 
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5.1. None of the new epidemiological studies investigated the impact of chronic exposure to 
coarse particles on respiratory mortality. 
 
Pope et al. (2002) extended their original ACS cohort study (Pope et al., 1995) by doubling the 
follow-up time (with a concomitant tripling of the number of deaths), and improving the controls 
for occupational exposure and dietary variables. This study used vital status and cause of death 
data collected by the ACS as part of its Cancer Prevention II research, an ongoing prospective 
mortality study that enrolled approximately 1.2 million adults in 1982. Participants completed a 
questionnaire detailing individual risk factor data: age, gender, race, weight, height, smoking 
history, education, marital status, diet, alcohol consumption and occupational exposures. The 
vital status of study participants was ascertained in 1984, 1986, 1988 and 1998. The analysis 
covered a sub-cohort of about 500,000 adults who resided in US metropolitan areas where 
pollution data were available. Reported deaths were verified against death certificates for a 16-
year period (1982 through 1998). Death certificates or codes for cause of death were obtained 
for more than 98% of all known deaths.  
 
Many of the particulate pollution indices were available from data from the Inhalable Particle 
Monitoring Network (IPMN) for 1979–1983 and the National Aerometric Database for 1980–81, 
periods just prior to or at the beginning of the follow-up period. Additional information on 
ambient pollution during the follow-up period was extracted from the US EPA Aerometric 
Information Retrieval System (AIRS) database for 1982–1998. Data on gaseous pollutants were 
generally recorded throughout the entire follow-up period of interest. PM2.5 data were available 
from the IPMN for 1979–1983, and from AIRS in 1999–2000. The average PM2.5 concentrations 
during the period were estimated using data from those two sources. The average coarse PM 
concentrations (PM15–2.5) were also available from the IPMN for 1979–83; a mean of 19.2 µg/m3 
(SD= 6.1), generally similar to some Canadian cities, was observed for PM15–2.5 during that 
period. 
 
The statistical approach used in this analysis was the Cox proportional hazards survival model 
plus a spatial random-effects component that provides accurate estimates of the uncertainties of 
effects. The model also incorporated a non-parametric spatial smooth component to account for 
unexplained spatial structure. Only single-pollutant models were used. The coarse particle 
fraction (PM15–2.5) and TSP were not significantly associated with mortality (all-cause, 
cardiopulmonary and lung cancer); results for these compounds were only presented in figures. 
In contrast, PM2.5 was significantly associated during all three monitoring periods (1979–1983, 
1999–2000 and the average of the two periods) with all-cause, lung cancer and 
cardiopulmonary mortality but not with other-cause mortality, after adjustment for individual 
covariates (smoking, education, etc.). Statistically significant and relatively consistent 
associations between sulphate particles and mortality were also seen in all these categories. 
Weak and relatively inconsistent mortality associations were observed with PM10 and PM15 (and 
for cardiopulmonary mortality only). Of the gaseous pollutants, only SO2 was associated with 
elevated mortality risk in all the above categories; NO2, O3 and CO pollutants were not. 
 
Overall, results from this study indicate that long-term exposure to fine particulate air pollution is 
a risk factor for cardiopulmonary and lung cancer mortality. They provide little or no evidence of 
a role for coarse PM in this regard, particularly considering the large size and substantial 
duration of follow-up for the sub-cohort included in this analysis.  
 
Chen et al. (2005b) studied the association between particulate air pollution and the risk of fatal 
CHD based on the prospective cohort of the Adventist Health and Smog (AHSMOG) study that 
began in April 1977. The cohort (n= 3,769 non-smoking adults) was followed for 22 years; 530 
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persons were excluded from the analyses based on medical history (CHD, stroke and diabetes), 
leaving 3,239 subjects (2,090 females and 1,149 males). A total of 155 and 95 CHD deaths 
were identified in females and males, respectively, during the follow-up. Estimates of monthly 
ambient air pollutant levels were calculated using 1973–1998 data on PM10, O3, SO2 and NO2 
obtained from fixed-site monitoring stations maintained by the California Air Resources Board. 
PM2.5 levels were not measured directly but estimated from airport visibility, temperature and 
humidity. The mean coarse PM concentration for the study period was 25.4 µg/m3 (SD= 8.5), 
estimated as the difference between PM10 and PM2.5. The correlation coefficient between PM10–

2.5 and PM2.5 was 0.59. Time-dependent Cox proportional hazards regression modelling was 
used to study the association between CHD mortality and the various air pollutants. The basic 
model included BMI, frequency of meat consumption, past cigarette smoking and years of 
education. An interaction term between pollutant and gender was added to make the analyses 
gender-specific. The final model included years lived or worked with a smoker, total physical 
activity, history of hypertension, exposure to dust/fumes at work, frequency of eating nuts, 
number of glasses of water per day, time spent outdoors and hormone replacement therapy. 
 
RRs were all based on an increment of 10 µg/m3. In single-pollutant models, fatal CHD risk 
estimates for PM10, PM2.5 and PM10–2.5 were, respectively, 1.22 (95% CI 1.01–1.47), 1.42 (95% 
CI 1.06–1.90) and 1.38 (95% CI 0.97–1.95) in the female cohort and 0.94 (95% CI 0.82–1.08), 
0.90 (95% CI 0.76–1.05) and 0.92 (95% CI 0.66–1.29) in the male cohort. Risk estimates were 
strengthened after adjustments for gaseous pollutants (especially with ozone) and were highest 
for PM2.5. In the female cohort RRs for PM10–2.5 in the two-pollutant models with O3, NO2 or SO2 
were, respectively, 1.62 (95% CI 1.31–2.01), 1.34 (95% CI 0.94–1.94) and 1.49 (95% CI 1.12–
1.99). No significant associations were observed between fatal CHD and gaseous air pollutants 
in one- or two-pollutant models. Higher risk estimates were found for all three PM fractions 
when analyses were restricted to postmenopausal females, with RRs of 1.30 (95% CI 1.08–
1.57), 1.49 (95% CI 1.17–1.89) and 1.61 (95% CI 1.12–2.33) for PM10, PM2.5 and PM10–

2.5,respectively, in single-pollutant models.  
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Table 5.1 Chronic exposure to coarse particles and mortality outcomes 
 
 
Reference 

 
Location and  
period of study  

 
Cohort  
 

 
Mean ± SD (µg/m3)  
if not specified 
otherwise 

 
Upper percentile 
concentration 
(µg/m3) 

 
Study design 

 
Single/multi-
pollutant 
models 

 
Mortality outcomes 

United States    
 
Pope  
et al., 2002 
 
 

 
Various US 
metropolitan areas  
 
1979–1983 

 
ACS cohort 
(n=500,000 adults) 
 

 
19.2 ± 6.1 

 
NR 

 
Cox proportional 
hazards regression  
 

 
S 

 
All-cause, 
cardiopulmonary and lung 
cancer mortality 

 
Chen  
et al., 2005b 
 
 
 

 
San Francisco, San 
Diego, Los Angeles, 
CA 
 
1973–1998  

 
ASHMOG cohort 
 (n= 3,239) 
 
Age Group:>25 
 

 
25.4 
 
 

 
NR 

 
Cox proportional 
hazards regression  
 

 
S/M with NO2 
O3 and SO2 

 
Fatal CHD 

 
Lipfert  
et al., 2006 
 
 
 

 
Various parts of the 
US 
 
1989–1996 
 

 
Veterans cohort: 
male US veterans  
(n= 44,111) 
 
Aged 39–63 

 
16.0 ± 5.1 

 
NR 

 
Cox proportional 
hazards regression  
 

 
S/M with traffic 

 
All causes 

 
Puett  
et al., 2009 
 

 
Metropolitan areas of 
the Northeastern and 
Midwestern US 
 
Follow-up:  
1992–2002 
 

 
NHS; only nurses  
(n=66,250) 
 
Mean age: 62.4 ± 
7.6  
 
 

 
7.7 ± 2.6 
 
(Levels were 
predicted using GIS-
based  
spatiotemporal 
models of monthly 
PM10 and PM2.5 
levels) 

 
75th: 9.2 
Max.: 26.9 

 
Cox proportional 
hazards regression  
 

 
S/M with PM2.5 

 
All causes, fatal CHD 

 
Puett et al., 
2011b 
 
 

 
Metropolitan 
statistical areas in 13 
contiguous Northern 
and Mid-western US 
states 
 
Follow-up: January 
1989–January 2003 
 

 
HPFS cohort: 
dentists, 
pharmacists, 
optometrists, 
podiatrists and 
veterinarians 
(n=17,545) 
 
Mean age:  
57.4 ± 9.8 

 
10.17 ± 3.3 
 
(Levels were 
predicted using GIS-
based  
spatiotemporal 
models of monthly 
PM10 and PM2.5 
levels) 

 
NR 

 
Cox proportional 
hazards regression  
 

 
S/M with PM2.5 

 
All causes, fatal CHD 

ACS = American Cancer Society; AHSMOG = Adventist Health and Smog cohort; CHD = coronary heart disease; GIS = Geographic Information System; HPFS = Health Professionals 
Follow-Up study; NHS = Nurses` Health Study; NR = Not reported 
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Positive associations between CHD mortality and all three PM fractions were found for 
females but not for males in this study. The association between coarse PM and fatal CHD 
was positive but non-significant in the female group in the single-pollutant models, but became 
significant in two-pollutant models with gaseous air pollutants, as well as in the 
postmenopausal female group in the single-pollutant models. The authors hypothesized that 
the higher risk estimates found in their study for all three PM fractions could be due to more 
precise estimates of ambient air pollution, the AHSMOG study being the only prospective 
cohort with monthly estimates of ambient air pollution for each subject throughout the entire 
follow-up period. No other cohort studies have reported gender-specific rate ratios for CHD 
mortality, so further studies are needed to support the findings of a sex-differential effect of 
particles on CHD. Based on a bolus technique developed in recent years (Kim et al., 1996, 
1998) it was demonstrated, at fixed breathing pattern (breathing frequency and tidal volume), 
that total lung deposition of coarse particles (3 and 5 µm)  was consistently and significantly 
greater (~20%) in the TB region of women as compared with men.  
 
Lipfert et al. (2006) used traffic density as a surrogate to examine the role of traffic-related 
environmental effects on long-term mortality. A nationwide prospective cohort of 70,000 US 
veterans (the Washington University–EPRI Veterans’ Cohort), recruited in 1975 for a 
hypertension study, was followed through 2001. This cohort was male with an average age in 
1975 of 51 ± 12 years; 35% were black and 81% were smokers at one time. At time of 
recruitment, pre-existing health status was noted: 56% had a positive cardio-renal family 
history, 19% had a history of heart disease, 12% had a pulmonary abnormality, 9% were 
diabetic and 7% had a history of stroke. There were 44,111 deaths over the total follow-up 
period (1976–2001). 
 
The cross-sectional analysis controlled for age, race, height, body mass, blood pressure, 
smoking, income, education, poverty status and county climate. The authors developed a 
country-wide surrogate exposure measure. The traffic density index was based on the 
average vehicle travel per unit of land area for each subject’s county of residence at 
enrollment. Cox proportional hazards regressions were used to estimate the relationship 
between air pollution and all-cause mortality only. Levels of coarse PM were available for 
1989–1996 (n= 24,642 and deaths= 7,469); the average concentration was 16 µg/m3 (SD= 
5.1). The authors did not specify how coarse PM levels were obtained. RRs were based on an 
increment of 12µg/m3 for coarse PM. 
 
A positive and significant association was observed between all-cause mortality and coarse 
PM in the single-pollutant models; there was a RR of 1.072 (95% CI 1.013–1.134). Positive 
and significant associations were also observed for PM2.5 (1.118; 95% CI 1.038–1.203) and 
the non-sulphate fraction of PM2.5 (1.091; 95% CI 1.025–1.161) in single-pollutant models. 
Associations between coarse PM and all-causes mortality became non-significant, however, 
when traffic was included in the models; this observation was also true for PM2.5 and the non-
sulphate fraction of PM2.5. Only traffic and ozone were significantly associated with all-cause 
mortality in multi-pollutant models including traffic density. 
 
The authors found that traffic density was a significant and robust predictor of survival, more 
so than measures of ambient air pollutants. They also noted that other environmental factors 
such as noise or psychological stress could be involved.  
 
The relationships between all-cause mortality and fatal CHD with chronic exposure to both 
fine and coarse particles were studied by Puett et al. (2009) with the Nurses’ Health Study 
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(NHS) prospective cohort. The NHS cohort was initiated in 1976 with 121,700 women born 
between 1921 and 1946 who lived in 11 US states. For this follow-up study only nurses 
(n=66,250; mean age of 62.4 ± 7.6 years) who lived in northeastern and mid-western 
metropolitan statistical areas of the US from 1992 through 2002 were included. 
Spatiotemporal models for both PM2.5 and PM10 using GIS-based techniques were developed 
to predict monthly exposures at the residence of each participant and used to obtain the 
estimated coarse particle exposures with the subtraction method. Potential cofounders and 
effect modifiers were assessed with biennial questionnaires; they included hypertension, 
physician-diagnosed diabetes, BMI, physical activity, hypercholesterolemia, smoking status 
and history of MI in the family. Two different socioeconomic group levels were assigned using 
median household income and median household value at the census tract level. Time-
dependent Cox proportional hazards regression modelling was used to study the association 
between chronic PM exposure and mortality (HRs and 95% CIs) after adjustment for 
confounding factors, while effect modification was studied with stratification and use of 
interaction terms.  
 
The predicted means (SD) for PM2.5 and PM10–2.5 over the previous 12 months were, 
respectively, 13.9 µg/m3 (2.4) and 7.7 µg/m3 (2.6) for fine and coarse particles. HRs were all 
based on an increment of 10 µg/m3. In the fully adjusted models with all covariates the HRs 
for PM2.5 and PM10–2.5 were, respectively, 1.26 (95% CI 1.02–1.54) and 1.03 (95% CI 0.89–
1.18) for all-cause mortality and 2.02 (95% CI 1.07–3.78) and 1.14 (95% CI 0.73–1.77) for 
fatal CHD. These relationships were strengthened in two-pollutant models (PM2.5 and PM10–2.5) 
for fine particles, whereas they were attenuated for coarse particles. No evidence was found 
for effect modification in the relationship between coarse particles and all-cause mortality. 
Sensitivity analyses were also performed for PM2.5 using annual PM data from the nearest US 
EPA monitoring station in 2000, and it was demonstrated that individual-specific exposure 
assessment can produce higher risk estimates.  
 
Overall, this study did not show a strong association between coarse particles and increased 
risks of fatal CHD with the use of spatially estimated exposure measures, while strong 
associations were found with PM2.5.  

To study gender differences Puett et al. (2011b) also performed an analysis on males using 
exactly the same methodology as that used in the previous study (Puett et al., 2009). The 
same spatiotemporal exposure modelling was applied to the all-male Health Professionals 
Follow-Up Study (HPFS) cohort. This male cohort consists of 51,529 US professionals 
(dentists, pharmacists, optometrists, podiatrists, osteopaths and veterinarians). The cohort 
was initiated in 1986 and participants were between 40 and 75 years of age. Follow-up 
questionnaires were sent to participants every 2 years. To be able to compare this study with 
the previous one the current analysis was restricted to the participants living in 13 contiguous 
northeastern and mid-western states and included several mortality (all-cause, fatal CHD) and 
morbidity outcomes (total CVD, nonfatal MI, hemorrhagic and ischemic strokes). Relationships 
were assessed with time-varying Cox proportional hazards models. Confounding factors were 
considered through either adjustment or effect modification and included hypertension, 
hypercholesterolemia, diabetes mellitus (DM), physical activity, alcohol consumption, BMI, 
smoking status and smoking pack years, low versus high risk diet (ratio of polyunsaturated to 
saturated fat, cereal fibre, trans fat and glycemic load). Only a subset of the original cohort 
(n=17,545; mean age of 57) was used for this specific analysis, and a total of 2,813 deaths 
and 746 cases of fatal CHD were observed during the selected follow-up period (January 
2003–January 2009). PM10, PM2.5 and PM10–2.5annual mean levels at the beginning of the 
study (1986) were 27.9 µg/m3, 17.8µg/m3, and 10.1 µg/m3, respectively, and these levels 
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decreased over the follow-up period. Results were expressed based on an IQR (4 µg/m3) 
change in average PM coarse exposure in the 12 previous months. No PM fractions were 
significantly associated with all-cause mortality and fatal CHD in either the basic or the fully 
adjusted single-pollutant models. For coarse particles, HRs of 0.96 (95% CI 0.91–1.02) and 
1.02 (95% CI 0.92–1.14) were found with all-cause mortality and fatal CHD, respectively, 
while HRs of 1.08 (95% CI 0.90 – 1.30) and 0.90 (95% CI 0.64 – 1.26) respectively were 
found for ischemic and hemorrhagic strokes. Similar relationships were observed for both 
PM2.5 and PM10 as well as for both fine and coarse particles in two-pollutant models with the 
other PM fraction. The risks observed in the NHS (Puett et al., 2009), which used the same 
exposure estimation methods and geographic area, were stronger, but this female cohort 
showed worse health indicators (less physically active, more current smokers) and were living 
in areas with lower SES.  

The authors concluded that no associations were observed between chronic PM exposure 
and mortality outcomes in this cohort of professional men with high SES and that more studies 
should be performed to ascertain whether men with higher SES are less susceptible to 
chronic PM exposure.  

5.2 Morbidity Studies 
The small dataset on chronic respiratory morbidity (Gauderman et al., 2000; Leonardi et al., 
2000) reviewed in the 2003 coarse PM assessment did not provide insight into the role played 
by the coarse PM fraction. While associations of such effects were found with various PM 
metrics, including coarse PM, the relatively high correlation between the size fractions or 
uncertainty as to the accuracy of the measure of the coarse fraction limited interpretation of 
the results.  
 
A small number of studies investigating the impact of long-term exposure to coarse particles 
on morbidity outcomes have been published during the past few years. Only one study (Dales 
et al., 2008) has been performed in Canada; three reports are follow-up analyses using data 
from the California CHS (McConnell et al., 2003, 2006; Millstein et al., 2004); several studies 
were also conducted in various areas of the US and have looked at either changes in birth 
weight (Parker and Woodruff, 2008), respiratory allergy/hay fever (Parker et al., 2009), DM 
(Puett et al., 2011a) or CVD (Puett et al., 2009, 2011b). One study was also performed in Asia 
on the prevalence of respiratory symptoms in children (Zhang et al., 2002). Methodological 
details of these studies are provided in Table 5.2. 

5.2.1 Respiratory Effects 
In the past, a small number of studies have examined the relationship between chronic 
measures of community air pollution and various respiratory health endpoints. In the 1999 PM 
SAD, only one cross-sectional study (Johnson et al., 1990) investigated the association of 
TSP, coarse (PM15–2.5) and fine particles with pulmonary function and respiratory symptoms in 
children in five Montana communities. There was a negative association between the 
seasonal average concentration of the PM size fractions and the pulmonary variables, but 
detailed results were not presented and there was no strong trend toward pinpointing one 
particular PM size fraction as the primary explanation for the association. The small dataset 
on chronic respiratory effects (Gauderman et al., 2000; Leonardi et al., 2000) reviewed in the 
2003 coarse PM assessment was also too limited to provide much insight into the possible 
role of the coarse PM fraction. The Children’s Health Study (CHS) conducted by Gauderman 
et al. (2000) in 12 California communities showed that exposure to PM10, PM2.5, PM10–2.5, NO2 
and inorganic acid vapour was associated with reduced lung function growth in children. 
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Given the high correlation between pollutants, however, it was impossible to attribute the 
effects to any specific pollutant or subset of pollutants. Leonardi et al. (2000) also reported 
positive but non-statistically significant associations between immune biomarkers (lymphocyte 
numbers, neutrophils, immunoglobulins) in children’s blood and coarse PM in cities of central 
Europe. The levels of coarse particles in these studies, which were obtained by subtracting 
measures of PM2.5 from PM10 levels, ranged between 12 and 38 µg/m3. Six new studies 
investigating the impact of long-term or chronic exposure to ambient coarse particles on 
respiratory effects have been reviewed for this assessment.  
 

5.2.1.1 Canadian Study 
Dales et al. (2008) conducted a study in Windsor, ON, to evaluate the health effects on 
children (n= 2,350; 9–11 years old) living near roadways using two health indicators: eNO and 
pulmonary function (FVC and FEV1). It has been recognized that land-use regression (LUR) 
captures more spatial variability in air pollution concentrations than community-based 
monitoring stations and could provide a better exposure estimate. To estimate exposure from 
traffic a measure of proximity to roadways (total length of local roadways within a 200-m 
radius of the home) was also determined. Air pollution (NO2, SO2, fine and coarse PM, BS) at 
each child`s residence was estimated using LUR models and roadway density around the 
homes. Multivariate linear regressions were used to assess the relationship between the 
different exposure estimates and airway inflammation and ventilatory function. Results were 
presented based on tertiles of air pollution.  
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Table 5.2 Chronic exposure to coarse particles and morbidity outcomes 
 
 
Reference 

 
Location and 
period of study 

 
Subjects 

 
Annual mean ± SD 
(µg/m3)  if not 
specified otherwise  
 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study Design 

 
Single/multi-
pollutant models 
 

 
Morbidity outcomes 

Canada 
 
Dales et al., 2008 
 
 

 
Windsor,  
ON, Canada 
 

 
Children: 
(n= 2,350) 
 aged 9–11) 
 

 
7.25 

 
95th: 8.23 

 
Cross-sectional; 
Multivariate 
linear regression 

 
S 

 
Pulmonary functions 
(FEV1) and inflammation 
(eNO) 

United States 
 
McConnell  
et al., 2003 
 

 
12 Southern CA 
communities 
 
1993–1999 
 

 
CHS cohort: 
asthmatic 
children (n=475) 
aged 9–19 

 
4-year mean: 17.0 ± 6.4 

 
Max.: 36.0 

 
Cohort study; 
three-stage 
regression model 
combined to yield 
a mixed-effects 
logistic model 
 

 
S/M 

 
Bronchitis symptoms 

 
Millstein  
et al., 2004 
 
 

 
12 Southern CA 
communities 
 
 
Mar–Aug 1995 and 
Sept 1995–Feb 
1996 
 

 
CHS cohort: 
fourth grade 
students  
(n=2,034) 
mostly aged 9  

 
Monthly means of  
PM10–2.5 for each 
community were only 
presented in a graph 

 
NR 

 
Cohort study; 
Mixed-effects 
logistic model 
 
Seasonal 
analysis 
(spring/summer; 
fall/winter) 
 

 
S 

 
Wheeze and asthma 
medication use 

 
McConnell  
et al., 2006 
 

 
12 Southern CA 
communities 
 
1996–1999 
 

 
CHS cohort: 
asthmatic 
children owning 
cat and/or dog 
(n=475) 
aged 9–19 
 

 
4-year mean: 17.0 ± 6.4 

 
Max.: 36.0 

 
Cohort study; 
Mixed-effects 
logistic model 
 

 
S 

 
Bronchitis symptoms 

 
Parker et al., 
2009 
 

 
Various US regions  
 
1999–2005 
 
 

 
Children: 
(n=72,279) 
aged 3–17 

 
Median: 11.2; averaging 
time was not reported 

 
75th: 15.2 

 
Cohort study;  
Logistic 
regression 

 
S/M 

 
Respiratory allergy/hay 
fever 
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Reference 

 
Location and 
period of study 

 
Subjects 

 
Annual mean ± SD 
(µg/m3)  if not 
specified otherwise  
 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study Design 

 
Single/multi-
pollutant models 
 

 
Morbidity outcomes 

 
Puett et al., 2009 
 

 
Metropolitan areas 
of the northeastern 
and mid-western 
US 
 
Follow-up:  
1992–2002 
 
 

 
NHS cohort: 
only nurses  
(n=66,250) 
mean age                
62.4 ± 7.6) 
 
 
 
 
 

 
7.7 ± 2.6 
(Levels were predicted 
using GIS-based  
spatiotemporal models 
of monthly PM10 and 
PM2.5 levels) 
 

 
75th: 9.2 
Max.: 26.9 

 
Cohort study; 
Cox proportional 
hazards 
regression  
 

 
S/M with PM2.5 

 
First and non-fatal CHD 
 

 
Puett et al., 
2011a 
 

 
Metropolitan 
statistical areas in 
13 contiguous 
northern and mid-
western US states 
 
Follow-up:  
January 1989–
January 2002 
(HPFS) and June 
1989–June 2002 
(NHS)  
 
 
 
 
 

 
NHS cohort:  
only nurses  
(n=74,412), 
mean age 55.1 ± 
7.1) 
 
HPFS cohort: 
Dentists, 
pharmacists, 
optometrists, 
podiatrists and 
veterinarians 
(n=15,048) 
 
 

 
NHS: 9.4 ± 2.9 
HPFS: 10.3 ± 3.3 
 
(Levels were predicted 
using GIS-based  
spatiotemporal models 
of monthly PM10 and 
PM2.5 levels) 

 
NR 
 

 
Cohort study; 
Cox proportional 
hazards 
regression and 
random-effects 
models for the 
meta-analysis 
 

 
S/M with PM2.5 

 
DM 

 
Puett et al., 
2011b 
 
 

 
Metropolitan 
statistical areas in 
13 contiguous 
Northern and Mid-
western US states 
 
 
Follow-up: January 
1989–January 2003 
 
 
 
 
 

 
HPFS cohort: 
dentists, 
pharmacists, 
optometrists, 
podiatrists and 
veterinarians 
(n=17,545) 
 

 
10.17 ± 3.3 
(Levels were predicted 
using GIS-based  
spatiotemporal models 
of monthly PM10 and 
PM2.5 levels) 

 
NR 

 
Cohort study; 
Cox proportional 
hazards 
regression  
 

 
S/M with PM2.5 

 
Non-fatal MI, total CVD, 
ischemic and 
hemorrhagic strokes 
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Reference 

 
Location and 
period of study 

 
Subjects 

 
Annual mean ± SD 
(µg/m3)  if not 
specified otherwise  
 

 
Upper percentile 
concentration 
(µg/m3) 
 

 
Study Design 

 
Single/multi-
pollutant models 
 

 
Morbidity outcomes 

Asia 
 
Zhang et al., 
2002 
 

 
China–4 cities 
(urban and 
suburban location 
for each city): 
Guangzhou, 
Wuhan, Lanzhou 
and Chongqing 
 
1993–1996 
 

 
Schoolchildren: 
(n=7,392) 
between 5.4 and 
16.2years of age 

 
2-year mean: 59 ± 28 

 
Range 
(max–min.): 80 

 
Cross-sectional; 
two-stage 
regression 
approach: logistic 
regression and 
variance-
weighted linear 
regressions 

 
S 

 
Prevalence of 
respiratory symptoms: 
bronchitis, persistent 
phlegm, persistent 
cough, wheeze, asthma, 
respiratory 
hospitalization. 

CHD = coronary heart disease; CHS = Children’s Health Study; CVD = cardiovascular disease; eNO = exhaled nitric oxide; FEV1 = forced expiratory volume in 1 second; GEE = 
Generalized Estimating Equations; HPFS = Health Professionals Follow-up Study; M = multi-pollutant models; NHS = Nurses` Health Study; NR = not reported; S = single-pollutant 
models
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The annual average coarse PM concentration estimated by LUR and roadway density was 
7.25 µg/m3 (5th–95th = 0.77–8.23 µg/m3). Positive but not statistically significant associations 
were found between coarse particles and eNO, while pulmonary function volumes (FEV1 and 
FVC) were about 40 ml less in the highest tertile (>7.53 µg/m3) as compared with the lowest 
tertile (<7.04 µg/m3). 
 
Increases of 0.04 % (95% CI -0.65% to 0.73%) and 0.17% (95% CI -1.25% to 1.60%) were 
respectively observed per µg/m3 increase in coarse particles for FEV1 and FVC. Positive and 
significant associations were, however, found between eNO and PM2.5 as well as with 
roadway density (length of both local and all roadways within 200m of the home). This paper 
focused mainly on traffic exposure and concluded that traffic from local roadways can cause 
airway inflammation as indicated by eNO. The authors concluded that the results suggested 
this health indicator may be more sensitive than the traditional measures of pulmonary 
functions used in epidemiological studies.  
 

5.2.1.2 The Southern California Children’s Health Study  
The CHS was a large 10-year prospective cohort study of the effects of chronic air pollution 
exposures on the health of children living in Southern California. Its aim was to answer three 
questions:  
• Do children living in high air pollution areas suffer deleterious chronic respiratory effects?  
• Do children living in high air pollution areas suffer greater rates of acute respiratory illness, 

more severe respiratory illness and/or exacerbation of underlying disease? 
• Are there subpopulations of children more susceptible to air health effects than their 

peers?  
 
Children were chosen since they may be more affected by air pollution (due to respiratory and 
immune system development) and they can have higher exposures to air pollution than adults. 
About 5,500 children from 12 communities with different combinations of high and low levels 
of various air pollutants were enrolled in the study, two-thirds as fourth-graders. Information on 
the children’s health, their exposure to air pollution as well as many other factors that affect 
their responses to air pollution was collected annually until they graduated from high school. 
 
Levels of four air pollutants (O3, NO2, acid vapour and both PM2.5 and PM10) were measured 
continuously in each community throughout the study and for short periods in schools and in 
some homes. The lung function of each child was tested every spring. Questionnaires were 
administered annually to collect information on the children’s respiratory symptoms as well as 
factors that could influence their response to air pollution (wheezing, chronic cough, diagnosis 
of asthma or asthma-related problems, time spent outside, level of physical activity, parental 
smoking habits, number of siblings, mould and pets in the household).  
 
Three new studies (McConnell et al., 2003, 2006; Millstein et al., 2004) are follow-up analyses 
using data from the CHS.  
 
McConnell et al. (2003) investigated the relationship of bronchitic symptoms with ambient air 
pollution in asthmatic children in the 12 Southern California communities included in the 
California CHS. In 1996, an additional 175 fourth-graders from each community were added to 
the cohort. Air pollutants included in this paper were PM2.5, PM10, PM10–2.5, inorganic acid, 
organic acid, EC, OC, NO2 and O3; the 4-year mean levels (1996–1999) in each community 
were computed for each pollutant metric. The 4-year average across the 12 communities for 
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PM10–2.5, estimated as the difference between PM10 and PM2.5, was 17.0 µg/m3 (SD= 6.4) with 
a range of 10.2–35.0 µg/m3. The range of yearly deviation from the 4-year mean within each 
of the 12 communities averaged 4.2 µg/m3 (SD = 2.2), varying from 1.3 µg/m3 in the 
community with the least variability to 9.7 µg/m3 in the community with the largest yearly 
deviations. A strong correlation was observed between PM10–2.5 and PM10 (r = 0.79) while a 
low correlation was found between PM10–2.5 and PM2.5 (r= 0.24).  
 
This analysis included children with a history of asthma who completed two or more follow-up 
questionnaires after 1996 (n= 475). Bronchitic symptoms were assessed in the yearly follow-
up questionnaire. A child was considered to have chronic bronchitic symptoms during the 
previous year if a daily cough, congestion or phlegm was reported for 3 months in a row or if 
bronchitis was diagnosed. Information on potential confounders was collected with the 
baseline questionnaire (child’s gender, age, race and ethnicity, history of allergies, family 
history of asthma, whether the child smoked, in utero tobacco smoke exposure, membership 
in a health insurance plan and SES based on family income). 
 
Based on three-stage regression models, the study compared bronchitic symptoms with both 
the yearly deviation from the 4-year mean within the 12 communities and the 4-year average 
of air pollutants across the 12 communities. Individual time-dependent covariates (including 
within-community variability, age, children’s smoking history, and second-hand tobacco smoke 
exposure) were assessed in the first stage using logistic regression; individual level time-
independent confounders were assessed in the second stage with the linear regression 
model; and finally, in the third stage the effects of 4-year average air pollutants were 
estimated. To yield a more efficient logistic mixed-effects model, the three regression models 
were combined. All analyses were conducted with SAS software, and the GLIMMIX macro 
was used to fit the logistic mixed-effects model. Single- and multi-pollutant models were used.  
 
Among the 475 asthmatic children, 184 (38.7%) were suffering from bronchitic symptoms 
during the first year they participated in the analysis. In between-community analyses, the 
ORs for bronchitic symptoms among children with asthma varied from 0.80 (for O3) to 1.81 (for 
PM2.5) across the various air pollutants. The ORs for the 4-year average PM10–2.5 
concentrations between-community and within-community were, respectively, 1.01 (95% CI 
0.98–1.04) and 1.02 (95% CI 0.95–1.10) per µg/m3. The between-community levels of PM2.5, 
EC and NO2 were significantly associated with bronchitic symptoms. In within-community 
analyses for the other pollutants, the ORs were statistically significant for PM2.5, OC, NO2 and 
O3. In general, the within-community effect estimates were considerably larger than the 
between-community estimates, and positive associations with bronchitic symptoms were 
observed for all pollutants.  
 
In two-pollutant models analyzing the between-community effect, the estimates were generally 
not significant in the presence of other pollutants. In two-pollutant models assessing the 
within-community effect, the effect of PM2.5 was only modestly attenuated by other pollutants 
and remained significant after adjustment for PM10–2.5, inorganic and organic acids. The effect 
of OC remained significant except with PM2.5 or NO2, while the effect of NO2 was reduced and 
was no longer significant after adjusting for O3 or for PM2.5 and was also markedly reduced 
after adjustment for OC.  
 
Hence, the results of this study suggest a role for chronic exposure to fine PM but not for coarse 
PM in the exacerbation of asthma in children. The authors also concluded that NO2 and OC 
deserve greater attention as potential causes of chronic bronchitic symptoms in asthmatic 
children.  
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In a follow-up paper McConnell et al. (2006) examined whether the effect of air pollution on 
the prevalence of bronchitis in asthmatic children was larger among dog and cat owners. The 
study population (as well as the pollution data) was the same as the one used in their previous 
study (McConnell et al., 2003) of 475 Southern California asthmatic children. A logistic mixed-
effects model was used to study whether dog ownership enhances symptomatic responses to 
air pollution in asthmatic children. The first-level model analyzed bronchitic symptoms and 
yearly deviation from the 4-year mean within the 12 communities specific to dog/cat owners 
and non-owners, with adjustment for time-dependent covariates (age, children’s personal 
smoking history, second-hand smoke). In the second-level model, linear regression models to 
adjust for fixed subject-specific covariates (gender, race/ethnicity) were performed. These two 
phases were then combined to yield a more efficient logistic mixed-effects model. Temporal 
trends in pollution and symptoms were also accounted for in the model. In addition, the 
authors assessed other factors that might interact with air pollution to account for the effects of 
having a dog/cat in the home, including gender and parental history of asthma. 
 
ORs between bronchitis symptoms in dog-owning asthmatic children and air pollutants were 
positive for all pollutants considered and significant for all pollutants except for PM10–2.5 and 
organic acid, where positive but non-significant results were observed. The ORs between 
bronchitic symptoms and yearly variability in PM10–2.5 among children owning dogs and 
children without dogs at home were 1.30 (95% CI 0.91–1.87) and 0.76 (95% CI 0.47–1.22), 
respectively, per 4.2 µg/m3 increase, with an interaction p-value of 0.05. A weaker interaction 
was found between cat ownership and the association of air pollutants with bronchitis 
symptoms in asthmatic children. The largest effects were observed in children owning both a 
cat and a dog, with the strongest association being seen for EC and OC. The OR for a 4.2 
µg/m3 increase in PM10–2.5 was 1.69 (95% CI 1.02–2.79) for asthmatic children owning both 
pets. 
 
The observed effects were not explained by other questionnaire-reported factors, including 
mildew, flooding or water damage, markers of damp housing and exposure to mould. Overall, 
this study indicated that pet ownership modified the association between bronchitic symptoms 
in asthmatic children and yearly air pollution deviation from the 4-year mean within the 12 
communities. The authors concluded that an interaction between endotoxin and air pollutants 
is a plausible explanation, given that dog ownership has been shown to be a strong predictor 
of increased endotoxin levels in house dust and that endotoxin has been linked to asthma in 
several studies (Thorne et al., 2005).  
 
Millstein et al. (2004) investigated the effects of air pollution on asthma medication use and 
wheezing among school children from 12 Southern California communities enrolled in the 
CHS. Air pollutants included in the analysis were PM10, PM2.5, PM10–2.5 (calculated by 
difference), O3, NO2, HNO3, acetic acid and formic acid. Of the 2,034 fourth-grade children, 
14.5% (n= 294) had physician-diagnosed asthma and 32.3% (n= 656) had experienced some 
lifetime history of wheezing. Concentrations of the various air pollutants were not reported in 
the paper. Monthly means of PM10–2.5 for each community were only presented in a graph.  
A multi-mixed-effects model was used and monthly temperatures were adjusted with ß-spline 
terms. The model used allows adjustment for community-related factors, month-related factors 
and subject-specific covariates (age, gender, allergies, pet cats, carpet in home, exposure to 
ETS, heating system, heating fuel, water damage, education level and physician-diagnosed 
asthma). Data were stratified into two seasonal groups: spring/summer (March–August) and 
fall/winter (September–February). 
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In the annual analysis, positive but non-significant associations were observed between ambient 
coarse PM levels and the monthly prevalence of wheezing in the full group of children, as well 
as in the group of children spending more than the median time outdoors. The respective ORs 
observed were 1.05 (95% CI 0.88–1.25) and 1.13 (95% CI 0.77–1.66) per 11.44 µg/m3 IQR. 
However, a strong and significant association was found between coarse PM and monthly 
prevalence of wheezing in the spring/summer period (OR= 2.31; 95% CI 1.20–4.43), suggesting 
a possible role for the coarse PM fraction in exacerbating asthma during those seasons. A 
significant relationship between PM10 and prevalence of wheezing was also only observed 
during the spring/summer season. Positive but non-significant associations were found between 
ambient PM2.5 levels and the monthly prevalence of wheezing in both the annual and the 
seasonal analyses. Among the asthmatic group, the monthly prevalence of medication use was 
only associated with monthly levels of ozone, nitric acid and acetic acid, especially among 
children spending more than the median time outdoors; no associations were found with PM10, 
PM10–2.5 or PM2.5.  
 
In this population the lack of an association between PM2.5 and the prevalence of wheezing 
suggests that the effect of PM10 in the spring/summer season could be attributable to the 
coarse PM fraction. The study revealed that PM10 and PM10–2.5 concentrations were strongly 
correlated (r= 0.91), while the correlation between PM10 and PM2.5 levels was moderate (r= 
0.33). The authors also explained that the particulate sulphate may have contributed to the 
significant findings of PM2.5 in the eastern US in other studies, whereas sulphate is not an 
important component of PM2.5 in Southern California.  
 

5.2.1.3 Studies from Around the World 
The impact of chronic exposure to air pollution on childhood respiratory allergies has also been 
investigated by Parker and colleagues (Parker et al., 2009) in the US using a nationwide 
sample; the 1999–2005 National Health Interview Survey (NHIS). A total of 72,279 children 3–
17 years of age were eligible and provided information through this survey. Ambient air pollution 
levels for several pollutants (PM, O3, SO2 and NO2) were assigned using monitors located within 
20 miles of the child’s residential block group and were linked to the NHIS files. The number of 
children linked to air monitoring data varied for all pollutants; of the eligible 72,279 children only 
32,080 had exposure data for each of the pollutants within 20 miles. The authors looked at the 
association between annual average air pollution exposures and reporting of respiratory 
allergies/hay fever using logistic regression models while adjusting for demographic (year, 
poverty, race, family structure, insurance, usual source of care, age, education of adult) and 
geographic variables (urban status, region, median income of county). Both single- and multi-
pollutant models were performed. The role of asthma as a potential confounder, the urban–rural 
status, the presence of an adult smoker in the family and exposure to ETS were investigated 
through secondary analyses.  
 
A median (IQR) of 11.2 µg/m3 (8.2–15.2) was obtained for coarse particles by subtracting PM2.5 
levels from PM10 levels; a low correlation (r=0.02) was found between coarse and fine particles. 
Among the 72,279 eligible children, 19.2% reported having had either hay fever, respiratory 
allergies or both in the previous 12 months. Summer ozone and fine particles were found to be 
associated with increased reporting of respiratory allergies/hay fever and these associations 
persisted in multi-pollutant models. A positive but not statistically significant association 
(OR=1.01; 95% CI 0.95–1.07) was reported for an increase of 10 µg/m3 in coarse particles. This 
association became stronger in the subset (n=32,080) linked to multiple pollutants in both the 
single- (OR= 1.13, 95% CI 1.05–1.22) and multi-pollutant models (OR= 1.16; 95% CI 1.06–1.24) 
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including summer O3, SO2, NO2 and fine particles, suggesting sample selection effects. 
Associations for summer O3, PM10 and PM10–2.5 were significantly different by urban/rural status 
(data not shown) but not for the fine PM fraction and the gaseous pollutants.  
 
The authors concluded that they found a persistent association between reported respiratory 
allergies/hay fever and summer ozone and that these findings were stronger in urban areas. 
They also reported a strong association with fine particles, while a weaker association was 
observed with coarse particles and this last association varied geographically.  
 
Zhang et al. (2002) studied the respiratory health effects of long-term exposure to ambient air 
pollution in school children from four Chinese cities: Guangzhou, Wuhan, Lanzhou and 
Chongqing. The cities were chosen on the basis of their wide between-city gradients and within-
city differences in ambient pollutant levels. One urban district and one suburban district were 
selected in each city. Elementary school students between 5.4 and 16.2 years of age were 
chosen to provide the subject pool (n= 7,392). The study included multi-year data on levels of 
four size fractions of ambient PM, including TSP, PM10, PM2.5 and PM10–2.5. Ambient TSP, SO2 
and NOx levels were measured at each district municipal monitoring station from 1993 to 1996, 
while size-fractionated PM measurements were specifically obtained in the schoolyards during 
1995 and 1996. PM2.5 and PM10–2.5 were measured directly with dichotomous samplers; PM10 
levels were obtained by adding PM2.5 and PM10–2.5 concentrations together. TSP was also 
measured in the schoolyards for comparison with the monitoring stations. The 2-year arithmetic 
means for PM10–2.5 ranged from 54 to 100 µg/m3 in the urban districts of the four cities and from 
30 to 67 µg/m3 in their suburban districts. 
 
Information on lifestyle, residential history, children’s and parents’ health histories and 
household characteristics were obtained through a questionnaire survey administered during 
1993–1996. The following respiratory symptoms and illnesses were identified based on the 
responses from the questionnaire: wheezing, asthma, bronchitis, persistent cough and 
persistent phlegm. A two-stage regression approach was chosen to investigate the relationship 
between the prevalence of children’s respiratory health indicators and air pollution. In the first 
stage, a single logistic regression was performed for the prevalence of each morbidity outcome, 
including all covariates (personal, household and family parameters) as independent variables 
and the district dummy variables. Logits of district-specific prevalence were obtained. In the 
second stage, variance-weighted linear regressions were performed to examine the relationship 
between the district-specific adjusted prevalence rates and district-specific ambient levels of 
each pollutant.  
 
Some of the covariates were found to be risk factors for the children’s respiratory health: they 
included being younger in the study group, being male, having been breast-fed, sharing 
bedrooms, room being smoky during cooking, eye irritation during cooking, parental smoking 
and a history of parental asthma. Positive associations were found between the prevalence of 
health problems and all outdoor levels of all PM size fractions, and these associations appeared 
to be stronger for coarse PM fractions. Positive and statistically significant associations (p<0.05) 
were found between coarse PM (IQR of 42 µg/m3) and bronchitis (OR= 2.20; 95% CI 1.14–
4.26), persistent cough (OR= 1.46; 95% CI 1.12–1.90) and persistent phlegm (OR= 2.83; 95% 
CI 1.93–4.16). Positive but non-significant associations were also found between PM10–2.5 and 
wheezing (OR= 1.12; 95% CI 0.65–1.93), hospitalizations for respiratory diseases (OR= 1.47; 
95% CI 0.86–2.52) and asthma (OR= 1.28; 95% CI 0.86–1.91). Positive but not statistically 
significant associations were found between PM2.5 and the prevalence of respiratory symptoms. 
SO2 and NOx were also positively but not significantly associated with the prevalence of 
children’s respiratory symptoms. 
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These results generally suggest that long-term exposure to high levels of ambient coarse PM 
pollution was significantly associated with children’s upper respiratory tract symptoms in the four 
Chinese cities. The relatively strong associations observed may be the result of the fairly high 
ambient exposures in this study, the close proximity of the sampling to the subjects and the 
direct measurement of the coarse PM fraction, which would be expected to result in lower 
measurement error. Coarse particles may also contain biological or chemical compounds more 
relevant to some respiratory health outcomes.  
 

5.2.2 Other Effects 

5.2.2.1 Cardiovascular Effects 
The impact of long-term exposure to coarse particles on cardiovascular outcomes has been 
studied in two recent cohort studies (Puett et al., 2009, 2011b). The first study included 
women from the NHS while the second one was the all-male HPFS cohort. These two studies 
have used the same spatiotemporal exposure modelling and have been described in detail in 
Section 5.1; only specific results on morbidity outcomes are being discussed here.  
 
The study performed by Puett et al. (2009) investigated the relationship between chronic 
exposure to coarse particles and some cardiovascular events in the NHS; first CHD and 
nonfatal MI. The authors found no evidence of an association between a 10 µg/m3 increase in 
coarse particles in the previous 12 months and first CHD (HR = 1.04; 95% CI 0.82–1.32) and 
nonfatal MI (HR = 0.96; 95% CI 0.71–1.30) in the fully adjusted single-pollutant model. These 
relationships were still non-significant after the inclusion of PM2.5 in the model; however, the 
association with nonfatal MI was strengthened, with a HR of 1.06 (95% CI 0.77–1.47). Similar 
results were also found with the fine PM fraction. Nor were significant associations found in 
the subsequent study (Puett et al., 2011b) between a 4 µg/m3 increase in coarse particles and 
total CVD (HR = 1.02; 95% CI 0.92–1.41), nonfatal MI (HR = 1.02; 95% CI 0.91–1.15), 
ischemic stroke (HR = 1.08; 95% CI 0.90–1.30) or haemorrhagic stroke (HR = 0.90; 95% CI 
0.64–1.26) in single-pollutant models. Similar and still non-significant associations were 
observed in two-pollutant models including fine particles. Findings were similar with PM2.5 in 
both single- and two-pollutant models.  
 
This team concluded that associations between chronic exposure to coarse particles and 
cardiovascular morbidity outcomes were not evident.  
 

5.2.2.2 Diabetes Mellitus 
Some new recent studies have investigated the relationship between air pollution and the 
incidence of type 2 DM. This disease or metabolic disorder is characterized by high sugar 
levels in the blood due to an insufficient production of insulin.  
 
The relationship of incident type 2 DM with exposure to PM (PM2.5, PM10, PM10–2.5) in the 
previous 12 months was studied using both the NHS and the HPFS cohorts (Puett et al., 
2011a) during the 1989–2002 period. The team used the same methodology as that followed 
in the previous studies (Puett et al., 2009; 2011b; for more details on the study design and the 
spatiotemporal exposure modelling see description of Puett et al. (2009) in Section 5.1). A 
total of 3,784 incident cases of type 2 DM occurred in the NHS and 688 cases were reported 
from the NPFS cohort. Predicted PM10–2.5means (SD) for the NHS and HPFS cohorts were 9.4 
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µg/m3 (2.9) and 10.3 µg/m3 (3.3) respectively. The results from the Cox proportional hazard 
models were reported for an interquartile increase of 4 µg/m3 in coarse particles averaged 
over the 12 months prior to the diagnosis. Random-effects models were used for the meta-
analysis.  
 
A positive and significant association was found in the NHS cohort between coarse particles 
and incidence of type 2 DM (HR=1.07; 95% CI 1.01–1.13) in the single-pollutant basic models 
stratified by age and adjusting for state residence, year and season. The relationship was, 
however, no longer significant (HR= 1.04; 95% CI 0.98–1.10) in the fully adjusted models 
(age, state residence, year, season, cigarette smoking, hypertension, BMI, alcohol intake, 
physical activity and diet). Positive but non-significant associations were observed in the 
HPFS cohort between coarse particles and incident DM in both the basic (HR=1.05; 95% CI 
0.94–1.17) and fully adjusted (HR= 1.04; 95% CI 0.93–1.16) models. Similar associations 
were observed with both PM2.5 and PM10. Positive but non-significant associations were found 
between all PM size fractions and type 2 DM in the pooled fully adjusted meta-analysis. A 
significant association between type 2 DM and residential proximity to roads (living <50m 
versus ≥200m) was found in the female cohort (OR= 1.14; 95% CI 1.03–1.27) but not in the 
male professional cohort (OR=1.02; 95% CI 0.85–1.23). 
 
Overall, the authors concluded that PM air pollution estimated in the 12 months before the 
diagnosis was weakly associated with type 2 DM in both the female nurse and male 
professional cohorts. They also noted, however, that their findings support an association 
between diabetes and residential proximity to roads, a proxy marker for traffic-air pollution, in 
the female nurses’ cohort.  

5.3 Summary and Considerations 
Longitudinal cohorts are relatively rare due to their considerable financial and logistical 
requirements. The effects of long-term or chronic exposure to ambient coarse PM have been 
examined more recently in prospective cohort studies. However, in contrast to the large 
number of studies on daily variations in air pollutants associated with various mortality and 
morbidity endpoints, there have been relatively few studies that examine the effects of long-
term or chronic exposure to air pollutants.  
 
In summary, the available epidemiologic evidence for health effects of chronic exposure to 
coarse particulate is currently limited and characterized by large uncertainty. Since 2002, only 
five studies, all prospective cohort designs, have examined the effect of long-term exposure to 
coarse PM on mortality in the US. These newer findings, like previous results, do not provide 
clear evidence of a role for the coarse PM fraction. No epidemiological studies investigated 
the impact of chronic exposure to coarse particles on respiratory mortality. RRs for all-cause 
mortality and lung cancer were not significant or disappeared when adjusted for other factors 
while the association was usually stronger with fine PM. In the AHSMOG study, where 
separate effect estimates were developed for males and females, an elevated risk of fatal 
CHD was observed with ambient levels of fine and coarse particles in females but not in 
males. Stronger risks for fatal CHD were also observed in the female NHS than in the male 
HPFS assessments, both performed using the same exposure estimation methods and 
geographical area. The authors noted, however, that there were differences in the health 
indicators and the SES between these two cohorts. Further studies with larger cohorts and/or 
with longer follow-up times are needed to substantiate this gender-differential effect.  
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In the past, the small dataset on chronic respiratory effects did not provide significant insight 
into the role played by the coarse PM fraction. While associations were found with PM 
measures, interpretation was limited by the relatively high correlations between the size 
fractions. Six new studies of respiratory morbidity in relation to ambient coarse PM, focused 
solely on children, have been recently published. Four of them found significant associations 
between coarse particles and some respiratory symptoms and added support to the previous 
findings. No association was found, however, between the incidence of bronchitic symptoms 
and long-term exposure to PM10–2.5 in the well-designed asthmatic Californian children cohort 
study, though the association with fine particles was confirmed. An interaction between coarse 
particles and increased prevalence of bronchitic symptoms in asthmatic children owning pets 
at home was reported in the AHSMOG study. Based on their results, these investigators 
hypothesized that an interaction between endotoxin and air pollutants could be a plausible 
explanation for the observed results, given that dog ownership has been shown to be a strong 
predictor of increased endotoxin levels in house dust. Moreover, the significant link reported 
by the team in California between coarse particles and wheezing in the summer (but not 
winter) season could also be due to adsorbed endotoxin in coarse particles. The lack of an 
association between PM2.5 and the prevalence of wheezing in this study is surprising; PM10 
and PM10–2.5 concentrations were, however, strongly correlated (r= 0.91), while the correlation 
between PM10 and PM2.5 levels was moderate (r= 0.33). The authors also explained that the 
particulate sulphate may have contributed to other studies’ significant findings about PM2.5 in 
the eastern US, whereas sulphate is not an important component of PM2.5 in Southern 
California.  
 
Positive but non-significant associations were observed between eNO and pulmonary function 
in the sole Canadian study. Mainly, results of this study suggested that eNO could be a more 
sensitive health indicator than the traditional measures of lung function used in 
epidemiological studies.  
 
Most studies looking at cardiovascular or other health effects of PM air pollution have been 
limited to the association of short-term exposure of PM with either hospital admissions or 
mortality. The relationship between long-term coarse PM exposure and cardiovascular 
morbidity has been investigated in the NHS and HPFS cohorts, and no evidence was found of 
an association between these particles and several cardiovascular outcomes, including first 
and non-fatal CHD, nonfatal MI, and ischemic or hemorrhagic strokes. The relationship 
between incident type 2 DM and PM air pollution has also been investigated using participants 
of these two cohorts, and weak associations were observed with all PM fractions including 
coarse particles.  
 
Evidence of an association between long-term exposures to coarse PM and either mortality or 
morbidity still remains limited and does not allow significant insight into the role, if any, played 
by the coarse PM fraction. Further research is needed to better characterize the potential 
association of coarse particles with fatal CHD in women and exacerbation of asthma in 
children during the summer, when higher endotoxin levels are adsorbed in coarse particles, as 
well as in asthmatic children owing pets.  
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6.0  Epidemiological Studies of 
Developmental Outcomes 

 
Potentially adverse developmental and reproductive effects resulting from exposure to air 
pollution have only recently been investigated; several hypotheses have been proposed to 
explain the biological mechanisms that may underlie air-pollution-related changes in birth 
outcomes. No studies on these topics were identified in the 1999 PM SAD or the 2003 coarse 
PM assessment. Studies reviewed by the US EPA 2004 PM AQCD focused on either PM2.5 or 
PM10 and indicated mixed results with respect to postnatal mortality, intra-uterine growth 
restriction (IUGR), LBW, and preterm birth. This section summarizes and evaluates the 
scientific evidence with respect to coarse particles and infant mortality as well as 
developmental and pregnancy outcomes. No reproductive studies were identified. It should be 
noted that there is a much larger body of data regarding the relationship between exposure to 
fine PM and developmental and reproductive outcomes. 

6.1 Birth Outcomes 
The literature published since 2002 included investigations of infant mortality (Dales et al., 
2004; Son et al., 2011), premature births (Darrow et al., 2009) and birth weight in full-term 
infants (Parker and Woodruff, 2008; Morello-Frosch et al., 2010; Darrow et al., 2011). No 
studies of birth defects and reproductive endpoints were identified. Characteristics of these 
studies are summarized in Table 6.1. 
 

6.1.1 Infant Mortality 
Sudden infant death syndrome (SIDS) is defined as a sudden and unexplained death of a 
child <1 year of age for which clinical investigation and autopsy fail to reveal a specific cause 
of death. Dales et al. (2004) conducted a time-series study to relate the daily mortality rates 
from SIDS with daily air pollution levels in 12 Canadian cities (Calgary, Edmonton, Halifax, 
Hamilton, Montreal, Ottawa, Quebec, Saint John, Toronto, Vancouver, Windsor and 
Winnipeg) during the period 1984–1999. The total population for these 12 cities was 10.3 
million based on 1996 census data. Particle concentrations were measured every sixth day; 
the 24-h mean and the IQR for PM10–2.5 for all cities during the study period were 11.28 
µg/m3and 8.76 respectively. It was not specified how PM levels were sampled during the 
study. In all, 1,556 SIDS cases were observed, varying by city from 0 to 34 cases annually. 
Daily variations in SIDS cases were correlated with daily variations in ambient air pollutants 
using a random-effect regression model, adjusting for weather variables and time trends. 
Results for each city were pooled by using either a fixed- or random-effect model, depending 
on heterogeneity.  
 
In single-pollutant models, no significant associations were observed between the incidence of 
SIDS and either ozone or particulate air pollution (effect estimates were not given for the non-
significant associations). The latter finding with particulate air pollution (PM10–2.5, PM10, PM2.5) 
may have been attributable in part to the availability of data for only every sixth day, which 
reduces the statistical power to detect an effect. Statistically significant associations were only 
observed for SO2, NO2 and CO. Effects persisted (despite adjustment for season  
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Table 6.1 Study characteristics and ambient coarse PM concentrations from epidemiological studies investigating 
developmental outcomes 

 
 
Reference 

 
Location and 
period of study 

 
Cohort/Population 
 

 
Mean ± SD (µg/m3)  if not 
specified otherwise 

 
Upper percentile 
concentration (µg/m3) 

 
Study Design 

 
Single/multi- 
pollutant models 

 
Outcomes 

Canada    
 
Dales  
et al., 2004 

 
12 Canadian 
cities 
 
1984–1999 

 
Infants <1 year of age 
 
Total population of 12 
cities: 10,310,309  
with 1556 cases of 
SIDS over study 
period  
 
 

 
11.28 

 
NR 

 
TS 

 
S 

 
SIDS 

United States 
 
Parker and 
Woodruff, 
2008 
 

 
Various regions of  
the US 
 
2001–2003; 
March, June, 
September  
and December 

 
N =785,965 singleton 
births delivered at 40 
weeks (401,273 
linked to fine and 
coarse PM and 
221,118 linked to 
multiple pollutants) 
 
 

 
Median 9-month exposure: 
11.8 

 
75th: 16.2 

 
Cross-
sectional; GEE  

 
S 

 
Changes in  
birth weight 

 
Darrow  
et al., 2009 
 

 
5 metropolitan 
counties of 
Atlanta, GA 
 
1994–2004 
 

 
N=476,489 births in  
5-county Atlanta and  
n=136,858 for births 
within 4 miles of a 
monitor 
 
 
 

 
4-week avg.: 9.1 ± 2.5 
1-week avg.: 9.1 ± 3.3 
6-week avg.: 9.1 ± 2.2 

 
75th 
4-week avg.: 19.2 
1-week avg.: 25.6 
6-week avg.: 16.7 

 
TS; Poisson 
GLMs;  
first month and 
late gestation 
exposure 
windows 

 
S 

 
Preterm birth  

 
Darrow  
et al., 2011 
 
 

 
5 metropolitan 
counties of 
Atlanta, GA 
 
1994–2004 
 

 
N=406,627 births in  
5-county Atlanta and  
n = 110,357 for births 
within 4 miles of a 
monitor 
 
 

 
First month of gestation  
(4-week avg.): 9.1 ± 2.5 
 
Third trimester: 
9.0 ± 1.7 
 
 
 

 
NR 

 
TS; Linear 
regression 
models; first 
month and late 
gestation 
exposure 
windows 
 
 

 
S 

 
LBW in  
full-term 
births  
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Reference 

 
Location and 
period of study 

 
Cohort/Population 
 

 
Mean ± SD (µg/m3)  if not 
specified otherwise 

 
Upper percentile 
concentration (µg/m3) 

 
Study Design 

 
Single/multi- 
pollutant models 

 
Outcomes 

 
Morello-
Frosch  
et al., 2010 
 
 

 
California 
 
1996–2006  

 
N=3,545,177 
singleton births, 37–
44 weeks of gestation  
 
Lived in a census 
tract or ZCTA at the 
time of delivery within 
10 km of an air 
monitoring station in 
nearly continuous 
operation during the 
full pregnancy period. 

 
15.7 ± 7.5 
 

 
75th: 18.1 

 
Cohort; Linear 
multivariate 
models and 
logistic 
regression 
models 
 
Trimester-
specific effects 
and full-term 
pregnancy 
exposures 

 
S/M 

 
LBW in  
full-term 
births  
 

Asia 
 
Son et al., 
2011 
 
 
 
 

 
Seoul, South 
Korea 
 
2004–2007 
 

 
N=359,459 eligible 
births: 
NBW (n=352,405);  
LBW (n=7,054)   
 
 
 

 
During pregnancy 
Gestation: 307. ± 2.7 
First trimester: 29.4 ± 7.5 
Second trimester: 30.5 ± 
7.7 
Third trimester: 31.8 ± 8.2 
 
Lifetime exposure: 
29.7 ± 7.5 
 

 
NR 

 
Cohort; Cox 
proportional  
hazards 
regression  
 
 

 
S 

 
All-cause 
and 
respiratory-
related infant 
mortality and 
SIDS 

GEE = generalized estimating equation; GLMs = generalized linear models; LBW = low birth weight; M = multi-pollutant models; NR = not reported; S = single-pollutant models; SIDS 
= Sudden Infant Death Syndrome; TS = time-series; ZCTA= ZIP code tabulation are
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alone or for the combination of temperature and relative humidity and changes in barometric 
pressure) for NO2 and SO2 but not for CO. The authors concluded that both SO2 and NO2 may 
be important risk factors for SIDS.  
 
A survival analysis of infant mortality (Son et al., 2011) was also performed in Seoul, South 
Korea from 2004 to 2007. Based upon the authors' assertion, survival analysis can provide 
more statistical power than case-crossover designs since they all study subjects are included 
and can therefore be an efficient design to study rare events such as respiratory mortality. 
Three different causes of mortality were studied: all-cause, respiratory and SIDS. A total of 
n=359,459 eligible births were included in the cohort (NBW: n=352,405); (LBW: n=7,054)). 
There were 225 deaths altogether during the study period; 209 in the NBW group and only 16 
in the LBW group. A total of 26 SIDS deaths and 22 respiratory-related deaths were also 
observed. Cox proportional hazard modelling was used to analyze the relationship between 
PM fractions and infant mortality while adjusting for various covariates, including heat index, 
season of birth, sex, gestational length, maternal age and education level. The exposure 
period included the pregnancy (gestation and each trimester) as well as the lifetime exposure 
starting from birth to death or at 1 year of age for SIDS. Hourly PM air pollution data (TSP, 
PM10 and PM2.5) were obtained from 27 monitoring stations, and 24-h averages were 
computed as the exposure index by averaging hourly values across all monitors for each day; 
coarse particles were estimated by subtracting PM2.5 from PM10. Various concentrations of 
coarse PM indices (mean ± SD) were computed: the entire gestation (30.7 ± 2.7 µg/m3), and 
the first (29.4 ± 7.5 µg/m3), second (30.5 ± 7.7 µg/m3), and third (31.8 ± 8.2 µg/m3) trimesters. 
The lifetime coarse PM exposure level was 29.7 ± 7.5 µg/m3. Only single-pollutant models 
were constructed and results for coarse particles were based on an IQR increase of 3.71 
µg/m3.  
 
Positive and significant associations were observed between several PM metrics (TSP, PM10 
and PM2.5) and both all-cause and respiratory-related infant mortality in the NBW group during 
the full gestational period, while positive but non-significant associations were found with coarse 
particles: RRs of 1.19 (95% CI 0.83–1.70) and 2.86 (95% CI 0.76–10.85), respectively, for all-
cause and respiratory-related mortality. No associations were found between coarse PM lifetime 
exposure and SIDS (RR of 0.57 (95% CI 0.16–1.96). In the LBW group, positive and non-
significant associations were observed for all PM metrics for the total gestation period and all 
three trimesters separately, as well as for all-cause infant mortality. The HRs between coarse 
particles and all-cause infant mortality were 1.92 (95% CI 0.49–7.63), 1.13 (95% CI 0.76–1.69) 
and 1.30 (95% CI 0.90–1.86), respectively, for the total gestational period, the first trimester and 
the second trimester. A negative and non-significant HR was computed for the third trimester 
(0.84 (95% CI 0.58–1.21). The team concluded that the observed results support the hypothesis 
that long-term PM air pollution during pregnancy may increase the risk for all-cause and 
respiratory-related infant mortality.  
 

6.1.2 Premature Birth 
Only one study (Darrow et al., 2009) investigated the impact of coarse particles on preterm 
births (before 37 weeks of gestation). In five central counties of metropolitan Atlanta, GA, a 
retrospective cohort of 476,489 births occurring between 1994 and 2004 (n=293,688 eligible 
births when monitoring of PM2.5 and components began) was used to conduct a time-series 
analysis to examine the effect of air pollution during pregnancy on preterm births. A total of 
48,843 preterm births were recorded during the study period, an average of 12.2 events per 
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day. Researchers analyzed data for several pollutants, including PM2.5 and some of its 
components (sulphate, nitrate, total carbon, EC, OC, water-soluble metals), CO, NO2, SO2, 
O3, PM10 and PM10–2.5. Poisson GLMs were used to estimate the relationships while controlling 
for several confounding factors: seasonal trends, long-term trends, race (non-Hispanic Black, 
non-Hispanic White, Hispanic, Asian), maternal education (<12 years, 12–15 years and 16+ 
years) and marital status (married, unmarried) groups. Given that associations have been 
more frequently reported with exposure in early or late pregnancy, different exposure windows 
were considered—the first month of gestation (4-week average), the final week of gestation 
(1-week lagged moving average) and the final 6 weeks of gestation (6-week lagged moving 
average). Only single-pollutant models were evaluated and risk ratios were based on specific 
IQR increases for each exposure window, which for coarse particles corresponded to 2.7 
µg/m3, 3.6 µg/m3 and 2.5 µg/m3, respectively, for the 4-week, 1-week and 6-week averages. 
Coarse PM mass was measured directly by dichotomous sampler; the daily mean was 9.0 ± 
5.0 µg/m3. The correlation coefficients between coarse particles with the 4-week, 1-week and 
6-week averages ranged from 0.69 to 0.74 for PM10 and from 0.51 to 0.53 for PM2.5.  
 
Most of the associations observed with the different air pollutants were not significant; for 
coarse particles the RRs observed between preterm births in the five counties of Atlanta were 
1.00 (95% CI 0.97–1.02); 0.99 (95% CI 0.97–1.01) and 1.01 (95% CI 0.98–1.04), respectively, 
for the first month of gestation, the 1-week lagged moving average, and the 6-week lagged 
moving average. Monitor-specific RRs were also computed for preterm births that occurred 
within 4 miles of the station. Positive but still non-significant associations were obtained for 
coarse particles measured at the Jefferson St. monitoring station, with RRs of 1.03 (95% CI 
0.95–1.12), 1.03 (95% CI 0.97–1.10) and 1.07 (95% CI 0.7–1.18), again respectively, for the 
4-week, 1-week and 6-week average exposure windows. The only positive and significant 
associations observed in this study were with NO2 measured in the 6 weeks before the birth 
as well as with the sulphate and water-soluble components of PM2.5 measured the last week of 
gestation.  
 

6.1.3 Birth Weight 
Birth weight is a recognized predictor of both infant morbidity and mortality. Several recent 
studies (Parker and Woodruff, 2008; Morello-Frosh et al., 2010; Darrow et al., 2011) have 
investigated whether coarse particle exposure during the pregnancy could be associated with 
fetal growth. Parker and Woodruff (2008) investigated the relationship between birth weight 
and size-fractionated particles across seven US regions (Northeast, Industrial Midwest, 
Southeast, Upper Midwest, Southwest, Northwest and Southern California). Natality data (n= 
785,965) incorporated in this study were singleton births delivered at 40 weeks of gestation in 
March, June, September and December 2001–2003. Births were first linked to either quarterly 
estimates of PM air pollution (n=401,965 births) or multiple air pollutants, including fine and 
coarse particles, CO, SO2, NO2 and average summer O3 (n=218,679 births), by county of 
residence and month of birth. GEE models were used to assess the relationship between 
pregnancy exposure and birth weight after controlling for several factors.  
 
The median (25th–75th) coarse particle concentrations during the pregnancy exposure ranged 
from 7.0 µg/m3 (5.1–10.9) in the Northeast to 24.4 µg/m3 (12.4–34.3) in the Southwest, while 
the lowest (9.8 µg/m3 (8.9–10.8)) and highest (14.5 µg/m3 (11.3–18.2)) fine PM levels were 
observed in the Southwest and Southern California regions, respectively.  
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After inclusion of maternal confounding factors and the other PM fraction, a small but 
significant decrement in the birth weight was found with a 10 µg/m3 increase in coarse 
particles (-13g (95% CI -18.3g to -7.6g)) among the births linked to PM exposure, while a 
significant increment was observed for PM2.5 (18.4g (95% CI 9.2g–27.7g)). The association 
between birth weight and coarse particles was smaller but still significant after inclusion of 
additional confounding factors, including contextual factors, year of birth and region, or 
rural/urban status. For PM10–2.5, variations in the associations were observed among regions 
using interaction terms; the largest decrement was found in the Northwest regions (-43g (95% 
CI -58.6g to -27.6g)) and a null association in the Southwest area (4.1g (95% CI -7.8g to 
16.0g). Similar results for regional differences were found with the use of region-stratified 
models instead of interaction terms, with some exceptions for fine particles. The association in 
Southern California for PM2.5 became negative (-16.1g (95% CI -31.7g to -0.5g)) rather than 
positive. For coarse particles, a similar but weaker association was also observed with birth 
weight among the births linked to multiple air pollutants (-11.5g (95% CI -20.4g to -2.7g)) but 
became non-significant after the inclusion of all covariates including the gaseous air pollutants 
(-6.8g (95% CI -14.5 g to 0.8 g)). The team also investigated exposure based on trimester; it 
was shown that the associations between birth weight and coarse particles were similar 
among all trimesters of exposure. Additional analyses were performed based on the 
unexpected positive association observed between fine PM and birth weight. Using exposure 
estimates derived in this study but including births for all California (not just births in Southern 
California) the team showed a negative and significant association between a 9-month 10 
µg/m3 increase in PM2.5 exposure and birth weight (-13.3g (95% CI -22.8 g to -3.9 g)) for births 
linked to PM data.  
 
Overall, this study demonstrated that different geographical areas, study samples, covariates 
and linkages may lead to differing findings. The authors showed that with the use of 
nationwide natality data, coarse particles appeared to have a negative effect on birth weight, 
suggesting that exposure to coarse particles during pregnancy may lead to detrimental 
effects. Associations between coarse particles and birth weight were attenuated slightly 
following further adjustments for covariates, while results were highly variable across regions. 
 
The impact of prenatal exposure to ambient air pollution on birth weight in full-term infants was 
also analyzed in a Californian birth cohort of singleton births delivered between 1996 and 
2006 (Morello-Frosch et al., 2010). A total of 3,545,177 singleton births with at least one air 
monitor in nearly continuous operation during the pregnancy period within a 10 km radius of 
the census tract or ZIP code of the mother`s residence were eligible. A multivariate model was 
constructed by including the following covariates: maternal age, educational attainment, 
maternal race/ethnicity, maternal birthplace, calendar year, season of delivery, marital status, 
parity and the Kotelchuk index of prenatal care adequacy. The presence of any versus none 
of specific health status/disease factors (anemia, diabetes, chronic or pregnancy-associated 
hypertension and/or herpes) was also controlled for in the model, and some measures for 
SES (neighbourhood poverty, neighbourhood unemployment rate, home ownership and 
neighbourhood educational attainment rate) were also included. Coarse particle 
concentrations were determined as the difference between PM10 and PM2.5 levels, and a mean 
of 15.7 ± 7.5 µg/m3was calculated within 10 km of mother`s residential geocode. Logistic and 
linear models were performed to assess the impact of the full 9-month window of exposure 
and of each trimester-specific exposure on LBW (defined as infants delivered at full-term with 
a birth weight of less than 2,500 grams).  
 
Both single- and two-pollutant models were carried out for different sets of distance radii (3, 5 
and 10 km) and estimates for coarse particles were calculated based on 10 µg/m3 increases. 
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Significant changes in birth weight were found with a 10 µg/m3 increase in coarse particles for 
the full pregnancy exposure measured at 3km (-9.4 g; 95% CI -12.8 g to -6.0 g), 5 km (-10.1 g; 
95% CI -12.2 g to -8.0 g) and 10 km (-9.3 g; 95% CI -10.7 g to -7.9 g) from the mother`s 
residence. Significant reductions in birth weight were also observed for PM2.5, PM10, O3, CO, 
NO2 and SO2. These significant associations also persisted during all trimesters of exposure 
but were slightly stronger for the entire gestational exposure period. Decreases in birth weight 
associated with exposure to coarse particles for the full pregnancy exposure period remained 
robust in the two-pollutant models with the gaseous pollutants (CO, NO2, O3, or SO2). The 
negative change in birth weight for both PM2.5 and PM10–2.5 was also more pronounced in the 
non-Hispanic Blacks than in the other ethnic groups. 
 
The team concluded that maternal exposures to air pollution may result in lower infant birth 
weight and that results from this study confirm recent work (Parker and Woodruff, 2008) in 
various areas of the US, indicating that exposure to coarse particles may have negative 
impacts on birth weight.  
 
Using the Atlanta birth cohort previously described, Darrow et al. (2011) also investigated the 
impact of air pollution on fetal growth by looking at the birth weight in full-term births. A total of 
406,627 full-term births were eligible for this analysis, 110,357 of which occurred within 4 
miles of a monitoring station. For windows of exposure the investigators focused on two 
gestational periods, the first month and the last trimester, but they also used distributed lag 
models to explore associations for each of the 9 months of gestation. Linear regression 
models were used to estimate the relationships while controlling for several confounding 
factors, including seasonal trends, long-term trends, temperature and dew point, as well as 
such covariates as race/ethnicity (non-Hispanic Black, non-Hispanic White, Hispanic, Asian), 
maternal education (<12 years, 12–15 years and 16+ years), parity (first-born vs. second or 
higher), reported tobacco use, infant sex, maternal age and marital status (married, 
unmarried). As in their previous study only single-pollutant models were performed, and risk 
ratios were based on specific IQR: 2.7µg/m3 and 2.0 µg/m3, respectively, for the first month 
and the third trimester. Daily coarse PM mass was measured directly by dichotomous 
sampler; means of 9.1 ± 2.5 µg/m3 and 9.0 ± 1.7µg/m3, respectively, were found for the 
selected exposure windows—the first month and the last trimester.  
 
A mean change in birth weight of -2.2 g (95% CI -5.7 g to 1.4 g) and -3.1 g (95 % CI -7.6 g to 
1.4 g) was observed with an IQR increase in coarse particles for the first month and the third 
trimester of the pregnancy, respectively. The only significant inverse relationships observed 
were with exposure to SO2, NO2 and both the EC and water-soluble metal components of the 
PM2.5 fraction in the third trimester exposure window. No significant decreases in birth weight 
were observed during the first month of gestation exposure period with any of the measured 
pollutants. The use of the distributed lag models was also suggestive of associations in late 
pregnancy between decreases in birth weight and several air pollutants, but only the 
association with NO2 was significant. A positive and significant monitor-specific mean change 
of 21.0 g (95% CI 2.6–39.4 g) was, however, computed for coarse particle exposure in the 
third trimester for births with a maternal residential address within 4 miles of a monitor; this 
provided little additional support for the associations with these particles that were observed in 
the five-county population. Effect modification was also analyzed by race and ethnicity for the 
last trimester; significant decreases in birth weight were observed with coarse particles for 
non-Hispanic Blacks (-5.4 g; 95% CI -10.6 g to -0.2 g) and Hispanics (-8.6 g; 95% CI -14.8 g 
to -2.5 g), while no significant association was observed in the non-Hispanic White group (2.3 
g; 95% CI -2.9 g to 7.5 g).  
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This study reported small reductions in birth weight in full-term infants related to increased air 
pollutant concentrations in late pregnancy, especially with traffic-related air pollutants (NO2 
and PM2.5EC).The authors mentioned, however, that these findings need to be tempered by 
the lack of support in the associations obtained using air quality concentrations closer to the 
maternal residence. Little evidence was found for a role for coarse particles. 
 

6.2 Summary and Considerations 
No studies on reproductive, developmental, prenatal and neonatal outcomes were identified in 
either the 1999 PM SAD (WGAQOG, 1999) or the 2003 coarse PM assessment (Health 
Canada, 2003; internal report) while a limited number of studies reviewed by the US EPA 
2004 PM AQCD focused on either PM2.5 or PM10 and yielded mixed results.  
 
A limited number of studies have contributed to the relatively new but growing literature on 
adverse birth outcomes associated with exposure to air pollution. Studies (primarily cohort) of 
the fetal effects of longer-term (averaged over the trimester or specific exposure windows 
during the early or late period of the pregnancy) rather than acute exposure to air pollution 
predominate in the literature. New studies have investigated the coarse PM-related 
associations with postnatal mortality, preterm birth and LBW. No studies of birth defects and 
reproductive endpoints such as sperm motility have been identified in the recent publications.  
 
There is little or no evidence linking exposure to coarse particles with infant mortality. No 
associations were found between these particles and the incidence of respiratory postnatal 
mortality or SIDS in Canadian cities. Moreover, no significant relationships were observed 
between chronic coarse PM exposure and all-cause or respiratory-related infant mortality in 
the survival analysis performed in Seoul, South Korea, where PM levels are much greater 
than those measured in Canada.  
 
Exposure to coarse particles during pregnancy appears to have a small negative effect on 
birth weight, but this association varied widely with the geographical locations, the study 
samples and the covariates included in the model. In the US, the use of nationwide natality 
data showed that coarse particles appeared to have a negative effect on birth weight, 
suggesting that exposure to coarse particles during pregnancy may lead to detrimental 
effects; no association was, however, found with exposure to fine particles. Maternal 
exposures to coarse particulate air pollution in a Californian birth cohort of singleton births 
also resulted in lower infant birth weight. Significant associations persisted during all 
trimesters but were slightly stronger for the entire gestational exposure period. Decreases in 
birth weight associated with exposure to coarse particles for the full pregnancy exposure 
period remained robust in the two-pollutant models with the gaseous pollutants (CO, NO2, O3 
or SO2) and the negative change in birth weight was more pronounced in the non-Hispanic 
Blacks. No reduction in birth weight in full-term infants due to increased coarse particle 
concentrations in late pregnancy was reported in the Atlanta birth cohort of singleton births; 
instead fetal growth was related to traffic-related air pollutants (NO2 and PM2.5EC).  
 
The more recent literature reviewed in this assessment provided some evidence of coarse 
PM-related effects on reduced birth weight. However, the number of studies remains limited, 
the findings are not entirely consistent, and there are important uncertainties with respect to 
the possible role of co-pollutants, the appropriate measure of exposure to PM, and critical 
periods of exposure during pregnancy. With respect to spatial variability, the mother`s 
residence at time of birth was used to determine exposures to air pollutants in most of these 
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studies. This is a recognized weakness in these types of studies, as it does not account for 
residential moves occurring during pregnancy or day-to-day movements of expectant mothers. 
No studies have yet investigated whether the effects of coarse particles on birth weight may 
differ by gender. No investigations have looked at other endpoints such as IUGR, small-for-
gestational-age, birth defects, and reproductive endpoints such as sperm motility. 
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7.0  Controlled Human Exposure 
Studies 

 
Controlled human exposure studies (or clinical studies) refer to human exposure studies 
under controlled laboratory atmospheric conditions (McDonnell, 1993). These studies 
document the health effects resulting from breathing known levels of air pollutants in 
controlled situations. There are a number of advantages to clinical studies: experiments can 
be designed to characterize the dose–response relationship, and the effects of individual 
compounds as well as of interactions among pollutants. Other variables, such as exercise and 
temperature, can be examined, potentially sensitive subjects such as the elderly and 
asthmatics can be studied, and markers of acute exposure for particular compounds can be 
identified.  
 
Reduced bias can also be obtained in some clinical settings by randomly assigning 
participants to the various treatment groups or by having subjects serve as their own controls. 
This approach does, however, have limitations in a number of respects. For ethical reasons, 
exposure must be limited to short periods and to air pollutant levels expected to produce mild 
and transient responses. Often exposures are restricted to a single air pollutant or to a very 
limited pollutant mixture that does not replicate the complex mix to which the population is 
actually exposed. Another disadvantage of this type of study is the relatively small number of 
subjects that can be studied, also limited to relatively healthy individuals.  
 
In spite of these limitations, carefully controlled, quantitative studies of exposed humans offer 
a complementary approach to epidemiological studies and provide an opportunity to examine 
the biological plausibility of associations that have been observed in epidemiological settings.  
 
When the 1999 PM SAD and the 2003 coarse PM assessment were finalized, no clinical 
studies had been conducted on ambient coarse particles. In two earlier inhalation studies with 
artificial particles, lung deposition of coarse (but not fine) particles was significantly greater in 
women than in men (Kim and Hu, 1998), and coarse particles were cleared from the 
conducting airways more rapidly than fine particles (Bailey et al., 1982). Since then, three new 
studies have investigated the role of “real world” coarse particles on respiratory and 
cardiovascular outcomes in clinical settings (Gong et al., 2004; Alexis et al., 2006; Graff et al., 
2009). A brief description of these studies is presented in Table 7.1.  
 
Gong et al. (2004) conducted an experimental study of acute cardiopulmonary responses in 
healthy and asthmatic volunteers exposed to concentrated ambient coarse particles (CCPs) in 
Los Angeles, CA. The capacity to concentrate coarse particles provides the opportunity to 
clinically study their effects. The particle concentrator/chamber exposure system was installed 
on a trailer parked a mile downwind of a heavily trafficked freeway. By continuous TEOM 
monitoring, the mean CCP (PM10) level was determined to be 157 µg/m3 (with a range of 56–
218 µg/m3), about 9 times the ambient concentration. This concentration represents a severe 
but not unrealistic ambient exposure scenario. On average, 80% of the PM10 mass was in the 
coarse range and the balance in the fine-particle mode. Normally, coarse and fine PM mass in 
the Los Angeles area are roughly equal. X-ray fluorescence was also performed on collected 
Teflon filters to determine the concentrations of particle-bound metals and other trace 
elements. OC and EC levels were measured, as well as the particle-bound endotoxin content. 
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Table 7.1 Study characteristics and ambient coarse PM concentrations in controlled human exposure studies  
 

 
 
Reference and 
study location 

 
 
Subjects 
‘characteristics 
 

 
 
Pollutant 
characteristics 

 
Exposure Parameters 

 
 
Main Results  

Exposure 
 
Time to 
analysis/endpoints 

 
Gong  
et al., 2004 
 
Los Angeles,  
CA 
 
 
 
 
 

 
12 adult asthmatics 
(4 males/8 females) 
Average age: 38  
 
4 healthy adults  
(2 males/2 females)  
Average age: 32  
 

 
CCPs: 
80% of mass between 2.5 
and 10 µm, 20% of mass 
<2.5 µm  
 
Concentration:  
Mean: 157 µg/m3 
Range: 56–218 µg/m3 

 
Exposure to CAPs and filtered air 
for 2 h with intermittent light 
exercise for four 15-min periods.  
 
Exposures were separated by at 
least 2 weeks. 
 

 
Immediately after, 5 and 22 h 
post-exposure 
 
Cardiopulmonary responses: 
arterial oxygen saturation 
(SaO2), FVC, FEV1, respiratory 
symptoms, blood pressure, 
exhaled NO concentration, 
HRV, and ectopic heartbeat 
incidences. 
 

 
Inhalation of high levels of 
coarse particles resulted in 
modest decrements in HRV and 
small increases in heart rate in 
both healthy and mildly 
asthmatic young adults. 
 
No effects observed on  
airway inflammation or            
exhaled NO. 

 
Alexis  
et al., 2006 
 
Chapel Hill,  
NC 
 
 
 
 
 

 
9 healthy adults  
(3 males/6 females)  
Age range:18–35 

 
Heat-treated (biologically 
inactive) and non-heated 
PM10–2.5;  

 
Particle size: MMAD 5 µm  
 
0.65 mg of coarse 
particles estimated to be 
deposited in the 
respiratory tract 
 

 
Subjects were administered heat-
treated PM10–2.5, non-heated PM10–

2.5, and 0.9% saline (control) via 
nebulization in a randomized 
crossover study design.  
 
Exposures were separated by at 
least 1 week.  
 

 
2–3 h post-exposure 
 
Inflammatory and immune 
responses: total cell counts, 
viability, PMNs and 
macrophage levels, IL-6, IL-8, 
IL-10, eotaxin, GM-CSF and 
CCL5 (RANTES), and TNF-α 
mRNA. 

 
Coarse particles induced airway 
inflammation independent of the 
biological content adsorbed on 
the surface of the particles, while 
changes in phagocytic 
responses and increases in 
certain immune cells appeared 
to be dependent on the 
adsorbed biological component. 

 
Graff  
et al., 2009 
 
Chapel Hill,  
NC 
 
 
 
 

 
14 healthy adults  
(8 males/6 females)  
Age range:20–34  

 
CAPs  
 
Concentration:89 ± 49.5 
µg/m3 
 
Estimated inhaled dose ≈ 
67% of measured particle 
mass; mean calculated 
inhaled coarse PM dose  
150.3 ± 82.5 µg 
 
 

 
Exposure to CAPs and filtered air 
for 2 h with intermittent light 
exercise (15 min rest followed with 
15 min on a recumbent bicycle; 
repeated 4 times). 
 

 
0, 1 and 20 h post-exposure 
 
Cardiopulmonary responses: 
pulmonary function (FVC, 
FEV1, DLCO), HRV 
measurements, changes in 
inflammatory (IL-6, IL-8, 
PMNs, macrophages, 
lymphocytes, monocytes, 
PGE2, α1-A1AT and total 
proteins) and coagulation 
mediators. 

 
No changes in pulmonary 
function and mild, but significant, 
pulmonary inflammation 
following exposure to particles. 
 
Decrements in HRV and 
plasminogen activator were          
also observed.  

A1A = α1-antitrypsin; avg. = average; CAPs or CCPs = concentrated ambient coarse particles; CCL5 = chemokine (C-C motif) ligand 5; DLCO = carbon monoxide diffusion capacity; 
FEV1 =  forced expiratory volume in 1 second; FVC = forced vital capacity; GM-CSF = granulocyte/macrophage colony stimulating factors; HRV = heart rate variability; IL = interleukin; 
NO = nitric oxide; PGE2 = prostaglandin E; PMNs = polymorphonuclear cells; RANTES = regulated upon activation, normal T-cell expressed, and secreted; TNF-α mRNA = 
messenger RNA for tumor necrosis factor-alpha 
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The researchers selected 4 healthy adults and 12 asthmatics (with clinically stable asthma) 
aged 19–51(mean of 36 ± 11 years). Subjects were exposed once to CCPs and once to 
filtered air at the same exchange rate, in randomized order, with at least 2 weeks between 
exposures. A common protocol was followed: 2-h exposure to CCPs, with intermittent 
moderate exercise, and similar exposures to filtered air as a control. The subjects used a 
pedal crank for 15 min every 30 min (ventilation rate of 15–20 L/min/m2 of body surface). 
Various health endpoints were measured at 1 h before exposure, just after the exposure, 4 h 
after exposure ended and the next day (about 22 h after exposure ended). Arterial oxygen 
saturation (SaO2), FVC, FEV1, respiratory symptoms, blood pressure, eNO concentration, 
HRV, and ectopic heartbeat incidences were tested in all subjects. Sputum induction was also 
assessed on d 2 to evaluate airway inflammation. Seventy percent of the PM10 mass 
consisted of X-ray fluorescence-measured elements, with OC and EC accounting for much of 
the remainder. Soil dust or sea spray dominated the PM samples, while endotoxin levels were 
reported to be below clinically meaningful levels. 
 
A net change in the systolic blood pressure 4 h after the exposure ended was negatively 
correlated (p < 0.05) with PM2.5 concentration in the CCP, whereas the net change in total 
symptom score during exposure was positively correlated (p < 0.01) with EC in CCPs. 
Exposure to CCPs did not significantly alter respiratory symptoms, lung function, SaO2 or 
airway inflammation. However, CCPs caused an approximately 10% decline in HRV 
measured by SDNN, suggesting that coarse particles may increase cardiovascular stress. 
HRV is a measure of the autonomic control of the heart, and a decrement in overall HRV is a 
predictor of mortality in subjects with prior MI (Tsuji et al., 1994). Small increases (p < 0.05) in 
heart rate were also observed following exposure to CCPs during the second recording 
interval (4–24 h after exposure ended).  
 
Overall, this study indicates that inhalation of high levels of coarse particles results in modest 
decrements in HRV and small increases in heart rate in healthy and mildly asthmatic young 
adults with no evidence of airway inflammation or changes in eNO. However, the particle 
mass used in this study contained a substantial fraction of fine particles due to concentration 
of the larger particles within that range. Exposure to the fine particle size fraction has been 
consistently associated with reduced HRV in epidemiological studies, but to a lesser degree 
than for coarse particles as seen in a previous controlled human exposure study by the same 
authors (Gong et al. 2003).  
 
Alexis et al. (2006) performed a clinical study at the EPA Human Studies Facility building 
(Chapel Hill, NC) to investigate the health effects of coarse PM on inflammatory and immune 
responses and to determine whether biologic material adsorbed on PM10–2.5 could account for 
observed effects. A particle impactor installed on the roof of the facility was used to collect 
coarse particles 2.5–10 µm in diameter. The impactor ran 4 d/week from August to October 
2001 and from April to May 2003 to collect a sufficient mass of particles (3 mg/subject). 
Particles were pooled into two batches, one for each year when the sampling took place. 
Eighty percent of collected coarse mass was over 5 µm in diameter and contained little or no 
fine particulate. Elemental analysis was performed by inductively coupled plasma-mass 
spectroscopy on the 2001 batch. Coarse PM contained higher levels of aluminum, iron, 
silicon, copper and titanium relative to other PM fractions; 13% of the coarse PM mass was 
made up of pollens, spores, bacteria and other carbonaceous material. 
 
Non-smoking healthy subjects (n=9; three men and six women aged 18–35) underwent 
exposure to coarse PM. Given that coarse particles tend to deposit in the bronchial airways, a 
controlled breathing inhalation challenge system was used that preferentially deposited coarse 
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PM in this airway area. Subjects directly received the dose from the nebulizer mouthpiece and 
were administered untreated particles (PM10–2.5

+) or heat-treated particles (PM10–2.5
-), with 

nebulized saline (0.9%) as the control, on three separate visits. The heat treatment (at 120°C 
for 20 h) served to inactivate biological materials adsorbed onto the particles. The estimated 
amount of coarse PM delivered to the mouth of the subjects was approximately 1 mg, which 
led to approximately 0.65 mg of coarse particles being deposited in the respiratory tract. The 
authors estimated this to be comparable to the amount of dust inhaled over a 24-h period in 
an area having PM10 levels of approximately 70 µg/m3, which would be considered a high 
ambient concentration. A radiolabel aerosol was used to confirm that the aerosols were 
deposited in central airways. Sputum induction was performed 2–3 h post-inhalation for 
cellular analysis as well as for determination of biochemical markers of inflammation and 
innate immune functions (total cell counts, viability, polymorphonuclear cells (PMNs) and 
macrophage levels, IL-6, IL-8, IL-10, eotaxin, granulocyte/macrophage colony stimulating 
factors (GM-CSF) and CCL5, a chemokine earlier called RANTES. Isolation of tumour 
necrosis factor-alpha (TNF-α) mRNA was also performed from isolated sputum macrophages. 
Cell surface phenotypes (mCD14, CD11b, HLA-DR, CD64, CD16) present on macrophages 
and monocytes were analyzed by flow cytometry. Both phagocytosis and the oxidative burst 
response were also measured in sputum macrophages.  
 
Elevated inflammation was demonstrated by induction of neutrophils (% PMNs) and TNF-α 
mRNA following inhalation of PM10–2.5

+ in healthy volunteers. This non-heated PM sample was 
also able to induce production of eotaxin, a potent eosinophil chemoattractant. Various cell 
surface marker responses (CD14, CD11b and HLA-DR) were also upregulated by PM10–2.5

+. 
CD14 is a cell surface phenotype associated with lipopolysaccharide-mediated responses, 
CD11b is associated with host defence, and HLA-DR with antigen presentation. An increase 
in monocyte phagocytosis was also observed following inhalation of PM10–2.5

+. Exposure to 
heat-treated particles (PM10–2.5

-) significantly elevated neutrophil response (cells/mg) but did 
not affect TNF-α mRNA, eotaxin levels, phagocytosis and cell surface marker responses, 
suggesting that some phagocytic cell responses are dependent on the biological content 
associated with coarse particles. 
 
In summary, this study showed that coarse particles were able to induce airway inflammation 
independent of the biological content adsorbed on the surface of the particles. Changes in 
phagocytic responses and increases in certain immune cells were also observed; these latter 
effects appeared to be dependent on the biological component of the coarse particles. The 
investigators speculated that, given these results, people with allergic airway disease may be 
more susceptible than others to the inflammatory effects of coarse particles. 
 
Another study (Graff et al., 2009) was also conducted in Chapel Hill, NC, to characterize 
cardiopulmonary effects of exposure to concentrated ambient coarse particles. On two 
separate occasions, healthy young subjects (n=14, eight men and six women, aged 20–34) 
were exposed to either coarse ambient particles or filtered air for 2 h while performing 
intermittent exercise (15 min of rest followed by 15 min on a recumbent bicycle; repeated 4 
times). The experiments were performed from June to December and coarse particle 
concentrations were higher during the warmer months, as expected.  
 
Pulmonary function (FVC, FEV1, carbon monoxide diffusion capacity (DLCO)) and HRV 
measurements (SDNN, percentage of differences between adjacent normal-to-normal 
intervals that are >50 msec (PNN50), LF, HF and total power) were taken. Changes in 
inflammatory mediators in bronchial lavage (BL) and in bronchoalveolar lavage (BAL) fluids 
were also measured (IL-6, IL-8, PMNs, macrophages, lymphocytes, monocytes, prostaglandin 
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E2 (PGE2), α1-antitrypsin (A1AT) and total proteins) as well as several mediators of 
coagulation. Pulmonary function tests were performed before, immediately after and 20 h after 
exposure, while the bronchoscopy was conducted 20 h after the completion of the exposure 
treatment. Venous blood was also collected ~1h and 20h after the exposure, while the ECGs 
were collected continuously over 24 h to compute the HRV parameters for the 5-min time 
periods immediately before exposure, 1h after and 20 h after the completion of the exposure 
period. The mean concentration of the coarse PM fraction in the chamber was ~89 ± 49.5 
µg/m3 while the total PM concentration was ~105 ± 58.3 µg/m3, resulting from the fact that 
some fine particles can be introduced in the chamber. The subjects only inhaled about 67% of 
the coarse particles, due to their uneven distribution in the chamber. Thus, although the 
participants were seated close (~12 in) to the chamber inlet duct, the average exposures were 
only ~70 µg/m3. The mean calculated inhaled coarse PM dose was 150.3 ± 82.5 µg. 
 
No changes in pulmonary function were observed after exposure to coarse particles. Mild 
pulmonary inflammation was, however, observed with a small statistically significant 
(p=0.0065) increase in PMNs in the BAL fluid 20 h after exposure: a 10.7% increase per 10 
µg/m3 increase in coarse particles. A small but statistically significant (p=0.0191) decrease of 
1.8% in total protein in BAL fluid was also measured per 10 µg/m3 increase of coarse PM. A 
statistically significant (p= 0.05) 2% decrease in monocytes was also observed in the BL. 
SDNN, which is a measure of overall HRV, was decreased 20 h post-exposure (14.4% per 10 
µg/m3 increase; p= 0.05), as was plasminogen activator (32.9% per 10 µg/m3 increase) 
compared with the mean baseline level. The plasminogen activator is involved in the 
destruction of the fibrin clot formed following the coagulation process.  
 
This study showed that exposure to “realworld” coarse particles can induce mild changes in 
pulmonary inflammation, hemostasis and autonomic nervous system balance affecting HRV in 
healthy young people. The authors concluded that the decreases observed in the 
plasminogen activator following exposure to coarse particles could inhibit the destruction of 
any clots and thus increase the odds of a thromboembolic event.  
 

7.1 Summary and Considerations 
With only a minimal amount of new research, and as was the case in the 2003 coarse PM 
assessment (only two inhalation studies of artificial particles), evidence from controlled human 
exposure studies provides support, although limited, for the findings of epidemiological studies. 
The new studies indicate that exposure to very high but still realistic concentrations of freshly 
collected “real world” coarse particles is able to elicit cardiovascular effects (modest decrements 
in HRV and small increases in heart rate), changes in mediators in the coagulation process 
(decrease in plasminogen activator levels), and mild pro-inflammatory effects (airway 
inflammation and phagocytic response) in healthy young adults. In addition, limited evidence 
indicates the phagocytic and immune responses elicited by coarse PM may be dependent on 
endotoxin exposure.  On the other hand, no real effects on pulmonary function were observed, 
and the effects on HRV and airway inflammation were not consistent across all three studies. 
Further clinical research investigating the health effects of ambient coarse particles on humans 
is warranted and should be performed on a larger number of subjects, on different age groups, 
and on subjects with various health conditions. 
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8.0  Toxicological Studies 
 
As described in Chapter 4, there is considerable direct evidence of the human health effects 
of coarse particles from epidemiological studies of exposure to air pollution. This evidence is 
supported by work with laboratory animals. However, there is considerable uncertainty in 
quantitatively extrapolating results from animals to humans—reflecting differences in the 
dosimetry of the respiratory tract, in the sensitivities of specific target cells, in cell populations 
within the individual airways of animal species, in the metabolic activity of lung cells, and in 
the lifespan. Significant work has been performed to characterize the deposition of particles in 
the human and experimental animal lung in order to understand the main differences. 
Findings indicate that while there are many similarities in deposition patterns, the nasal 
filtering properties inherent in the most commonly used animal models result in greater 
extrathoracic deposition of particles in animals, versus greater thoracic and alveolar 
deposition in humans. In consequence, humans receive a greater dose to the respiratory 
surfaces of the lung for the same exposure concentration (see Chapter 3; US EPA, 2009). 
The biomathematical models increasingly can incorporate the differences observed in different 
species, extrapolation being possible given some caveats. While these issues complicate the 
interpretation of animal toxicology, it does indicate that analogous effects in humans would 
occur at lower external concentrations. 
 
Toxicological studies are primarily useful for assessing features of particle-induced toxicity 
that cannot be readily studied in humans, in order to elucidate the biological plausibility and 
strengthen the weight of evidence for the effects observed in the epidemiological studies.  
 
Bronchial epithelial cells are one of the first targets of ambient air pollutants. Lung 
inflammation is a key response to increased levels of particles; however, the cellular 
mechanisms leading to this response remain only partially understood. The secretion of 
bioactive products—TNF-α, macrophage inflammatory proteins (MIP-1, MIP-2) and various 
interleukins (IL-1, IL-6, IL-8, IL-10)—from pulmonary epithelial cells and alveolar macrophages 
(AMs) is a key event in lung diseases following inhalation of toxic environmental agents.  
 
MIP-2 is produced by macrophages after they are stimulated with bacterial endotoxins. They 
activate human granulocytes (neutrophils, eosinophils and basophils), which can lead to acute 
neutrophilic inflammation. They also induce the synthesis and release of other pro-
inflammatory cytokines such as IL-1, IL-6 and TNF-α from fibroblasts and macrophages. TNF-
α is a cytokine involved in systemic inflammation stimulating the acute phase reaction. TNF's 
primary role is in the regulation of immune cells. Large amounts of TNF-α are released in 
response to lipopolysaccharide, other bacterial products and IL-1, and this stimulates 
phagocytosis. IL-6 is released in response to infection and trauma in response to IL-1 and 
TNF-β. It is secreted by T cells and macrophages and stimulates the acute-phase reaction 
that protects against tissue damage. It is also implicated in B- and T-cell growth and 
differentiation and can mediate the effects of other cytokines. IL-8 is a chemokine produced by 
macrophages and other cell types such as epithelial cells. Its primary function is to recruit 
neutrophils to phagocytose the antigen which triggers the response.  
In addition to the release of cytokines, AMs secrete a variety of short-lived products that may 
contribute to altered resistance to pulmonary infections and inflammation. Among these are 
NO and ROS such as superoxide anions and hydrogen peroxide. Generally the inflammation 
process is beneficial and leads to the removal of the injurious stimulus. However, this process 
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can also contribute to many human diseases such as asthma, which is characterized by 
bronchial hyperresponsiveness. Numerous studies have linked the progression of lung 
disease with post-activation release of growth factors and inflammatory cytokines. Cellular 
and biochemical profiles of BAL constituents following exposures in experimental animals and 
humans have been an increasingly useful tool for screening inflammatory lung injury.  
 
Production of inflammatory mediators, lung injury and oxidative stress have been proposed as 
the initiators of particulate-related health effects (Canadian Smog Science Assessment, 
2012), and a number of the studies summarized in this chapter have addressed these 
potential mechanisms of action. In addition, there is still much uncertainty as to which size 
fractions or which constituents of PM are involved in eliciting health effects (key both to better 
understanding the health effects of PM air pollution and to directing effective risk management 
of sources of this pollution), and some toxicological research has focused on trying to identify 
those features of PM that cause particular effects.  
 
Results of in vivo and in vitro toxicological studies of the biological responses elicited by 
ambient and non-ambient coarse particles and potential mechanisms of action involved have 
been reviewed in order to determine how the state of knowledge in this field has evolved. 

8.1 In Vivo Studies 
Up until recently coarse particles had received little attention in toxicological studies. 
Castranova et al. (1985) reported that rats inhaling coal dust (8.5 µm in mass median 
aerodynamic diameter, or MMAD) displayed increased AM numbers, cell surface ruffling and 
ability to generate ROS, whereas diesel (0.3 µm) decreased the phagocytic activity of these 
cells. Kleinman et al. (1995) also examined the role of both fine and coarse particles in animal 
toxicological settings. This team had investigated exposure of rats for 8 weeks to two 
important constituents of the fine particle fraction of PM10: sulphate (0.2 µm MMAD, 70 µg/m3) 
and ammonium nitrate (0.6 µm MMAD, 350 µg/m3). They also examined the effects of the 
coarse mode of ambient particles using resuspended dust (4.0 µm MMAD, 300 µg/m3 and 900 
µg/m3). In that study, the fine fraction of PM10 was more toxic than the coarse PM fraction—
inducing decreased AM function, macrophage-dependent lung defence function, 
histopathological changes in the alveolar space, and increased lung permeability—though the 
coarse PM fraction also affected these endpoints. No additional in vivo studies were identified 
in the 2003 coarse PM assessment. 
 
Various potential toxicity agents responsible for driving the inflammatory coarse PM response 
have been reported in the scientific literature. Some investigators point to the transition metal 
content as causative agent, while others have suggested that bacterial components, such as 
endotoxin, may be a more important factor. Most of the in vitro studies of size-fractionated 
ambient PM collected simultaneously from the same airshed have shown stronger pro-
inflammatory effects for the coarse particles than for the fine particles (Health Canada, 2003 
(internal report); US EPA, 2004). This evidence may possibly support a role for endotoxin, 
which has been reported to be concentrated in the coarse PM fraction. The in vivo 
significance of these findings, however, remains to be elucidated.  
 

8.1.1 Ambient Particles 
Twenty-one new have used in vivo animal models (CD1 mice, BALB/cA mice, BALB/CByJ.ico 
mice; C57Bl/6J mice; ICR mice; Wistar rats; hypertensive rats SHR/NHsd) to study health 
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effects of ambient coarse PM collected in various areas around the world. Some additional 
studies have been performed with Asian sand dust (ASD) particles. Through these studies 
researchers have investigated the effect of coarse or crustal-derived particles on a number of 
biological parameters, including cell viability and lung damage, adjuvant potency, induction of 
inflammation markers, oxidative stress, induction of cell surface molecules, cell counts, cell 
proliferation and histopathological changes in the lungs. However, all the newer studies used 
routes of administration less relevant to human exposure (intranasal or intratracheal instillation, 
or subcutaneous injection) a shortcoming due to the lack of deposition of coarse PM in the lower 
respiratory tract of rodents (Raabee et al., 1998; Ménache et al., 1995). Details of these studies 
are summarized in Table 8.1a.  
 
Dick et al. (2003) showed that ambient particles collected at Research Triangle Park induced 
pro-inflammatory responses following exposure through nasal instillation of CD1 mice. On 
equal mass basis all three PM fractions (>3.5 µm, 1.7–3.5 µm and <1.7 µm) produced 
pulmonary inflammation (neutrophil influx and IL-6cytokine induction). The most sensitive 
biological parameter appeared to be the neutrophil number in the lung which, unlike the other 
size fraction, was significantly induced by all doses of coarse particles, though without a clear 
dose–response relationship. The coarse particles contained higher levels of endotoxin and 
selected metals (iron, copper, nickel). Animals who received an intraperitoneal injection of 
dimethylthiourea (DMTU) as a lung antioxidant showed lower particle-induced cellular 
responses. DMTU is a scavenger of ROS, and the response observed suggests that 
inflammatory responses could in part be due to oxidative stress. However, given differences in 
chemical composition and endotoxin levels, no culprit agents were specifically identified. 
 
In Raleigh, coarse (PM10–2.5), fine (PM2.5–0.1) and ultrafine (PM0.1) particles have been collected 
at different distances from a highway; near a road at 20 m and far from a road at 275 m (Cho 
et al., 2009). Following intratracheal instillation only coarse particles induced significant 
inflammatory responses (neutrophil cell counts, MIP-2, TNF-α, IL-6) in mice regardless of the 
distance from the highway they were collected. Cytokine levels peaked at 4 h, while other 
inflammatory mediators were highest 18 h after the instillation. Only UFP-exposed mice, 
however, showed enhanced cardiac ischemia/reperfusion injury. Similar results were 
observed with particles collected in Chapel Hill (Tong et al., 2010), where coarse particles 
were also proven to be the more potent PM fraction at inducing inflammatory responses. This 
was demonstrated with increases in several markers of systemic inflammation—neutrophils, 
lymphocytes, MIP-2, and TNF-α—following mice orotracheal instillation. Significant increases 
in pulmonary vascular endothelial function, microalbumin (MIA) and N-Acetyl-B-D-
glucosaminase (NAG) were also measured in BAL fluid from coarse PM-exposed mice; higher 
levels were also induced by both fine and ultrafine PM fractions, but the increase was not 
significant. UFPs were found to be the only PM fraction that caused cardiovascular injury.  
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Table 8.1a In vivo toxicological studies and ambient coarse PM  
 
 
 
Reference 
 
 

 
 
Animal 
characteristics 
 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Concentration 
 
 

Route/time to analysis/ 
endpoints 
 United States 

 
Dick et al., 2003 

 
Pathogen-free CD1 
female mice,  
8–10 weeks old 

 
Coarse (>3.5 µm), fine (3.5–
1.7 µm), and fine/ultrafine 
(<1.7 µm) particles 
 
Research Triangle Park, NC 
 

 
10, 50, or 100 
µg/animal 

 
IT instillation 
 
18 h 
 
Albumin, TNF-α and IL-6 
 

 
The coarse PM fraction produced 
significant effects (increase of neutrophils) 
at all particle concentrations with no clear 
evidence of a dose–response relationship. 
IL-6 levels were significantly increased 
with all PM fractions (100 µg). 

 
Gilmour  
et al., 2007 

 

 
Pathogen-free BALB/c 
female mice,  
8–10 weeks old 

 
Coarse (10–2.5 µm), fine 
(≤2.5 µm), and ultrafine 
(≤0.1 µm) particles 

4 US cities: Seattle, WA; 
Salt Lake City, UT; Sterling 
Forest, NY and South Bronx, 
NY  

 
25 and 100 µg/animal 

 
IT instillation 
 
18 h 
 
Creatine kinase, neutrophil cell 
counts and MIP-2 

 
The South Bronx coarse fraction was the 
most potent sample in both pulmonary and 
systemic biomarkers; higher iron content 
was measured in this PM sample.  
 
 
 

 
Wegesser                       
and Last, 2008 

 

 
Pathogen-free BALB/c 
male mice,  
8–10 weeks old 

 
Coarse (10–2.5 µm) 
particles  

Collected in a rural area, 
San Joaquin Valley, Central 
California 

 
25 and 50 µg/animal 

 
IT instillation 
 
24 h 
 
Macrophage and neutrophil 
cell counts and MIP-2  

 
Mice instilled with 50 µg of PM showed a 
significant increase in the number of 
neutrophils. Both the macrophage and 
neutrophil numbers show steady increases 
with longer times after instillation, with a 
peak at 24 h.  

 
Cho et al., 2009 

 
CD-1 female mice 

 
Coarse (10–2.5 µm), fine 
(2.5–0.1 µm), and ultrafine 
(≤0.1 µm) particles 

Collected in Raleigh, NC20 
m from a road [near road 
(NR)] and 275 m from a road 
[far road (FR)] 

 
25 or 100 µg/animal 

 
IT instillation 
 
4 and 18 h 
 
Neutrophil cell counts,                  
IL-6, MIP-2, TNF-α, ventricular 
developed pressure (LVDP)  

 

Lymphocyte numbers were significantly 
increased (<1% of the total cells) at 18 h 
post-exposure to the FR coarse PM of 100 
µg but not by the NR coarse PM. 
At 4 h, both the 100-μg and 25-μg doses 
of NR and FR coarse PM significantly 
increased the production of the MIP-2 and 
TNF-α. 
IL-6 was significantly increased with the 
high-dose coarse samples from both 
locations, and this effect persisted at 18 h 
for the FR-sample. 
We observed increases in baseline LVDP 
for coarse PM from both NR and FR, but 
these were not significant. 
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Reference 
 
 

 
 
Animal 
characteristics 
 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Concentration 
 
 

Route/time to analysis/ 
endpoints 
  

Wegesser                   
and Last, 2009 

 
Pathogen-free BALB/c 
male mice,  
8–10 weeks old 

 
Coarse (10–2.5 µm),  
fine (≤2.5 µm) particles 
 
Collected from a working 
dairy barn in Northern 
California 

 
50 µg/animal 

 
IT instillation 3, 24, 48, or 72 h 
 
Total cells, neutrophil and  
macrophage cell counts 

 
Coarse particles induced a significant 
increase in total cells (24 h).  
 
A significant decrease in the percentage of 
macrophages and a significant 
concomitant  increase in the percentage of 
neutrophils with both PM fractions at 3, 24, 
48, and 72 h after PM instillation. 
 
 

 
Tong  
et al., 2010 

 
Pathogen-free CD-1 
female mice,  
12–16 weeks old 

 
Coarse (10–2.5 µm), fine 
(≤2.5 µm), and ultrafine 
(≤0.1 µm) particles 
 
Chapel Hill, NC 

 
100 µg/animal 

 
Oropharyngeal instillation 
 
24 h 
 
Neutrophil and lymphocyte cell 
counts, TNF-α, MIP-2, NAG, 
MIA. 
heart rate and LVDP  
 

 
Mice exposed to coarse and fine PM 
showed a trend toward reduced recovery 
of post-ischemic LVDP and increased 
infarct size, although these effects did not 
reach statistical significance. 
 
Neutrophil and lymphocyte cell numbers 
were significantly higher in mice exposed 
to coarse and fine particles. 
 
BAL from mice instilled with coarse PM 
had significantly elevated levels of MIP-2 
and there was also a trend toward 
elevated levels of TNF-α, but these 
changes did not reach statistical 
significance.  
 
 

 
Wegesser                  
et al., 2009 
 

 
Pathogen-free BALB/c 
male mice,  
8–10 weeks old 

 
Coarse (10–2.5 µm) and fine 
(≤2.5 µm) particles from 
wildfire episode 
 
Central and northern 
California  

 
10, 25, 50 or100 
µg/animal 

 
IT instillation 
 
24 h 
 
Total protein content, 
neutrophil and macrophage 
cell counts.  

 
A significant increase in total lavageable 
cells with instillation of 100 µg of coarse 
particles which was mainly due to 
increases in neutrophils. With the same 
dose, a significant increase in protein as 
well as a decrease in macrophages.  
 
Increased lung tissue damage was noted 
with increasing doses of instilled particles 
for both fine and coarse particles from 
wildfires.  
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Reference 
 
 

 
 
Animal 
characteristics 
 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Concentration 
 
 

Route/time to analysis/ 
endpoints 
  

Wegesser  
et al., 2010 
 

 
Pathogen-free BALB/c 
male  mice,   
8–10 weeks old 

 
Coarse (10–2.5 µm) and fine 
(≤2.5 µm) particles from 
wildfire episode 
 
Different locations in the San 
Joaquin Valley, CA 

 
10, 25, 50, or100 
µg/mouse 

 
IT instillation 
 
6 and 24 h 
 
TNF-α, KC, IP-10 and MIP-1α 
 

 
Significantly lower cytokine concentrations 
(TNF-α, keratinocyte-derived chemokine 
(KC), MIP-1α, and IP-10) were found in 
BAL fluid in mice treated with heated 
coarse wildfire PM as compared to 
animals treated with whole non-heated 
PM. 
There was significantly more oxidative 
stress in the wildfire-derived coarse PM 
fractions (than in mice instilled with 
“normal” PM in the same region) and more 
antioxidant depleting activity before 
heating than after heat treatment. 
 
 
 
 
 
 

Europe 
 
Alberg  
et al., 2009 

 
Pathogen-free 
BALB/cA female mice,  
6 weeks old 
 
Popliteal lymph node 
(PLN) assay 
 
 

 
Coarse (10–2.5 µm) and fine 
(2.5–0.1 µm) particles  
 
Winter, spring and summer 
in four European cities: 
Amsterdam, the 
Netherlands; Oslo, Norway; 
Lodz, Poland; and Rome, 
Italy  

 
100 and 200 
µg/animal 

 
Subcutaneous injection into 
the footpad 
 
5 d (PLN assay) 
 
IgE 

 
For the coarse ambient PM fractions, 3 out 
of 13 had significant IgE adjuvant activity. 
However, fine PM from ambient air exerted 
a greater allergy adjuvant effect (12/13) 
than coarse PM. There was no correlation 
between the level of allergen-specific IgE 
production and the PLN weight and cell 
number responses. 
 
No significant differences were observed 
between locations or seasons. 
 
The Ottawa dust EHC-93 (controls) gave a 
rather weak IgE antibody response 
compared with the European ambient PM. 
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Reference 
 
 

 
 
Animal 
characteristics 
 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Concentration 
 
 

Route/time to analysis/ 
endpoints 
  

Dybing et al., 
2004 

 
Pathogen-free Balb/cA 
male and female mice 
 
PLN assay 
 

 
Coarse (10–2.5 µm) and  
fine (≤2.5 µm) particles 
 
Winter and summer months 
in Amsterdam, Oslo, Lodz 
and Rome 

 
100 and 200 
µg/animal 

 
Subcutaneous injection into 
the footpad 
 
6 d (PLN assay) 
 
IgE, IgG1 and IgG2a 
 
 

 
Particles elicited generally only weak 
popliteal responses in the absence of 
OVA. 
 
All ambient fractions increased the 
production of specific IgE (fine particles 
had stronger adjuvant effect than coarse 
particles). A significant increase in the 
allergen-specific IgG2a response was 
observed for the fine and some of the 
coarse fractions. 

 
Nygaard  
et al., 2005 

 
Pathogen-free 
BALB/cA female mice 
 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.1 µm) particles  
 
Winter and summer months 
in  
Amsterdam, Oslo, Lodz, and 
Rome,  

 
100 µg/animal 

 
Subcutaneous injection into 
the footpad 
 
5 d (PLN assay) 
 
Lymphocytes B, IL-4, IL-10 
and IFN-γ 

 
Relative number of CD19+ cells (B 
lymphocytes) in the PLN was strongly 
increased by all particles with OVA 
compared to OVA alone or the 
corresponding particle alone. 
 
Concentrations of IL-4 and IL-10 were 
markedly higher in the OVA+ particle 
groups (with the exception of the Rome 
group). IFN-γ levels were not significantly 
affected by any of the particles, neither 
alone nor together with OVA. 
 
No obvious differences between the 
responses with the coarse and fine particle 
fractions were seen. 

 
Steerenberg                 
et al., 2004 

 
Pathogen-free BALB/c 
male mice,  
8–10 weeks old 
 
 
 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.15 µm) particles 
 
Spring, summer and winter 
months in Amsterdam, Oslo, 
Lodz and Rome 

 

 
3 mg/ml (150 
µg/animal) 

 
Intranasal application 
 
IgE, IL-4, IL-5,IFN-γ and TNF-
α 
 
 

 
Both the coarse and fine fractions (spring 
sample from Lodz) showed the most 
prominent stimulation of the response to 
ovalbumin (OVA) for all endpoints tested, 
when co-exposed with PM during the 
sensitization or challenge phase.  
 
Co-exposure with the coarse fraction 
during the challenge phase only evoked a 
significant IgE response to OVA. 
 
Co-exposure to coarse PM with OVA in 
the sensitization or challenge phase 
induced a statistically significant increase 
in eosinophils and neutrophils. 
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Reference 
 
 

 
 
Animal 
characteristics 
 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Concentration 
 
 

Route/time to analysis/ 
endpoints 
  

Steerenberg              
et al., 2005 

 
Pathogen-free BALB/c 
male mice,  
8‒10 weeks old 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.15 µm) particles 
 
Spring, summer and winter 
months in Amsterdam, Oslo, 
Lodz and Rome 
 

 
0, 3, and 9 mg/ml          
(0, 150 and 450 µg/ 
animal) 

 
Intranasal application 
 
IgE, IgG2a, IL-4, IL-5, 
interferon-γ IFN-γ, and TNF-α 
 

 
Some PM samples (either in the coarse or 
fine PM samples) induced statistically 
significantly more TNF-α or IL-5 than did 
OVA alone. 
 
IgG2a were increased in 3 out of 13 
coarse-particle samples. 
 
The water insoluble fractions of all coarse 
samples were active comparable to the 
crude sample. 
 

 
Steerenberg                 
et al., 2006 

 
Pathogen-free BALB/c 
male mice,  
6–8 weeks old 

 
Coarse (10–2.5 µm)  and  
fine (2.5–0.15 µm) particles 
 
Spring, summer and winter 
months in Amsterdam, Oslo,            
Lodz and Rome 
 

 
3 mg/ml (150 
µg/animal) 

 
Intranasal application &IT 
instillation  
 
IgE, MIP-2 and TNF- α           
 

 
Of the in vitro and in vivo biological effect 
parameters (short term respiratory 
inflammatory responses), MIP-2 was 
highly correlated with the in vitro 
inflammation parameters. 
 
A non-specific inflammatory response was 
confirmed by a strong correlation between 
the inflammatory cytokines MIP-2 and 
TNF-α as well as with leakage of albumin 
in BAL. 
 

 
Schins  
et al., 2004 

 
Female Wistar rats 

 
Coarse (10–2.5 µm) and  
fine (≤2.5 µm) particles 
 
 
Rural and industrial sites in 
Germany 

 
0.32 ± 0.01 mg/animal 

 
IT instillation 
 
18 h 
 
Neutrophils, glutathione 
depletion, TNF-α and MIP-2 
 

 
BAL fluid isolated from animals treated 
with coarse PM (rural site) exhibited 
significantly lower total glutathione than 
the control. 
 
Coarse PM from both sampling sites 
induced a significant increase in the 
percentage of neutrophils in BAL. Coarse 
PM from both sites induced significantly 
higher release of IL-8 and 
TNF-α. 
 
MIP-2 content of BAL fluid was 
significantly higher following exposure to 
coarse PM from industrial site. 
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Route/time to analysis/ 
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Gerlofs-Nijland              
et al., 2007 

 
Hypertensive male 
rats (SHR/NHsd),  
12 weeks old 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.1 µm) particles 
 
Various European sites with 
contrasting traffic intensities  
and types 

 

 
3 and 10 mg/kg            

 

 
IT instillation 
 
24 h 
 
Total protein, neutrophil and 
macrophage cell counts, TNF-
α and MIP-2 
 

 
Cellular damage measured by increased 
concentration of the cytotoxicity marker 
LDH in BALF was seen for all coarse PM 
samples at both the 3-mg/kg body weight 
dose and the 10-mg/kg body weight dose. 
 
As with the biochemical markers already 
described, the responses to coarse 
particles were generally greater than 
responses to the fine fraction collected at 
the same site. For example, neutrophil and 
macrophage numbers, TNF-α, MIP-2 
concentrations were increased at certain 
sites in response to coarse, but not fine 
PM samples. 
 

 
Gerlofs-Nijland              
et al., 2009 

 
Hypertensive male 
rats (SHR/NHsd),  
12 weeks old 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.1 µm) particles 
 
Various European sites with 
contrasting traffic intensities  
and types 
 

 
7 mg/kg  

 

 
IT instillation 
 
24 h 
 
Total protein, neutrophil and 
macrophage cell counts, 
fibrinogen and TNF-α 
 

 
The comparison of PM source locations 
showed that both PM samples triggered 
inflammatory responses, as shown by the 
increased numbers of total cells, 
neutrophils, lymphocytes, and  
TNF-α. The amount of fibrinogen, the only 
biomarker induced in the blood of PM-
treated rats, was increased more by the 
coarse PM fraction than by the 
corresponding fine PM fraction. 
 

 
Happo  
et al., 2007 

 
Pathogen-free 
C57Bl/6J male mice,  
8–9 weeks old 

 
Coarse (10–2.5 µm), fine 
(2.5–0.2 µm) and ultrafine 
(≤0.2 µm) particles 
 
 
Six European cities:  
Duisburg, Germany; Prague, 
Czech Republic; 
Amsterdam, the 
Netherlands; Helsinki, 
Finland; Barcelona, Spain; 
Athens, Greece 
 

 
1, 3, and 10 mg/kg  
(27, 82 and 270 
µg/animal) 

 
IT instillation 
 
4, 12, and 24 h 
 
 
Total cell number, total 
protein, IL-6, KC and TNF-α 

 
PM10–2.5 and PM2.5–0.2 samples caused large 
increases in BALF cytokine (IL-6, KC, 
TNF-α) concentrations at 4 h, but not at 12 
or 24 h, after exposure. The BALF total 
cell number and total protein 
concentrations increased significantly at 
12 h for both the PM10–2.5 and PM2.5–0.2 
samples, but only PM10–2.5 samples 
produced consistent, significant increases 
at 24 h after exposure. 
 
In general, PM10–2.5 samples had higher 
inflammatory activity than PM2.5–0.2 
samples. 
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Happo  
et al., 2008 

 
Pathogen-free 
C57Bl/6J male mice,  
8–9 weeks old 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.2 µm) particles 
 
Six European cities:  
Duisburg, Prague, 
Amsterdam, Helsinki, 
Barcelona, Athens 

 
10 mg/kg                          
(270 µg/animal) 

 
IT instillation 
 
4, 12, and 24h 
 
Total cell number, total 
protein,   IL-6, KC and TNF-α 

 

 
PM10–2.5 inorganic ions (NO−

3, K+, and Mg2+) 
showed significant positive correlations 
only with total cell number, and a nearly 
significant correlation with total protein. 
Sulphate and ammonium had occasional 
nearly significant negative or positive 
correlations with the inflammatory 
parameters. 
 
PM10–2.5 endotoxins had a nearly significant 
positive correlation with all the cytokines. 
 
 

 
Happo  
et al., 2010a 

 
Pathogen-free 
C57Bl/6J male mice,  
8–9 weeks old 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.2 µm) particles 
 
Six European cities:  
Duisburg, Prague, 
Amsterdam, Helsinki, 
Barcelona, Athens 

 
Repeated dose               
of 10 mg/kg                 
(270 µg/animal)on  
d 1, 3, and 6 of the 
study week for a 
cumulative dose of 
820 µg/animal 

 
IT instillation 
 
24h 
 
Total cell number, total 
protein,  
IL-6, KC and TNF-α 

 
In both size ranges, repeated dosing of 
particles increased the total cell number in 
BALF more than the respective single 
dose, whereas cytokine (IL-6, KC, TNF-α) 
concentrations were lower after repeated 
dosing. 

 
Happo  
et al., 2010b 

 
Pathogen-free 
C57Bl/6J male mice,  
8–9 weeks old 

 
Coarse (10–2.5 µm), 
intermediate (2.5–1 µm), 
accumulation (1–0.2 µm)  
and ultrafine (≤0.2 µm) 
particles 
 
Four seasons,  
Helsinki, Finland 

 
10 mg/kg                    
(270 µg/animal) 

 
IT instillation 
 
4 h and 12 h 
 
Total cell number, total 
protein, LDH, IL-6, KC and 
TNF-α 

 
Coarse PM caused statistically significant, 
six- to seven-fold increases in cell number 
from the control level (12 h) 
 
Seasonal PM10–2.5 at 4 h had generally the 
highest potency to induce cytokine 
production in the mouse. At 12 h, the 
seasonal PM10–2.5 still induced clear, 
statistically significant IL-6 and KC 
responses. 
 
Ca2+, in the PM10–2.5 size range, had a 
statistically significant positive correlation 
with nearly all of the inflammatory 
responses. 
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 Asia 

 
Hiyoshi  
et al., 2005 

 

 
ICR male mice,  
5 weeks old 

 
Coarse PM— 
Mean distribution: 6 µm 
 
Asian Sand Dust (ASD): 
sample from the Shapotou 
desert 
 
ASD+SO4 

 

 
0.1 mg/mouse  
(4 times at 2-week 
intervals)  

 
IT instillation 
 
24 h after the last IT 
administration 
 
Total cell number, IgG1, IL-5, 
IL-12, MCP-1, IFN-γ, KC, 
TNF-α and MIP-1α  

 

 
The cell number (eosinophils) increase 
was greater in the ASD group than in the 
ASD-SO4 group. OVA-specific-IgG1 titer 
was significantly increased in the 
OVA+ASD-SO4 group compared with the 
OVA-only group.  
 
Protein of GM-CSF, KC, and MIP-1α levels 
were also increases following exposure to 
both ASD and ASD-SO4 groups. 
 
OVA+ASD increased protein levels of IL-5 
as well as MCP-1 and induced decrements 
in TNF-α and MIP-1α compared with OVA 
alone. 
 
 
 
 

 
Ichinose  
et al., 2006 

 

 
ICR male mice, 
5 weeks old 
 

 

 
Coarse PM— 
Mean distribution: 5.5 µm 
 
ASD: sample from the 
Maowusu desert (ASD-1) 
and from the Shapotou 
desert (ASD-2) 
 
ASD + D. farinae 
(Dermatophagoides farinae) 
 
 
 

 

 
0.1 mg/mouse                   
(4 times at 2-week 
intervals) 

 
IT instillation 
 
24 h after the last IT 
administration 
 
Total cell number, IgG1, IL-5, 
MCP-1, IFN-γ, KC, TNF-α and  
MIP-1α  

 

 
D.farinae with SD-1 or SD-2 further 
elevated the cell number (eosinophils) 
compared with SD-1 or SD-2 alone. The 
degree of eosinophil infiltration induced 
with SD-2 was greater than with SD-1.  
The D.farinae-specific IgG1 titers were 
significantly increased in the D. farinae + 
SD-2 group compared with the D. farinae-
only group. Significant increase of IL-5, 
and MCP-1 were also measured with 
D.farinae+ SD-1 compared with SD-1 
alone; higher levels were induced, 
however, following exposure with D. 
farinae+ SD-2.  
Exposure to SD-1 alone significantly 
increased protein levels of IFN-γ a nd 
TNF-α; exposure to SD-2 alone also 
induced elevated TNF-α levels.  
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Yanagisawa  
et al., 2007 

 
ICR male mice,                
5 weeks old 
 
 

 
Coarse particles— 
Mean distribution:  
4.8 µm and 5.5 µm 
 
ASD from the desert in 
North Central China 
 

 
250 µg/animal 

 
IT instillation 
 
Microarray : 4 h 
 
CXCL2/MIP-2, CCL3/MIP-1a, 
and CXCL10/IP-10 gene 
expression 
 

 
112 genes were up-regulated after 
exposure to ASDP. ASDP exposure 
showed a prominent increase in the gene 
expression involved in signal transduction 
and regulation of transcription.  
 
Additionally, the expression of pro- 
inflammatory genes CXCL2/MIP-2, 
CCL3/MIP-1a, and CXCL10/IP-10 also 
tended to increase with ASDP exposure. 
In contrast, ASDP-F (LPS and β-glucan 
inactivated) upregulated only 36 genes. 
 

 
Ichinose  
et al., 2008a 

 
ICR male mice,  
5 weeks old 
 

 
Coarse particles— 
Mean distribution: 4~6 µm 
for ASD and 6.6~8.6 µm for 
Arizona sand dust 
 
ASD particles from the 
desert in North Central 
China 
 

 
0.1 mg/mouse                   
(4 times at 2-week 
intervals)  

 
IT instillation 
 
24 h after the last IT 
administration 
 
IgE, IgG1, IL-5, IL-12, IFN-γ, 
KC and TNF-α 

 
ASD significantly increased IFN-γ and 
TNF-α while Arizona Sand dust increased 
IFN-γ, KC and MIP-α levels.  
 
OVA + Arizona sand dust  showed further 
increases of IL-12, IFN-γ, TNF-α and KC 
compared with Arizona SD alone. 
 
OVA + Arizona SD increased OVA-specific 
IgG1 antibodies compared with the OVA 
alone. Total IgE antibody in the 
combination treatments with OVA did not 
exhibit appreciable differences compared 
with the OVA alone. 
 

 
Ichinose  
et al., 2008b 

 
ICR male mice,                
5 weeks old 

 

 

 
Coarse PM—- 
Mean distribution: 6 µm 
 
Non-heated ASD or heated 
ASD (H-ASD) particles from 
the desert in North Central 
China 

 
0.1 mg/mouse                   
(4 times at 2-week 
intervals) 

 
IT instillation 
 
24 h after the last IT 
administration 
 
Total cell number, IgE, IgG1, 
IL-5, IL-12, MCP-3, IFN-γ, KC, 
TNF-α and MIP-1α 

 
ASD significantly increased the cell 
number (neutrophils) compared with the 
control, but H-ASD did not. 
 
The two ASDs induced the adjuvant 
effects to specific IgE and IgG1 and 
synergistically increased IL-5, MCP-3 and 
eotaxin, when associated with OVA, in 
BALF.  
 
ASD significantly increased protein levels 
of IL-12, IFN-γ, KC, RANTES, and MIP-1α 
in BALF. 
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Ichinose  
et al., 2009 

 
Male Hartley guinea 
pigs, 5 weeks old 

 
Coarse PM— 
Mean distribution: 6 µm 
ASD from the desert in 
North Central China 
 

 
0.3 and 0.6 mg/animal  
(2 times at 7-week 
intervals) 

 
Intranasal administration 
20 min after the last IT 
Total cell number, eosinophils 
cell count, histamine, IgE 

 
Japanese Cedar Pollen (JCP) +ASD (0.3 
mg) and JCP+ASD (0.6 mg) increased the 
total number of cells considerably, by 2.95- 
and 2.65-fold, respectively, compared with 
JCP alone. 
 
JCP+ASD (0.3 mg) and JCP+ ASD (0.6 
mg) increased histamine by 4.90-fold (p < 
0.01) and 4.23-fold (p < 0.05), 
respectively, compared with the control. 
 
The combination treatment with JCP 
increased the total IgE antibody, but not 
significantly compared with the control or a 
corresponding single treatment, except in 
the case of JCP+ASD (0.3 mg). 
 

ASD= Asian sand dust; BALF= bronchoalveolar lavage fluid; D. farinae =Dermatophagoides farinae; IFN-γ= interferon gamma; IL= interleukin; IP-10= interferon gamma-induced 
protein 10; IT= intratracheal instillation or oropharyngeal instillation; JCP= Japanese Cedar Pollen; KC= keratinocyte-derived chemokine; LVDP= ventricular developed pressure; MCP-
1= monocyte chemotactic protein-1; MFP= Maowusu desert particles; MIA= microalbumin; MIP= macrophage inflammatory protein; NAG= N-Acetyl-B-D-glucosaminase; OVA= 
ovalbumin; PLN= Popliteal lymph node; SFP= Shapotou desert particles; TNF-α= tumor necrosis factor-alpha 
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Overall, the results of these studies suggest that coarse and ultrafine particles may affect 
organ systems differently, which could reflect the differences in their size and chemical 
composition.  
 
Similarly, coarse PM collected by Gilmour et al. (2007) in four different US locations—Seattle, 
WA; Salt Lake City, UT; Sterling Forest and South Bronx, NY—was the most potent PM 
fraction at inducing pulmonary (protein levels, neutrophil cell counts, MIP-2) and systemic 
(creatine kinase) inflammation in BALB/c female mice following oropharyngeal instillation. The 
most potent coarse PM samples were collected in South Bronx, which could be due to the 
total iron content, given that the highest levels were measured in these PM samples. 
Endotoxin levels were highest in the Seattle and Salt Lake City coarse PM samples, while 
higher levels of total sulphate were found in both the fine and ultrafine PM samples collected 
in South Bronx, which also had the highest zinc concentrations.  
 
The toxic potency of particles collected in California has also been studied. Coarse particles, 
collected in the San Joaquin Valley during the summer months, induced pro-inflammatory 
mediators in mouse lung following intratracheal instillation (Wegesser and Last, 2008). An 
apparent dose–response relationship was observed with both the total cell and neutrophil 
counts measured in BAL fluid. The response peaked at 24 h with decreases at 48 and 72 h. 
Increased amounts of MIP-2 were also measured in the BAL fluid, with a peak at 3 h and a 
significant decrease at 6 h. The coarse-PM active components responsible for the observed 
pro-inflammatory response were found to be in the insoluble fraction. A heat treatment was 
also applied to both the whole and insoluble PM fractions in order to inactivate any putative 
endotoxin content. No significant decreases in pro-inflammatory responses were observed 
following the treatment, suggesting that the whole PM sample contained little or no endotoxin 
and that the inflammatory responses were driven by other components. On an equal basis, 
rich-endotoxin coarse particles collected from a working dairy barn (Wegesser and Last, 2009) 
in California induced a higher and reversible inflammatory response in mouse lung. The active 
materials in both the fine and coarse PM samples resided in the insoluble fraction as found in 
the San Joaquin Valley particles, but in contrast the active components were heat-labile, 
which might suggest a potential role for endotoxin.  
 
Several new studies have been performed in various European cities. Schins et al. (2004) 
studied the effect of both fine and coarse particles collected from an industrial site and a rural 
site in Germany on rat lung inflammation following intratracheal instillation. The doses applied 
in this study were high (at least 100 times higher than the expected human dose under 
realistic ambient conditions, according to the authors) but did not induce overt cytotoxicity. 
Coarse particles from both sites were able to induce significant levels of neutrophils and 
cytokines in BAL, in contrast to fine particles. Rural coarse PM samples induced the highest 
inflammatory response and were the only PM sample that reduced glutathione levels in BAL. 
Levels of TNF-α in the BAL fluid were higher after exposure to rural coarse particles, while 
levels of MIP-2 were higher with the industrial coarse PM extract. Particle characterization of 
all samples showed higher levels of endotoxin and lower levels of metals in coarse PM 
samples, suggesting that adherence of endotoxin or bacteria to the particle surface plays a 
role in inflammatory processes. 
 
A European-wide assessment to study the respiratory inflammation and allergenicity effects of 
ambient size-fractionated PM was launched in 2001. The project, called “Respiratory Allergy 
and Inflammation due to Ambient Particles” (RAIAP), used a range of toxicological in vivo and 
in vitro studies. Fine (2.1–0.1 µm) and coarse (10–2.5 µm) particles were collected at a 
western (Amsterdam, near busy road), a central (Lodz, downtown heavy traffic), a northern 
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(Oslo, near road) and a southern (Rome, rail station) European city as well as in a seaside 
location (Dutch coast; De Zilk, low traffic) during three periods (spring, summer and winter) of 
4–6 weeks in 2001–2002.  
 
Six new studies using in vivo models have been published since 2002 as part of the RAIAP 
European assessment (Dybing et al., 2004; Nygaard et al., 2005; Steerenberg et al., 2004, 
2005, 2006; Alberg et al., 2009). Each of these studies showed adjuvant activity following 
subcutaneous injection of coarse particles into hind footpads of BALB/cA mice (Dybing et al., 
2004; Nygaard et al., 2005; Alberg et al., 2009) or after intranasal instillation of BALB/cByJ.ico 
mice (Steerenberg et al., 2004, 2005). Steerenberg et al. (2006) used a selection of 
representative data from the various in vivo (Nygaard et al., 2005; Steerenberg et al., 2004, 
2005) and in vitro (Dybing et al., 2004; Hetland et al., 2005) RAIAP bioassays in analyzing 
relations among the different biological effect endpoints studied.  
 
In the framework of the RAIAP, Steerenberg et al. (2004, 2005) conducted two studies of 
adjuvant activity of ambient PM collected from several locations in a respiratory mouse model 
following administration via nasal instillation. In both studies, following intranasal sensitization 
with OVA, combined exposure to particles and OVA resulted in a potentiation of allergic 
responses compared with OVA alone. Both fine and coarse particles from some locations and 
seasons induced IgE, IgG1 and IgG2 antibodies. Lung histopathology (alveolitis, hypertrophy 
of bronchiolar mucous cells, peribronchial and perivascular inflammation) was also affected, 
most strongly by coarse particles. PM collected at various locations and different seasons had 
different adjuvant activity. For the antibody responses, adjuvant activity was higher in winter 
samples than in summer or spring samples, while no marked seasonal variations were found 
for other parameters (Steerenberg et al., 2004). For histopathology and to a lesser extent the 
other parameters, the effects of PM were most pronounced at sites near heavy road and rail 
traffic. In both studies, coarse and fine particles from some sites and seasons were also able 
to induce levels of eosinophils and neutrophils. The team also showed that some coarse and 
fine particles could induce levels of some cytokines (TNF-α and IL-5). Coarse PM samples 
had higher levels of endotoxin than fine PM samples (Steerenberg et al., 2004). For coarse 
PM, the water-insoluble fraction was the active fraction for immunoglobulin and pathological 
responses; for fine PM it was the water-soluble fraction (Steerenberg et al., 2005).  
 
As part of RAIAP, three studies investigated the effects of coarse and fine urban particles on 
allergic responses to an allergen in BALB/cA mice that received subcutaneous injection of 
OVA (with or without particles) into one hind footpad. PLN were excised and a variety of 
immune endpoints were analyzed (studies of cellular responses in the PLN after 
subcutaneous injections are believed to be relevant to understanding mechanisms of 
immunoregulation and adjuvant capacity of particles). In the first study (Dybing et al., 2004), 
both fine and coarse PM alone elicited weak popliteal responses. However, in the presence of 
OVA, both fine and coarse particles from almost all locations significantly induced the cell 
number index and the proliferation number index. All PM samples from all locations were also 
able to increase the production of IgE antibodies; in contrast, antibody levels of IgG2a were 
increased by all fine PM samples but only some coarse PM samples. Overall, this study 
indicates that particles have the capacity to stimulate an allergic Th2-response as well as a 
non-allergic Th1-response and that fine particles generally have stronger activity than coarse 
particles. No marked differences in adjuvant potency were observed between locations.  
 
In the second study (Nygaard et al., 2005), numbers of PLN cells as well as cell surface 
markers were increased by fine and coarse particles + OVA as compared with particles or 
OVA alone, though particles alone did moderately (and significantly) increase PLN cells. No 
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obvious differences between coarse and fine particle samples + OVA were observed for cell 
surface markers (B helper CD19+ and T lymphocyte CD86+), numbers of PLN cells and 
relative numbers of B lymphocytes. Cytokine levels were all significantly increased by fine and 
coarse particles + OVA as compared with OVA alone. Coarse PM samples + OVA 
consistently induced higher levels of IL-4 than fine PM samples + OVA, while fine particles + 
OVA consistently induced significantly higher levels of interferon-gamma (IFN-γ) than coarse 
particles + OVA  at most sites. IL-4 cytokines are involved in the stimulation of activated B-cell 
and T-cell proliferation as well as in the differentiation of CD4+ T-cells into Th2 cells. This 
cytokine can also induce B-cell class switching to IgE, while the major function of IFN-γ is to 
activate macrophages. Overall, this study demonstrated that both coarse and fine particles 
from different European cities in the presence of allergens can enhance levels of various cell-
mediated immune endpoints (PLN cell numbers, B cell expression, IL-4 (Th2-related immune 
response)) compared with allergens or particles alone. Coarse particles + OVA produced 
increased IL-4 levels but decreased IFN-γ levels compared with fine PM + OVA, while PLN 
cell numbers and B cell expression were equally impacted by both PM size fractions. 
 
In the third study Alberg et al. (2009) used two different experimental designs to investigate 
the allergy adjuvant activity of ambient PM following subcutaneous injection. The allergen-
specific IgE footpad assay demonstrated significantly increased production of IgE antibodies 
in the presence of OVA for almost all fine PM samples (12 out of 13), while only 3 out of 13 
samples of coarse particles induced significant increases. No specific differences in adjuvant 
potency were observed between locations or seasons (spring, summer and winter). The 
chemical composition of the PM samples could suggest that sulphate, zinc, vanadium and 
nickel may contribute to higher IgE production given that higher levels were found in the fine 
PM samples. Positive correlations were observed between sulphate, vanadium, and nickel 
and IgE production whereas no correlation was found with zinc. Ottawa dust particles also 
showed weak adjuvant potency, which according to the authors may be due to a considerable 
amount of larger particles (or aggregates of particles). The team concluded that for the 
particles tested in this study, the fine fraction exerted higher adjuvant activity than the coarse 
fraction, supporting the hypothesis that traffic-related particles may be more important in 
allergic diseases, given that higher levels of traffic-related metals were measured in the fine 
PM samples. The adjuvant potency of both fine and coarse particles obtained with the 
allergen-specific IgE assay was not reflected in a second design used in this study, the PLN 
assay.  
 
Steerenberg et al. (2006) studied the relationship between sources of particulate air pollution 
and biological effect parameters in samples from the RAIAP project using a selection of 
representative data from various in vivo RAIAP bioassays(Nygaard et al., 2005; Steerenberg 
et al., 2004, 2005) and in vitro (Dybing et al., 2004; Hetland et al., 2005). Good correlations 
were observed between inflammatory markers in the in vitro and in vivo models, as well as for 
increased pro-inflammatory cytokines (TNF-α, IL-6, MIP-2 and IL-8) in both AMs and epithelial 
cells when coarse and fine particles were taken together. While demonstrating the utility of in 
vitro methods, this study also indicated the importance of both AMs and epithelial cells in 
particle-induced inflammatory responses. When coarse and fine particles were analyzed 
together, many significant associations were shown (n = 23) for several inflammatory 
endpoints. However, when coarse PM was analyzed by itself, a certain number of statistically 
significant associations disappeared and 16 remained significant; and even fewer statistically 
significant associations (n = 9) were observed when fine particles were analyzed separately. 
Correlations between parameters in the different allergy models and between allergy and 
inflammation markers were, however, generally poor. 
 

http://en.wikipedia.org/wiki/B-cell
http://en.wikipedia.org/wiki/T-cell
http://en.wikipedia.org/wiki/Proliferation
http://en.wikipedia.org/wiki/CD4
http://en.wikipedia.org/wiki/T-cells
http://en.wikipedia.org/wiki/Th2_cell
http://en.wikipedia.org/wiki/B-cell
http://en.wikipedia.org/wiki/Class_switching
http://en.wikipedia.org/wiki/IgE
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Another major project in Europe is the PAMCHAR project, which studied the chemical and 
biological characterization of ambient air coarse (PM10–2.5), fine (PM2.5–0.2) and ultrafine (PM0.2) 
particles for human health risk. One of the main objectives of this project is to apply a 
systematic approach in order to characterize the source-specific chemical and toxicological 
characteristics of urban particles collected in various cities with contrasting air pollution, 
including Amsterdam, the Netherlands; Athens, Greece; Barcelona, Spain; Duisburg, 
Germany; Helsinki, Finland; and Prague, Czech Republic. Particles were collected with a 
high-volume cascade impactor in different seasons through series of 7-week sampling 
periods; based on chemical analyses, coarse particles were mainly found to be composed of 
crustal materials, carbonaceous compounds, sea salt and nitrate, while the major compounds 
in fine particles were primarily carbonaceous compounds and secondary inorganic ions. 
Higher coarse and ultrafine mass concentrations were measured in Athens during the summer 
season, while the highest concentrations of fine particles were detected in Prague, where the 
lowest coarse PM mass was sampled. The lowest concentrations of both fine and ultrafine 
particles were measured in Helsinki.  
 
Several in vivo toxicological studies (Happo et al., 2007, 2008, 2010a, 2010b) have been 
published since 2002 as part of the PAMCHAR project. Happo et al. (2007) observed higher 
inflammation in bronchoalveolar fluid from C57B1/6J mice following instillation of coarse 
particles. Dose-dependent response patterns were observed for several inflammatory 
biomarkers, including total cell number and total protein responses, TNF-α, IL-6 and KC. For 
fine particles, only the higher dose (10 mg/kg) induced occasional significant increases for 
some markers, while the UFPs demonstrated negligible inflammatory activity. The largest 
increase of total cell number in BAL fluid, which was mainly due to increased neutrophils, was 
found at 12 h after instillation following both coarse and fine particle exposure; however, only 
coarse PM effects remained after 24 h.  Increased cytokines were observed much earlier, at 4 
h following particle exposure, followed by a rapid decline. Cytokines remained higher at 12 h 
for the coarse particle samples, especially for KC. Correlations between PM constituents and 
inflammatory responses were also analyzed (Happo et al., 2008). Significant correlations 
between water-soluble, water-insoluble, and organic constituents were observed between 
inflammatory markers in both fine and coarse particle samples. For fine particles, oxidized 
organic compounds and transition metals, especially nickel and vanadium, appeared to be the 
main contributors, as well as some soil-derived components (calcium, aluminum, iron and 
silicon). The role of these soil-derived constituents was not as clear for the coarse particle 
samples. Overall, these studies demonstrated the importance of the time course of acute 
inflammatory biomarkers and showed that particle size and local sources of incomplete 
combustion and resuspended road dust were important factors affecting inflammatory activity 
of particles in the mouse lung.  
 
Using particles (PM10–2.5, PM2.5–1, PM10.2, PM0.2) collected in all four seasons in an urban site in 
Helsinki, Finland, the same team (Happo et al., 2010a) showed large seasonal 
heterogeneities in the PM inflammatory responses observed in the mouse lung. On equal 
mass basis the samples collected in the fall had higher inflammatory potency, while on volume 
basis the springtime samples, which contain larger PM mass concentrations due to 
resuspended road dust, induced higher inflammatory responses. The winter samples had the 
lowest inflammatory activity. Several significant correlations were observed between the 
measured inflammatory markers and the inorganic ions contained in both fine and coarse 
particle samples; significant correlations were also measured with several water-soluble 
elements directly emitted from vehicle brakes, tires and chassis.  
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A follow-up study by Happo et al. (2010b) demonstrated that repeated doses of both fine 
(PM2.5–0.2) and coarse (PM10–2.5) particles instilled in C57B1/6J mice—doses were given after 
1, 3 and 6 d—induced an enhanced inflammatory response for total cell numbers and total 
protein concentrations, while cytokine levels (TNF-α, IL-6 and KC) were higher following a 
single dose. As with their previous studies (Happo et al., 2007, 2008, 2010a) the team found 
that coarse particles clearly induced higher levels of cytokine releases. Following the 
histopathological analyses, no specific inflammatory lesions were found in animals following a 
single dose of either fine or coarse particles, while more extensive lesions were observed after 
multiple administrations, especially for coarse PM samples. Correlations between PM 
constituents and inflammatory responses (total cell numbers and total protein concentrations) 
were analyzed. For fine particles oxidized organic compounds and transition metals appeared 
to be the main contributors to the inflammatory response, whereas copper and soil minerals 
were important coarse PM constituents. Zinc was also an important element for both particle 
sizes.  
 
Some new in vivo toxicological studies (Gerlofs-Nijland et al., 2007, 2009) have also been 
published as part of another important European collaborative project, the Health Effects of 
Particles from Motor Engine Exhaust and Ambient Air Pollution (HEPMEAP) project. Particles 
were collected with high-volume HCIs at nine sites (five sites in the Netherlands, two in 
Germany, one in Italy and one in Sweden). Based on a limited number of particle samples 
collected from various European cities, Gerlofs-Nijland et al. (2007) found that both fine and 
coarse particles given through intratracheal instillation to spontaneously hypertensive rats 
were able to induce dose-dependent pulmonary inflammation (as demonstrated with airway 
neutrophilia, increased macrophage cell numbers and mild lymphocytosis) as well as 
increased blood fibrinogen levels. A higher inflammatory response was usually measured for 
coarse particles and appears to be higher with coarse particles collected at sites with high 
traffic density. Several lesions (alveolar inflammatory foci, alveolitis, bronchiolitis and cell 
proliferation) were seen with the histopathological analysis. The traffic markers barium and 
copper were found to be associated with some biological and histopathological effect 
parameters in both PM size fractions; some additional associations were found with zinc (tire 
wear) and potassium (wood smoke) for the fine particles. Similar inflammatory potencies were 
observed with particles collected in Prague, Duisburg, and Barcelona (Gerlofs-Nijland et al., 
2009), and both particle metal and PAH content were positively correlated with some 
inflammatory markers, suggesting that PM composition should be an important factor to 
consider in PM-induced health effects.  
 

8.1.2 Crustal and Source-Derived Particles 
Chemical constituents of particles are known to be associated with certain sources, and some 
elements are more source-specific than others. Studies of the effects of particle components 
may shed light on both emission sources and potential toxic mechanisms of health effects 
related to ambient PM.  
 
Steerenberg et al. (2006) studied the relationship between sources of particulate air pollution 
and various biological effect parameters in samples from the RAIAP project. Univariate 
Pearson correlations between chemical components and selected biological endpoints 
(respiratory allergy, systemic allergy, toxicity and inflammation) were calculated and chemical 
components that resulted in similar pattern were clustered. Five clusters were identified, 
based on the overall response pattern observed in various in vitro and in vivo bioassays used 
in the RAIAP project: traffic, industrial combustion and/or incinerators (TICI), combustion of 
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black and brown coal/wood smoke (BBCW), crustal material (CM), secondary inorganic 
aerosol and LRT aerosol (SIALT) and sea spray (SS). TICI was characterized by zinc, lead, 
mercury and a large number of organics (such as hopanes and steranes); BBCW was marked 
by PAHs; CM was dominated by aluminum, silicon, potassium, calcium and iron (elements 
generally associated within the coarse PM fraction); SIALT was characterized by SO4

2+, NH4
+ 

and NO3
- as well as by some elements (vanadium, nickel and selenium); and the SS cluster 

was characterized by sodium and chlorine. Assignment of a PM component to one cluster did 
not imply that this constituent was not present in any of the other clusters; it was, however, 
less prominent. Endotoxin also appeared in both the CM and the SS clusters. TICI and BBCW 
clusters were associated with adjuvant activity for respiratory allergy, while the SIALT cluster 
was correlated with systemic allergy. Finally, CM and SS clusters were linked with acute 
inflammation.  
 
This study has shown that PM biological effects can be linked to one or more types of PM 
emission sources. Additionally, it has indicated that, while all sources have potential for 
effects, specific sources may have effects expressed via different pathways and thus have the 
potential for effects on different adverse endpoints.  Therefore, these results provide potential 
impetus for source apportionment of risk. 
 
Central and Northern California experienced an important wildfire event in the last week of 
June 2008, which greatly affected the air quality in the area; hourly PM10 concentrations 
peaked at 200 µg/m3 in the San Joaquin Valley. Coarse (PM10–2.5) and fine (PM2.5) particle 
samples were collected during a 2-d period and the toxicity of these particles compared with 
ambient air particles collected nearby during June 2007 (Wegesser et al., 2009, 2010). The 
first in vivo mouse toxicological study (Wegesser et al., 2009) demonstrated that, on equal 
mass basis, intratracheal instillation of coarse and fine particles collected during the wildfire 
episode (100 µg) was more toxic to the lung than non-wildfire event particles collected in 
2007, as shown with the increased number of total cells and protein content measured in BAL 
fluid. A decrease in macrophage cell number, several histopathological changes, and lung 
tissue damage were also observed following exposure to wildfire particles compared with non-
wildfire ambient air particles. Preliminary analysis suggested that the pro-inflammatory 
components of the wildfire coarse particles were heat labile and extractable with an organic 
solvent. Both fine and coarse wildfire particles also induced a major increase in oxidative 
stress in mouse lungs, as demonstrated by a decrement in antioxidant content in BAL fluid 
(Wegesser et al., 2010). PAH concentrations were higher in the wildfire fine PM samples 
despite this PM fraction being less potent than the coarse PM fraction. The oxidation of PAHs 
through photochemical processes can lead to more polar compounds; analysis of PAH-
derived quinones showed higher levels of some quinones in the wildfire coarse PM samples, 
suggesting a potential role for secondary pollutants in the toxicity of wildfire particles.  
 
ASD particles primarily originate from geological/crustal materials. A number of 
epidemiological studies (Yang et al., 2005a, 2005b, 2009; Chen and Yang, 2005; Chiu et al., 
2008; Cheng et al., 2008) conducted in Asia have reported cardiopulmonary health problems 
due to Asian dust storm particles. In recent years some in vivo toxicological studies have also 
been performed with these particles. It has been demonstrated that intratracheal instillation of 
ASD particles can induce pro-inflammatory mediators (Ichinose et al, 2005; Hiyoshi et al., 
2005) and gene expression involved in lung inflammation (Yanagisawa et al., 2007), as well 
as allergen-induced eosinophilic inflammation (Hiyoshi et al., 2005; Ichinose et al., 2006; 
Ichinose et al., 2008a) and aggravation of allergic rhinitis (Ichinose et al., 2009). The 
aggravation of allergic lung inflammation by ASD particles may be due to microbial 
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components absorbed on the particles, which would activate Th2-assocated immune 
response (Ichinose et al., 2008b).  
 

8.1.3 Non-ambient Particles 
Four studies investigated the effects of non-ambient coarse particles through in vivo models 
and details of these studies are summarized in Table 8.1b. 
 
Gilmour et al. (2004) studied the effect of size-fractionated fly ash particles from pulverized 
coal combustion—ultrafine (<0.2 µm), fine (<2.5 µm) and coarse (>2.5 µm)—on pulmonary 
inflammatory responses in mice after intratracheal instillation. Two types of fly ash were 
studied: a western low-sulphur sub-bituminous coal and an eastern high-sulphur bituminous 
coal. Coarse fly ash particles caused no significant effects, even at high doses, with both 
types of coal. Only ultrafine (both low- and high-dose) particles were able to increase BAL 
fluid protein, neutrophils and cytokine levels in CD1 mice. Neutrophil levels were also 
increased by fine particles but only with the high dose. UFPs were found to be richer in 
metals, sulphur and phosphorous content than the larger size fractions, though no analysis 
was done to ascertain the role of these components in the outcomes.  
 
Animal models have been used in more recent studies to examine the interaction between 
non-ambient particle exposures and antigens in the inflammatory and immunological 
responses. Researchers in Oslo, Norway (Nygaard et al., 2004; Samuelsen et al., 2009), 
investigated the potential impacts of particle size on the immune system of the lung by using 
polystyrene particles (PSPs), a surrogate for the insoluble particle core.  
 
Nygaard et al. (2004) used PSPs with various diameters (0.0588, 0.202, 1.053, 4.64 and 
11.14 µm) to evaluate the adjuvant effects of fine and coarser particles on the immune 
response to the allergen OVA in the subcutaneous injection model BALB/cA mice. UFPs had 
greater adjuvant activity on antibody production than fine and coarse particles. Coarse PSP 
particles affected only a limited range of immune parameters; there were significant increases 
in OVA-specific IgE with exposure to the 4.64 µm particles, and in total cell numbers in PLN 
with exposure to 11.14 µm particles. In contrast, fine particles increased OVA-specific IgE and 
IgG2, total cell numbers in PLN, cell proliferation and the number of cells with specific surface 
markers (CD19+, CD23+, CD86, MHC II). Ultrafine and fine particles had stronger IgE 
adjuvant effects than coarser particles at equal mass levels. Based on linear regressions, 
particle-IgE adjuvant effect was also best predicted by surface area or particle number and not 
by particle mass, which is consistent with the fact that particle number mainly reflects UFPs 
while particle surface best reflects particles 0.1–1.0 µm in diameter. 
 
Samuelsen et al. (2009) studied the acute effects of particle exposures on the innate immune 
system following IT instillation of PSPs with different diameters (0.202, 0.064, 1.053 and 4.646 
µm) into BALB/cA mice. Particle exposures were performed either 1 or 7 d before or 
simultaneously with IT inoculation of intracellular bacterium Listeria for cellular activation. 
Reduction of bacterial numbers was only observed in mice exposed simultaneously to both 
Listeria and smaller particles (0.064 and 0.202 µm PSPs). Increases in pro-inflammatory 
mediators (TNF-α, IL-1b, MCP-1 and MIP-2) in BAL have been observed after exposure to the 
largest PSPs (1.053 and 4.646 µm). Neutrophil numbers in BAL were also increased for all 
PSP-exposed groups after 24h; the highest increase—and the only significant one—was 
observed in the group exposed to 4.646 µm PSPs. This study demonstrated that the activation 



 

Human Health Risk Assessment for Coarse Particulate Matter     219 
 

of the innate immune system by chemical-free particles was size-dependant and suggested 
that ultrafine and coarse particles may activate cells by different mechanisms. 
 
Cerium dioxide (CeO2) is a rare earth metal oxide used as an abrasive for polishing mirrors 
and lenses, in ceramics and in automotive catalytic converters. CeO2 has been reported to 
cause pneumoconiosis, an occupational and chronic lung disease due to inhalation of various 
types of dust. Pulmonary toxicity induced by both coarse and fine particles of cerium dioxide in 
male rats has been investigated by Toya et al. (2010). No change in body weight was 
observed for groups exposed to either Ce-F (fine particles of CeO2) or Ce-C (coarse particles 
of CeO2); significant increases in the left lung weight were found following instillation of Ce-F. 
Ce-F particles primarily induced inflammation, granulomas, mobilization and impairment of 
AM, pulmonary alveolar proteinosis and very slight degrees of Type II epithelial cell 
hyperplasia and collagen deposition, whereas no deleterious effects were observed with 
coarse CeO2 particle exposure. 
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Table 8.1b In vivo toxicological studies and non-ambient coarse PM 
 
 
 
Reference 
 
 

 
 
Animal characteristics 
 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Concentration/ 
dose 

Route, duration and 
endpoints 

United States 
 
Gilmour  
et al., 2004 

 
Mice 
 
Pathogen-free outbred 
CD1 female, 8–10 
weeks old 

 
Coarse (>2.5 µm) fly ash 
from combusted sub-
bituminous (Montana) and 
bituminous  (western 
Kentucky) coal 
 
Ultrafine  (<0.2 µm), fine 
(<2.5 µm)  
 
 
 

 
25 or 100 µg 

 
IT instillation 
 
Respiratory:  
BAL fluid was assessed for 
cellular influx, biochemical 
markers and pro-
inflammatory cytokines after 
18 h. 

 
Coarse fly ash particles caused no 
significant effects (e.g. IL-6, TNF-α MIP-2) 
even at high doses with both types of coal.  
 
UFPs from Montana coal induced a higher 
degree of neutrophil inflammation and 
cytokine levels than the fine or coarse PM.  
 
Western Kentucky fine PM caused a 
moderate degree of inflammation, and 
protein levels in BAL fluid were higher than 
the Montana fine PM.  
 
 
 
 
 
 

 
Nygaard  
et al., 2004 
 

 
Mice 
 
Female inbred BALB/cA,  
6–7 weeks old 

 
PSP of different sizes 
(diameters of 0.0588, 
0.202, 4.646 and 11.14 
µm) 
 
CB and DEP included as 
reference particles 

 
Particles: 40 or 200 µg per 
injection 
 
OVA at 10 µg per injection  

 
SC injection into the footpad 
(both footpads for some 
cases)  
 
Particles + OVA on d 1 and 
OVA alone on d 21. Mice 
were sacrificed on either d 5 
or on d 26. 
 
Immunological:   
Antigen-specific  antibodies, 
cell numbers and surface 
markers 
 
Ex-vivo Respiratory:  
Cytokines 
 
 
 
 
 

 
Coarse PSP particles affected only a limited 
range of immune parameters but caused 
significant increases in OVA-specific IgE 
with exposure to the 4.64 µm particles, and 
in total cell numbers in PLN with exposure to 
11.14 µm particles. 
 
Fine particles exerted stronger adjuvant 
effects on allergic responses than larger 
particles at equal mass doses.  
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Reference 
 
 

 
 
Animal characteristics 
 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Concentration/ 
dose 

Route, duration and 
endpoints 

 
Samuelsen  
et al., 2009 

 
Mice 
 
BALB/cA,  
5–7 weeks old 

 
PSP of different sizes 
(diameters of 0.064, 
0.202, 1.053, 4.646 µm) 

 
100 µg (for each of the 
four different-sized PSPs)  
 
 

 
IT instillation 
 
1 or 7 d after or 
simultaneously with particle 
instillation, all mice were IT 
inoculated with 100,000 
bacteria (Listeria) in 100 µl 
of sterile saline. 
 
Mice were sacrificed 
24 h after bacterial 
inoculation.  
 
BAL was performed as 
separate experiments 4 or 
24 h after a similar particle 
instillation as in the Listeria 
experiments. 

 
Number of neutrophils in BAL fluid was 
increased for all PSP-exposed groups after 
24 h; the increase tended to be highest in 
the group exposed to 4.646 µm PSP. 
 
Significant increase of TNF- α, IL-1b and 
MIP-2 in BAL fluid after exposure to the 
largest compared with the smallest PSP. 
 
Only mice exposed to the smallest PSPs 
(0.064 and 0.202 µm) had significantly 
reduced bacterial numbers in the lung after 
particles and Listeria were given 
simultaneously.  
 
Activation of the innate immune system by 
chemical-free particles was size-dependent. 
 
 

 
Toya  
et al., 2010 

 
Rats 
 
Wistar male,  
10 weeks old 

 
Coarse (Ce-C) and fine 
particles (Ce-F) of cerium 
dioxide (CeO2) with 
diameter (geometric 
mean) of 3.90 µm ± 1.93 
and 0.20 µm ± 1.20, 
respectively 

 
10 mg, which was 
equivalent to 34mg/kg of 
body weight 

 
IT instillation 
 
Rats were sacrificed on d 3, 
7, 14, 30, 90 and 180 after 
the instillation.  
 
Respiratory: Cellular and 
biochemical analyses of BAL 
fluid were performed and 
also lung histopathology by 
light microscopy. 
 

 
Coarse CeO2 particles did not elicit any 
deleterious effect, whereas Ce-F particles 
primarily induced inflammation, granulomas, 
mobilization and impairment of AM, 
pulmonary alveolar proteinosis and very 
slight degrees of Type II epithelial cell 
hyperplasia and collagen deposition. 
 

AM = alveolar macrophage; BAL =bronchoalveolar lavage; CB = carbon black; DEP = diesel exhaust particles; Ig = immunoglobulin; IL = interleukin; IT =intratracheal; MIP-2 = 
macrophage inflammatory protein; OVA = allergen ovalbumin; PLN = popliteal lymph nodes; PSP = polystyrene particles; SC = subcutaneous, TNF-α = tumornecrosis factor- α



 

Human Health Risk Assessment for Coarse Particulate Matter     222 
 

8.2 In Vitro Studies 
In vitro tests have been used to determine the toxic potency of size-fractionated ambient 
particles in different cities with different emission sources. They have also been used to 
investigate whether the PM toxicity can be associated with any specific components in the 
various size fractions, as well as with potential mechanisms of action such as oxidative stress. 
Because respiratory epithelium and macrophage cells come in direct contact with inhaled 
particles, in vitro testing often uses these to study the toxicity of particles and the mechanisms 
of action. It should be noted that in vitro studies do not take into account particle deposition 
and clearance, which may filter out most of the coarse PM inhaled. When exposed in vivo, by 
inhalation, the toxic effect of coarse PM may be quite different.  
 
A growing amount of in vitro toxicological research using epithelial and macrophage cell lines 
has been performed in recent years to characterize inflammatory and cytotoxic effects of size-
segregated particulate samples, including coarse particles, and the results of these studies 
are discussed below.  

8.2.1 Toxic Potency and Inflammatory Responses 
Up until recently, the toxicity of PM10–2.5 has received little attention in either in vitro or in vivo 
studies. In the 2003 coarse PM assessment only four in vitro studies were reviewed. The 
results of these studies indicated that extracts of the coarse PM fraction are able to elicit pro-
inflammatory effects, sometimes to an even greater degree than PM2.5 and that the endotoxin 
content may be responsible for the observed effects (Monn and Becker, 1999; Hsiao et al., 
2000; Diociaiuti et al., 2001; Soukup and Becker, 2001). Endotoxins are soluble 
lipopolysaccharide (LPS) fragments of the outer membrane of gram-negative bacteria that 
aggregate to form micelles. Sources of endotoxin in the environment include agricultural 
dusts, cotton mills, wood-working plants, contaminated water systems, cigarette smoke and a 
wide range of other sources. LPS is ubiquitous in our environment. 
 
Since the 2003 coarse PM assessment, 27 new in vitro toxicological studies have investigated 
the toxic potency of coarse particles in various cell types by looking at cell viability, 
inflammatory responses, adjuvant activity, arachidonic acid (AA) release and apoptosis. Most 
of these studies have been conducted using extracts of concentrated ambient particles from 
various areas throughout the world, including urban/industrialized and rural areas in the US, 
Europe  and Asia. Details of these studies are summarized in Tables 8.2a and 8.2b. 
 

8.2.1.1 Ambient Particles 
Seven in vitro toxicological studies were performed with particles collected in the US. 
Reibman et al. (2002), who collected particles in downtown Manhattan, New York City (NYC), 
found that, in addition to UFPs, small but non-significant increases in GM-CSF were also 
observed with the larger fractions (fine, intermediate and coarse) but no dose–response 
relationship was detected. 
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Table 8.2a  In vitro toxicological studies and ambient coarse PM 
 
 
Reference 
 
 

 
Type of cell/ 
cell line 

 
Particle characteristics 
 

Exposure Parameters  
Main results  
 Dose/ 

concentration 
Time to analysis  
and endpoints  

Human cells / Human cell line 
 
Li et al., 2002 

 
Human monocyte 
cells  
(THP-1)  

 
DEP extracts: Coarse (10–
2.5 µm) and fine (<2.5 µm) 
particles 
 
Downtown Downey, CA 

 
0, 10, 25, 50 and 
100 µg/ml 
 

 
16  h 
 
Inflammation: IL-8 
 
Oxidative stress: Heme 
oxygenase-1 (HO-1), 
GSH/GSSG ratios 
 

 
Inflammation: Exposure of THP-1 cells to extract 
doses >10 µg/ml induced IL-8 secretion. 
 
Oxidative stress: Coarse and fine PM led to 
decreases in cellular glutathione (GSH)/GSSG 
ratios. Only coarse particles induced HO-1 
expression when the PAH rose during the fall and 
winter months. 
 
 

 
Reibman                        
et al., 2002 

 
Human bronchial 
epithelial cells 
(HBECs) 

 
Coarse (>3.2µm), 
intermediate (3.2–1 µm), 
fine (1.0–0.18 µm) and 
ultrafine (<0.18µm) particles 
 
Downtown Manhattan, NYC 
 

 
25–100 µg/ml 

 
18 h 
 
GM-CSF production 
 

 
UF/fine PM elicited a dose-dependent increase in 
GM-CSF release while no dose–response was 
detected for the larger PM fraction, where small 
but non-significant increases in GM-CSF were 
observed.  
 

 
Schins  
et al., 2002 

 
Human alveolar 
epithelial cell line 
(A549) 

 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles  
 
Four locations in Germany(3 
in an urban/industrial area 
and 1 in a rural area)  

 
100 µg/ml 

 
24 h 
 
IL-8 and NO production 

 
Significant toxicity was observed with coarse 
particles but not with fine in the NR8383 cells as 
well as the A549 cells. 
 
Both fine and coarse PM were found to cause NO 
production, while coarse particles from all locations 
caused a significant increase in IL-8 release. 
 

 
Becker and 
Soukup, 2003 

 
Human AM  
and blood derived 
monocytes (Mo) 
 

 
Coarse (10– 2.5 µm), fine 
(2.5– 0.1 µm), and ultrafine 
(<0.1 µm) particles 
 
Chapel Hill, NC 
 

 
50 µg/ml 

 
24, 48, and 72 h 
 
Allergic sensitization: 
expression of HLA-DR, 
CD40, CD80, and CD86 and 
IL-16 

 
The three particle fractions all induced increased 
expression of HLA-DR, CD40, and CD86 on Mo.  
 
Significant increase in CD80 expression in the 
monocytes (Mo) stimulated with coarse PM but not 
by fine and ultrafine PM. 
 
AM stimulated with the coarse PM fraction 
produced IL-16, while particle-stimulated Mo did 
not. 
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Reference 
 
 

 
Type of cell/ 
cell line 

 
Particle characteristics 
 

Exposure Parameters  
Main results  
 Dose/ 

concentration 
Time to analysis  
and endpoints  

 
Becker  
et al., 2003 

 
Human AMs 

 
Coarse (10–2.5 µm), fine 
(2.5–0.1 µm), and ultrafine 
(<0.1 µm) particles 
 
Chapel Hill, NC 
 
 

 
12.5, 25, 50 and 
100 µg/ml 

 
18-20 h 
 
IL-6, TNF-α, MCP-1, 
phagocytosis and 
expression of the phagocyte 
receptor CD11b 

 
Coarse PM from each week’s collection induced 
high levels of IL-6, exceeding the amount induced 
by fine PM at least 10-fold. 
 
Phagocytosis of opsonized yeast was inhibited by 
coarse PM more than by fine. 
 
Coarse particles decreased CD11b expression 
more than fine PM. 
 
 

 
Huang  
et al., 2003 

 
Human bronchial 
epithelial cell line  
(BEAS-2B)  

 
Coarse (10–2.5 µm), fine 
(2.5–0.1 µm), and ultrafine 
(<0.1 µm) particles 
 
Urban, traffic, and industrial 
sites in central Taiwan 
 

 
100 µg/ml 

 
8 h 
 
IL-8 and lipid peroxidation 
products  

 
PM1.0 stimulation resulted in significantly higher IL-
8 production and lipid peroxidation than PM10–2.5.  
 
Lipid peroxidation correlated with elemental and 
organic carbon contents. 
 

 
Li et al., 2003 

 
Human bronchial 
epithelial cell line  
(BEAS-2B) 

 
Coarse (10–2.5 µm), fine 
(<2.5 µm), and ultrafine 
(<0.1 µm) particles 
Concentrated air particles 
(CAPs) in Los Angeles, CA  
 

 
0, 10, 25, 50 and 
100 µg/ml 

 

 
16 h 
 
Heme oxygenase-1 (HO-1) 
and GSH/GSSG ratios 

 
Coarse particles had no effect on either biological 
response. Only UFPs induced HO-1 expression. 
 
 
 
 

 
Shi et al., 
2003a 

 
Human alveolar 
epithelial cell line  
(A549) 

 

Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles 

Düsseldorf, Germany 

0.57 mg/ml 2 h 

-OH and 8-OHdG formation 

 
Coarse PM had greater ability to generate -OH 
than fine PM when compared at equal mass. 
 
Both fractions of PM were able to induce 8-OHdG 
in the A549 cells. Study did not allow the 
determination of clear differences in 8-OHdG 
formation in the A549 cells for PM samples 
differing in size fraction or sampling period. 
 

 
Shi et al., 
2003b 

 
Human alveolar 
epithelial cell line  
(A549) 

 

Total PM (TSP), coarse 
(10–2.5 µm), and fine (<2.5 
µm) particles  

Five locations, Germany 

120 µg/ml 20 min 

-OH formation  

 
All PM size fractions were able to generate –OH in 
the presence of H2O2. Most location showed a 
higher oxidant activity in the coarse PM than the 
fine PM. 
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Reference 
 
 

 
Type of cell/ 
cell line 

 
Particle characteristics 
 

Exposure Parameters  
Main results  
 Dose/ 

concentration 
Time to analysis  
and endpoints  

 
Hetland  
et al., 2004 

 
Human alveolar 
epithelial cell line  
(A549) 

 
Coarse (10–2.5 µm), fine 
(2.5–0.1 µm), and ultrafine 
(<0.1 µm) particles 
Utrecht, Germany 
 
 

0–1000 µg/ml 40 h 
 
IL-6 and IL-8 

 
The coarse PM fraction demonstrated a similar or 
higher potency to induce releases of the pro-
inflammatory cytokines IL-8 and IL-6 compared to 
the fine and ultrafine fractions.  

 
Schins  
et al., 2004 
 

 
Heparinized 
peripheral blood from 
human volunteers—
whole blood assay 

Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles  
 
Four locations 
(urban/industrial rural) in 
Germany 

Serial dilutions of 
the suspensions 
(dose not specified) 

4 h 

IL-8 and TNF-α 

 
Coarse particles showed stronger inflammatory 
effects than fine particles, with the coarse particles 
from the rural site causing inflammatory reaction in 
excess of all other samples.  
 
Rural and urban/industrial coarse particle samples 
had higher endotoxin levels and lower metal 
content than fine PM samples.  
 
 

 
Becker  
et al., 2005a 

 
Normal human 
bronchial epithelial 
(NHBE) cells and 
AMs 

 
Coarse (10– 2.5 µm), fine 
(2.5– 0.1 µm), and ultrafine 
(<0.1 µm) particles 
 
Chapel Hill, NC 
 

 
25, 50, 100, and 
250 µg/ml 

 
18 h 
 
TLR2 and TLR4 mRNA 
expression and induction of 
Hsp70 

 
Induction of IL-6 and IL-8 was observed in both 
AMs and NHBE cells with all PM fractions but was 
most pronounced with coarse particles. 
 
Both NHBE cells and AMs appeared to involve 
TLRs to recognize moieties present in particles: 
epithelial cells through TLR-2 and macrophages 
through TLR-4. 
 
Hsp70 was increased by PM2.5–10 > PM2.5 > 
ultrafine particles.  
 
 

 
Becker                              
et al. 2005b 

 
NHBE cells and AMs 

 
Coarse (10–2.5 µm), fine 
(2.5–0.1 µm), and ultrafine 
(<0.1 µm) particles 
 
Four different seasons in 
Chapel Hill, NC 
 

 
Particle solutions at 
0.33 mg/ml 
 
Cell exposure ≤50 
µ/ml 

 
NHBE cells: 18–24 h 
 
AMs: 18 h 
 
IL-6, IL-8 and ROS 

 
Coarse PM was more potent in inducing cytokines 
(but not ROS) than was fine or UF PM. In NHBE 
cells, the January and the October PM were 
consistently the strongest stimulators for IL-8 and 
ROS, respectively. In AMs, the October coarse PM 
was the most potent stimulator for IL-6 release, 
whereas the July PM consistently stimulated the 
highest ROS production. 
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cell line 

 
Particle characteristics 
 

Exposure Parameters  
Main results  
 Dose/ 

concentration 
Time to analysis  
and endpoints  

 
Healey  
et al., 2005 

 
Human alveolar 
epithelial cell line  
(A549) 
 
Plasmid pBR322 

 
Nine size fractions of PM10 
 
Leeds, UK: an urban site 
highly impacted by traffic 

 
Comet assay:               
50 mg/ml 
 
Plasmid strand-
break assay: 5 µl  

 
Comet assay: 24 h 
 
Plasmid strand-break assay: 
5 h 
 
DNA damage 

 
All PM size fractions induced DNA damage in the 
assay but finer particles induced greater levels of 
damage than coarser particles. The major 
proportion responsible for this DNA damage was 
linked with the organic extract. 
 
Coarse mode fraction does not show the highest 
level of damage in the plasmid strand-break assay. 
 
 

 
Shi et al., 2006 

 
Human alveolar 
epithelial cell line  
(A549) 

 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles 
 
Four locations in Germany 
(rural, urban/industrial) 

 
20 µg/cm2 

 
3 h  
 
8-OHdG formation and DNA 
strand breaks 

 
Both coarse and fine particles, sampled over time 
and at different locations, induce 8-OHdG 
formation and elicit DNA strand breaks in human 
lung epithelial cells. The effects tended to be 
stronger for the PM samples collected at the 
urban/industrialized locations. 
 

 
Graff  
et al. 2007 
 

 
Human airway 
epithelial cells  
 
(HAECs) 

 
Coarse (10–2.5 µm), fine 
(2.5–0.1 µm), and ultrafine 
(<0.1 µm) particles 

Various US locations: 
Chapel Hill, NC, Phoenix, 
AZ; Seattle, WA; South 
Bronx, NYC; Hunter 
College, NY;  Salt Lake City, 
UT and Sterling Forest, 
Orange County, NY 

 
250 µg/ml 

 
6 h (microarray experiments) 
or 24 h (reverse-
transcription [RT]-PCR 
experiments) for assessing 
changes in gene expression 
and   gene regulation of IL-8 
than HOX-1. 

 
Most genes were downregulated by all three PM 
fractions collected in Chapel Hill, NC. Effects of 
fine and ultrafine fractions are more closely related 
to each other than to the coarse PM fraction.  
 
Only fine particles were analyzed for both IL-8 and 
HOX-1 gene regulation.  
 
 
 
 

 
Duvall  
et al., 2008 

 
Cultured human 
primary airway 
epithelial cells 

 
Coarse (10– 2.5 µm), fine 
(2.5– 0.1 µm), and ultrafine 
(<0.1 µm) particles 
 
Various US locations: 
Phoenix, AZ; Seattle, WA; 
South Bronx, NYC; Hunter 
College, NY; Salt Lake City, 
UT and Sterling Forest, 
Orange County, NY 
 

 
250 µg/ml 

 
2 or 24 h 
 
IL-8, COX-2 and HO-1  

 
IL-8 levels were highly impacted by UFPs at most 
sites with the exception of Phoenix, where both 
coarse and fine particles had greater effect.  
 
All three PM size fractions had a similar potency at 
inducing COX-2, while UFPs induced higher levels 
of  
HO-1.  
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Main results  
 Dose/ 
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Time to analysis  
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Lauer  
et al., 2009 

 
Human bronchial 
epithelial cells  
(BEAS2B) 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles 
 
El Paso County, TX 
 
Different sites, including 
near highways, industry or 
farming areas, and in 
different seasons (Aug/Sept, 
Oct, January, 
March/May/June) 
 

 
100 µg  
 

 
18 h 
 
Gene induction of  three 
biological pathways:  
 
Inflammation: IL-6, IL-8  
 
Oxidative stress gene 
expressions: HMOX-1, 
NQO-1, ALDH3A1, AKR1C1 
 
AhR dependent signalling 
pathway: CYP1A1 

 
Inflammatory cytokines: August/Sept 2006 PM10–2.5 
and PM2.5 demonstrated small increases in IL-6 
and IL-8 gene induction.  
Significant differences in the PAHs levels have 
been detected in PM10–2.5 and PM2.5 extracts, and 
no significant cytokine induction was observed with 
PM extracts containing higher PAH levels. 
 
Oxidative stress: Both fine and coarse particles 
induced gene expression, with ALDH3A1 and 
AKR1C1gene being highly increased by PM10–2.5 
extracts. Greatest gene expression increases were 
seen in extracts collected from the central-most 
areas of El Paso, which are also closest to 
highways and border crossings. 
 
AhR dependent signaling pathway: CYP1A1 
induction was observed with both the coarse and 
fine particle January 2007 extracts. 
 
 
 
 
 
 

 
Ramgolam            
et al. 2009 

 
Human bronchial 
epithelial cells  
(HBECs) 

 
Coarse (10–2.5 µm), 
intermediate (2.5–1 µm), 
fine (1–0.17 µm) and 
ultrafine (0.17–0.03 m) 
particles 
 
Paris, France 

 
1 or 10 µg/cm2 
corresponding to            
5 and 50 µg/ml 

 
24 h 
 
GM-CSF secretion and 
CYP1A1 gene expression 

 
All PM size fractions, including coarse particles, 
caused significant increases in GM-CSF. Ultrafine 
PM fraction was found to induce higher levels of 
GM-CSF secretion than the other PM fractions. 
 
The inflammatory effects of the ultrafine particles 
were independent of the endotoxin levels. GM-
CSF levels induced by both fine and coarser 
particles were reduced in presence of the 
endotoxin neutralizing protein.  
 
No effect of coarse PM exposure on CYP1A1 gene 
expression. 
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Time to analysis  
and endpoints  

 
Volckens  
et al., 2009 

 
NHBE cells 

 
Coarse (10–2.5 µm) 
particles 
 
Chapel Hill, NC 

 
1.5–2.5 µg/cm2 , 
average 2.0 µg/cm2 
with the direct 
exposure system  
 
1.0–50 µg/cm2 for 
indirect exposures 
(traditional system) 

 
6 exposure days; fixed 
exposure duration of 3 h; 1 h 
and 24 h after exposure  
 
Gene expression: IL-8; HOx-
1 and COX-2 

 
Coarse ambient PM expressed increased levels of 
inflammatory biomarkers at 1 h following exposure 
and relative to controls exposed to particle-free air.  
 
Increasing coarse PM concentrations led to a 
statistically significant increase in expression for 
each gene of interest (IL-8, HOX-1, and COX-2), 
and a dose-dependent response was observed 
with the traditional exposure system.  
 
Statistically significant increases were observed at 
a much lower dose with the direct-air exposure 
system. 
 

 
Sawyer  
et al., 2010 

 
Human AMs 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles as 
well as CB, volcanic ash, 
SRM 1649 (urban dust (UD) 
from Washington), SRM 
2975 (DEP) 
 
Coarse and fine particles 
from Chapel Hill, NC  
 

 
50 µg/ml (low) or  
100 µg/ml (high) 

 
24 h for particles and 6 h or 
24 h for the bacterial 
stimulation with LPS  
 
LDH, IL-8 and TNF-α 
 

 
Cytotoxicity: LDH in AMs exposed to coarse PM at 
100 µg/ml did not differ significantly from control. 
Cytokine response: Both the low and high 
concentrations of the November coarse PM 
sample stimulated significant TNF-α and IL-8 
releases. The June coarse PM sample was also 
able to induce IL-8 levels. Induction of both TNF-α 
and IL-8 levels was greater following coarse rather 
than fine particle exposure.  
Alterations in LPS-induced cytokine responses: 6 h 
after LPS stimulation the November coarse PM 
sample (100 µg/ml) significantly suppressed TNF-
α release by 38.7%. IL-8 levels were also 
suppressed by more than 40% with both the June 
coarse and fine PM samples (50 µg/ml). 
 

 
Choi  
et al., 2011 

 
Human epidermal 
keratinocytes (HEK) 

 
Airborne dust particles that 
originated from seasonal 
Asian dust storms in 
Chinese and Mongolian 
deserts 

 
25 µg/ml 
 

 
24 h 
 
Gene expression of CYT 
P450, IL-6, IL-8 and GM-
CSF 
 

 
Exposure to Asian dust particles significantly 
increased gene expressions of CYP1A1, CYP1A2, 
and CYP1B1 and gene transcription of the 
cytokines IL-6, IL-8, and GM-CSF. 
 
Results suggest that the transcriptional changes in 
HEK by Asian dust particles may result from the 
sum of multiple effects caused by various 
contaminants adsorbed to the dust particles. 
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Huang  
et al., 2011 

 
Human bronchial 
epithelial cells 

 
Coarse (10–2.5 µm), fine 
(2.5–0.1 µm), and ultrafine 
(<0.1 µm) particles 
 
Chapel Hill, NC 
 

 
250 µg/ml PM 
(~4.5μg/cm2) 

 
6 h and 24 h exposure 
 
Gene expression patterns 
with microarray experiments 

 
The total numbers of significant genes altered by 
coarse, fine, and ultrafine particles (at 24 h) were 
respectively 1279, 302 and 455. A total of 204 
genes were altered by all PM fractions; 20 by both 
fine and coarse particles, 81 by coarse and 
ultrafine particles and 66 by fine and ultrafine 
particles.  
 
The gene expression pattern induced by coarse 
particles was more distinct than the one induced 
by fine/ultrafine particles suggesting an important 
role in PM composition. 
 
 
The NRF2-mediated oxidative stress response, 
cell cycle: G2/M DNA damage checkpoint 
regulation and mitotic roles of polo-like kinase 
were the top three pathways altered by all three 
PM fractions. Genes involved in lung cancer were 
also induced by all PM fractions. 
 
 

Animal cells/Animal cell line 
 
Becker  
et al., 2002 

 
Chinese hamster 
ovary cells 

 
Urban air particles : PM10–2.5 
(EHC-93) 

 
100 µg/ml + 
Bacteria 
 
 

 
16 h  
 
Stimulation was measured 
by CD25 expression, and by 
release of IL-6. 
 

 
TLR4 was found to be involved in PM10–2.5 and 
been shown to contain variable numbers of 
bacteria. TLR2 activation was induced by both 
Gram bacteria and PM. Cytokine production by 
both PM and bacteria could be inhibited by 
blocking CD14, and by omitting serum from the 
assay, implicating involvement of “pathogen-
associated molecular pattern” recognition in the 
response to PM. 
 
 
 

 
Greenwell  
et al., 2002 

 
Rat fresh pulmonary 
lavage fluid 

 
Coarse (10–2.5 µm) and 
fine (2.5–0.1 µm) particles 
 
Urban site from Cardiff and 
industrial site from Port 
Talbot, South Wales, UK 
 

 
1, 10, 100 µg/ml  

 
6 h  
 
Plasmid DNA assay and role 
of epithelial lining fluid (ELF) 
antioxidants  

 
The coarse PM fraction had a higher oxidative 
capacity than finer particles. DNA damage was 
primarily induced through the water-soluble 
fraction in both instances. 
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Huang  
et al., 2002 

 
Mouse macrophages 
cells (RAW 264.7) 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles 
 
Urban, traffic, and industrial 
sites in central Taiwan 
 
 
 

 
40 µg/ml 

 
16 h 
TNF-α 

 
TNF production was significantly higher following 
exposure to coarse particles. TNF-α production 
was negatively correlated with zinc content, while 
no element in coarse particles correlated with 
TNF-α production. 
 
 

 
Li et al., 2002                                    

 
Mouse macrophage 
cells (RAW 264.7) 
 
 

 
Coarse (10–2.5 µ) and fine 
(<2.5 µm) particles 
 
Downey, California 

 
0,10, 25, 50, and 
100 µg/ml 
 

 
16 h 
 
Oxidative stress: HO-1, 
GSH/GSSG ratios 
 
 

 
Only fall and winter PM10–2.5 samples were able to 
induce HO-1, and glutathione was not depleted by 
coarse particles from any season. PM2.5 samples 
from all four seasons were the most active.  
 
HO-1 expression was positively correlated with OC 
and PAH content. Other unidentified PM 
components are, however, also implicated, since 
some coarse PM samples with low levels of OC 
and PAHs were able to induce oxidative stress. 
 
 
 

 
Pozzi  
et al. 2002 
 

 
Mouse macrophage 
cells (RAW264.7) 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles 
 
Rome, Italy 

 
30 and 120 µg/ml 

 
5 h and 24 h 
 
Cytotoxicity, AA), IL-8 and 
TNF-α production  

 
CB was more effective than both urban fractions in 
inducing cytotoxicity. 
 
Coarse fraction was more effective in the 
production of IL-6 and slightly more for AA release 
than the fine fraction at both concentrations. 
 
The urban air particle-stimulated TNF-α production 
decreased after 24 h of incubation. 
 
 
 

 
Schins  
et al., 2002 

 
NR8383 rat 
macrophages 
 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles  
 
One rural site and three 
urbanized/industrialized 
sites, Germany 
 
 

 
25 µg/cm2 

24 h 
IL and NO production  

 
Significant toxicity was observed with coarse 
particles but not with fine particles. Both fine and 
coarse particles were found to cause NO 
production, while coarse particles from all locations 
caused significant increases in IL-8 release. 
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Greenwell  
et al., 2003 

 
Rat fresh pulmonary 
lavage fluid 

 
Coarse (10–2.5 µm), and 
fine (2.5–0.1 µm) particles 
 
Urban site from Cardiff and 
industrial site from Port 
Talbot, South Wales, UK 

 
12.9 ± 2.1 µg/ml 
and 4.9 ± 0.9 µg/ml 

 
6 h 
 
Plasmid DNA assay and role 
of ELF antioxidants 

 
PM10–2.5 fraction showed greater oxidative 
bioreactivity than the PM2.5–0.1 fraction. PM 
collections from both urban and industrial sites 
caused 50% oxidative degradation of DNA in vitro.  
 
The industrial particles were more active than the 
urban particles and were enriched with iron 
components. 
 
Antioxidants exerted a greater effect on the 
industrial samples than on the urban samples, and 
on the PM10–2.5 fractions compared to the PM2.5–0.1 
fractions. 
 
 

 
Huang  
et al., 2003 

 
Mouse macrophage 
cells (RAW 264.7) 

 
Coarse (10–2.5 µm), fine 
(2.5–1.0 µm), and ultrafine 
(<0.1 µm) particles 
 
Urban, traffic, and industrial 
sites in central Taiwan 

 
100 µg/ml 

 
16 h 
 
TNF-α  
 

 
PM1.0 induced higher TNF-α production than 
particles of the other two size ranges. There was 
no significant difference in TNF-α production 
between PM2.5–1.0 and PM10–2.5.For TNF-α 
production in macrophages, the major factor was 
bacterial endotoxin, which was responsible for 
approximately 77% of TNF-α response. 
 
 

 
Kleinman 
et al., 2003 

 
Rat AMs 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.2 µm) particles 
 
Utrecht, The Netherlands 

 
25-1000 pg per cell 

 
18 h  
Production of superoxide 
radicals 

 
Both fine and coarse particles suppressed 
macrophage free radical production but coarse 
particles were more toxic than were fine particles 
with dose-dependent decreases in production of 
superoxide radicals.  
 
 
 

 
Li et al., 2003                                   

 
Mouse macrophage 
cells (RAW 264.7) 

 
Coarse (10–2.5 µm), fine 
(<2.5 µm), and ultrafine 
(<0.1 µm) particles 
 
CAPs collected in 
Los Angeles  
 
 

 
0,10, 25, 50, 100 
µg/ml 
 

 
16 h 
 
Redox activity (DTT),HO-1 
and GSH/GSSG ratios 

 
UFPs in the Los Angeles Basin are more potent 
than fine and coarse PM toward inducing oxidative 
stress as measured by the DTT, HO-1, and 
glutathione assays. 
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Choi  
et al., 2004 

 
Rat lung epithelial cell 

 
Coarse (10–2.5 µm) and  
fine (<2.5 µm) particles 
 
Seoul, South Korea 

 
Various PM 
concentrations 

 
24 h 
 
Lipid peroxidation (MDA) 
and DNA damage with the 
plasmid assay 

 
Both PM fractions were able to induce the 
production of malondialdehyde (MDA), but fine 
particles showed higher cytotoxicity than coarse 
particles. 
 
Production of single strand breakage of DNA was 
higher for the fine PM fraction. 

 
Hetland  
et al., 2004 

 
Primary rat type 2 
cells 

 
Coarse (10–2.5 µm) 
particles 
 
Particles collected during 
spring, summer and winter 
in different European cities: 
Amsterdam, Lodz, Oslo and 
Rome 

 
Various  PM 
concentrations  

 
6 h 
 
MIP-2 

 
Coarse fractions were more potent in inducing 
MIP-2 than the fine fractions. 
 
Regarding the winter samples, coarse fractions 
from Lodz, Oslo and Amsterdam were less potent 
compared to the respective pollen and summer 
samples. 
 

 
Hetland  
et al., 2005 

 
Primary rat AMs 

 
Coarse (10–2.5 µm) and 
fine (2.5–0.1 µm) particles  
 
Particles collected in 
summer and winter in 
different European cities: 
Amsterdam, Lodz, Oslo and 
Rome 

 
20 µg/ml 

 
20 h 
 
IL-6 and TNF-α 
 

 
Compared on a gram-by gram basis, both site-
specific and seasonal variations in the PM-induced 
cytokine responses were demonstrated. 
 
Coarse fractions from all cities were more potent 
than fine PM in inducing the IL-6 and TNF-α than 
the corresponding fine fractions. 
 

 
Pozzi  
et al. 2005                             

 
Mouse macrophage 
cells (RAW264.7) 

 
Coarse (10–2.5 µm) and 
fine (<2.5 µm) particles.  
 
Rome, Italy 

 
30 and 120 µg/ml 

 
5 h and 24 h 
 
AA release and TNF-α  
 

 
Both coarse and fine particles significantly induced 
AA release at both concentrations. Both PM 
fractions also dose-dependently increased TNF-α 
production. Fine particles produced higher levels 
of inflammatory mediators than coarse particles. 

 
Jalava  
et al., 2006 

 
Mouse macrophage 
cells (RAW 264.7) 

 
Coarse (10–2.5 µm), fine 
(2.5–1 µm) and ultrafine (1–
0.2 µm; <0.2 µm) particles 
 
Helsinki, Finland 

 
15, 50, 150 and 
300 µg/ml 

 
24 h 
 
NO, TNF-α, IL-6, MIP-2 

 
The PM10–2.5 and PM2.5–1 samples induced clearly 
larger cytokine responses than the PM1–0.2 and 
PM0.2 samples. Statistically significant TNF-α and 
MIP-2 responses to all the particulate size ranges 
and a significant IL-6 production by the PM10–2.5 
and PM2.5–1 samples. 
 
The PM10–2.5 and PM2.5–1 samples were equally 
active in reducing viability of the RAW 264.7 
macrophages, whereas the PM1–0.2 and PM0.2 
samples were slightly less cytotoxic. 
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Leonard  
et al., 2007 
 

 
Mouse macrophage 
cells (RAW 264.7) 

 
Coarse (24–4.2 µm), fine 
(2.4–0.42 µm) and ultrafine 
(0.24–0.042 µm) particles  
 
Particles from wildfire 
smoke in Alaska 
 

 
100 µg/ml smoke 
suspension 
 
 

 
1 h 
 

-OH and hydrogen peroxide 
(HOOH) formation, lipid 
peroxidation (MDA) and 
DNA strand break assay 

 
All PM sizes were able to induce –OH formation as 
measured by ESR, and coarse particles were able 
to induce higher levels than the other PM fractions.  
 
In the mouse macrophage cells both ultrafine and 
fine particles induced significant production of 
HOOH, while small but non-significant increases 
were observed with coarse particles. These PM 
fractions also induced a significant increase in 
MDA, while coarse particles again demonstrated a 
small but non-significant increase.  
 
 

 
Jalava  
et al., 2007 

 
Mouse macrophage 
cells (RAW 264.7) 

 
Coarse (10–2.5 µm), fine 
(2.5–0.2 µm) and ultrafine 
(<0.2 µm) particles  
 
Six sites across Europe: 
Amsterdam, Athens, 
Barcelona, Duisburg, 
Helsinki and Prague  

 
15, 50, 150 and 
300 µg/ml 

 
24 h  
 
Inflammation: NO,TNF-α, IL-
6 
 
Apoptosis and cell cycle 
analysis 

 
Inflammation: All PM fractions were able to induce 
an inflammatory response. PM10–2.5 samples were 
more active per unit of mass than the other PM 
fractions. The largest differences in inflammatory 
activity were observed with the PM2.5–0.2 samples. 
UFPs (PM0.2) were not able to induce significant 
increases in IL-6 production. Particulate size range 
was not an important factor in NO production. 
 
Apoptosis: All PM samples were able to increased 
apoptosis; the Duisburg and Prague coarse PM 
samples had the lowest apoptotic activity while the 
Athens sample had the highest one. The largest 
differences in apoptotic activity were observed with 
the PM0.2 samples. 
 

 
Jalava  
et al., 2008 

 
Mouse macrophage 
cells (RAW264.7) 

 
Coarse (10–2.5 µm) and  
fine (2.5–0.2 µm) particles  
 
Water-soluble and organic-
soluble and respective 
insoluble PM fractions  
 
Six sites across Europe: 
Amsterdam, Athens, 
Barcelona, Duisburg, 
Helsinki and Prague  
 

 
150 µg/ml 

 
24 h  
 
Inflammation: TNF-α, IL-6 
and NO 
 
Apoptotic activity 

 
Both the total suspension and the water-insoluble 
fraction of all the particulate samples induced 
higher NO and cytokine production. The sea salt 
and soluble soil components of the coarse 
particles were correlated with the observed toxic 
responses.  
 
The water- and organic-solvent soluble fractions 
were also able to induce some inflammatory 
response (TNF-α) and apoptotic activity.  
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Ianisticki  
et al., 2009 

 
Hemolymph cells 
from land mollusk 
Helix aspersa 

 
Coarse (10–2.5 µm) and  
fine (<2.5 µm) particles 
 
Urban sites impacted with 
heavy traffic in Porto Alegre, 
Brazil 
 

 
Concentration 
values for the 15 
PAHs associated 
with the PM ranged 
from  0.01 ngm-3 to 
0.9 ngm-3 

 
15 d 
 
DNA damage – Comet 
Assay  

 
Smaller PM-size fractions (PM <2.5) had the 
highest genotoxicity and also contained higher 
concentrations of extractable organic matter. 
 
 
 

 
Jalava  
et al., 2009 

 
Mouse macrophage 
cells (RAW264.7) 

 
Coarse (10–2.5 µm), fine 
(2.5–1 µm) and ultrafine (1–
0.2 µm) particles  
 
Six sites across Europe: 
Amsterdam, Athens, 
Barcelona, Duisburg, 
Helsinki and Prague  
 

 
150 µg/ml 

 
24 h 
 
Intercorrelations 
(Spearman`s rank 
correlation) with cellular 
parameters: TNF-α, IL-6, 
MIP-2 and NO 

 
Associations of inorganic water-soluble and 
insoluble constituents and organic components 
were analyzed.  
 
Fewer correlations were observed between 
chemical constituents and induced inflammatory 
responses in the PM10–2.5 size range than in the 
PM2.5–0.2 size range, where significant correlations 
were observed with various metals and soil-
derived compounds.  
 
 
The only significant correlations in the PM10–2.5 
samples were observed with the inorganic 
chemical constituents of the water-soluble fraction 
between TNF-α and SO4

- as well as between both 
manganese and Zn with IL-6 production.  
 
Associations between the inflammatory mediators 
and the organic components were weak and 
inconsistent.  
 

 
Guastadisegni  
et al., 2010 

 
Mouse macrophage 
cells (RAW264.7) 

 
Coarse (10–2.5 µm) and 
fine (2.5-0.1 µm) particles 
 
Nine sites  
throughout Europe with 
contrasting traffic 
contributions 
 
 

 
20 and 60 µg/cm2 

 
5h 
 
Proxy measure of PM 
inflammatory potential 

 
Inflammatory responses to ambient PM varied 
markedly, with PM10–2.5 displaying the largest 
signals and contrasts between sites. Much of the 
sample-to-sample contrast in the pro-inflammatory 
response was related to the endotoxin and 
transition metal (especially iron and copper) 
content in PM10–2.5. 
 
No evidence that PM collected from sites in close 
proximity to traffic sources displayed enhanced 
pro-inflammatory activity. 
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Steenhof                    
et al., 2011 
 

 
Mouse macrophage  
cells (RAW 264.7) 

 
Coarse (10–2.5 µm) 
particles.  
 
Eight Netherlands sites: 
urban background, farm, 
continuous traffic, stop-and-
go traffic, under-ground train 
station, truck traffic, harbour, 
and steelworks 

 
6.25–100 µg/ml  
(3.68–58.87 
µg/cm2) 

 
16 h 
 
Inflammation:  
TNF-α, IL-6, MIP-2 
 
Oxidative stress:  
redox activity (DTT) 
 

 
Inflammation: Fine and ultrafine particles from 
traffic sites had the highest pro-inflammatory 
effects. Coarse particles collected from the 
underground train station site induced a significant 
concentration-dependent increase in all markers of 
inflammation. 
 
Oxidative potential: All samples had oxidative 
potential regardless of the site where they were 
collected. The underground train station site, which 
contained the highest levels of transition metals, 
had the greatest DTT consumption in all PM size 
fractions. 
 
 

Others 
 
Cho et al., 2005                            

 
Abiotic DTT assay 

 
Coarse (10–2.5 µm), fine 
(<2.5 µm), and ultrafine 
(<0.15 µm) particles 
 
Los Angeles, CA 
 

 
5–40 µg/ml 

 
15 to 90 min 
 
Redox activity (DTT),   
ROS generation and  
intracellular glutathione 
 
 

 
All PM samples showed redox activity in the 
abiotic DTT assay but UFPs showed higher redox 
activity.  
 
 
 

 
Lingard  
et al., 2005 

 
Supercoiled plasmid 
DNA 

 
Nine size fractions of PM10 
 
Particles collected in Leeds, 
UK from an urban site highly 
impacted by traffic 
 
 

 
5 µl 

 
60 h 
 
DNA damage 

 
Aqueous extracts of size-fractionated samples of 
urban PM10 have been shown to induce strand 
breakage in plasmid DNA, with the greatest 
damage caused by the sub-micron particles. 

 
Ntziachristos                   
et al., 2007 

 
Abiotic (DTT) assay 

 
Coarse (10–2.5 µm), fine 
(<2.5 µm), and ultrafine 
(<0.15 µm) particles 
 
Los Angeles, CA 
 

 
Not specified 

 
Time to analysis not 
specified 
 
Redox activity (DTT) 

 
DTT activity was highest with UFPs, followed by 
the fine and coarse PM fractions.  
 
The redox activity was maximal for the UFPs 
collected in the road tunnel, which is impacted with 
on-road fresh emissions. 
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Reference 
 
 

 
Type of cell/ 
cell line 

 
Particle characteristics 
 

Exposure Parameters  
Main results  
 Dose/ 

concentration 
Time to analysis  
and endpoints  

 
Shen  
et al., 2011 

 
Cell-free surrogate 
lung fluid solution 

 
Coarse (10–2.5 µm) and  
fine (<2.5 µm) particles 
 
Fresno (urban) and rural 
Westside (rural), CA 

 
Varied from 0.8 to 
12.7 µg/m3 

 
0, 1, 2 and 4 h 
 
HOOH concentrations 

 
Both fine and coarse particles induced the 
generation of HOOH in the presence of ascorbate 
and, on a per-mass basis, coarse particles were 
more effective. HOOH generation by PM extracts 
without ascorbate was lower.  
 
No seasonal differences were observed while 
more HOOH was generated with urban particles 
than with rural particles.  
 
With the use of a transition metal chelator, 
reduction in the HOOH generation was observed 
for both fine (83% ± 16) and coarse (73% ±13) 
extracts, suggesting a role for metals. 
 

AA = arachidonic acid; Ahr = aryl hydrocarbon receptor; AKR1C = aldoketoreductase 1C; ALDH3A1 = aldehyde dehydrogenase 3A1; AM = alveolar macrophage; CAPs = 
concentrated air particles; CB = carbon black; CD11b = phagocyte receptor; COX-2 = cyclooxygenase-2; CYT = cytochrome P450; DEP = diesel exhaust particles; DTT = 
dithiothreitol-based redox activity assay; ESR = electron spin resonance; RGM-CSF = granulocyte-macrophage colony stimulating factor; HAEP = human airway epithelial cells; HBEC 
= human bronchial epithelial cells; HEK = human epidermal keratinocytes; HO-1 or HMOX-1 = heme oxygenase-1; HOOH or H2O2 = hydrogen peroxide; Hsp = heat shock protein; IL = 
interleukin; MDA = malondialdehyde; MIP-2 = macrophage inflammatory protein-2; Mo = monocytes; NFR-2 = Nuclear factor-erythroid 2; NHBE cells = normal human bronchial 
epithelial cells; NQO1 = N-quinone oxidoreductase; 8-OHdG = 8-Oxo-2'-deoxyguanosine; PAH = polycyclic aromatic hydrocarbon; ROS = reactive oxygen species; THP-1 = human 
monocyte cell line; TLR = Toll-like receptor; TNF-α = tumor necrosis factor-alpha
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Cell death and pro-inflammatory capacity of different particles in human AM was studied by 
Huang et al. (2004), who compared the effects of four different types of particles, including 
coarse (2.5–10 µm) particles from Chapel Hill (CHP), St-Louis SRM 1648 particles (SL), 
residual oil fly ash (ROFA) and Mount St. Helens dust (MSH) in human AM showed that 
particles, including coarse particles, affected a variety of commonly used apoptosis 
measurements. The pro-apoptotic effects of particles seemed unrelated to their pro-
inflammatory properties, and both were mainly mediated through the water-insoluble fraction. 
In a follow-up study the same team (Becker et al., 2005b) incubated various size fractions of 
Chapel Hill particles with human AM and NHBE cells, finding that PM constituents may in part 
account for seasonal variations of PM health effects related to lung inflammation and that the 
coarse fraction can be more potent than other PM fractions. 
 
Results from Duvall et al. (2008) also demonstrated that lung inflammation and oxidative 
stress in human pulmonary epithelial cells due to exposure to size-fractionated particles from 
various urban areas in the US were associated with certain PM size fractions and sources. 
 
Production of inflammatory and oxidative stress mediators in cultured human airway bronchial 
epithelial cells were also observed by Volckens et al. (2009) with ambient coarse particles 
collected in Chapel Hill. The inflammatory response induced by Chapel Hill particles in a study 
by Sawyer et al. (2010) was greater following coarse particle exposure than with fine particles, 
specifically in November and June. In addition, the suppressed immune responses to LPS 
observed may indicate that human exposure to PM including coarse particles may enhance 
pulmonary susceptibility to lung infection in vivo. 
 
Both fine and coarse particles from El Paso, TX, collected by Lauer et al. (2009) were shown 
to have pro-inflammatory properties in human bronchial epithelial cells, but no significant 
cytokine induction was found with the PM extracts containing a higher level of PAHs, 
suggesting that PAHs contained in these extracts have minimal pro-inflammatory activity.  
 
Most of the new in vitro studies have been performed in various locations of Europe. As part 
of the RAIAP project, Dybing et al. (2004) observed that coarse particles from both the urban 
and seaside sites induced higher levels of MIP-2in primary rat alveolar epithelial cells than fine 
particles; only minor responses were observed with the fine PM samples and summer 
samples proved the most potent. 
 
Also under the umbrella of RAIAP, Hetland et al. (2005) found that only coarse PM was able 
to induce significant levels of cytokine release; the seasonal differences varied by 
geographical location. Overall, these studies found that coarse particles induced significant 
levels of cytokines. Significant seasonal and geographic variations were found; however, they 
were not related to any identifiable PM component. 
 
Several other studies have been performed in various European locations. Coarse particles 
from a central urban area of Rome (Pozzi et al., 2003) induced high levels of inflammatory 
mediators in RAW 264.7 cells compared with fine particles. This effect was greater in the 
summer as compared to the winter, which corresponded with higher levels of endotoxin. 
 
Coarse particles collected in Germany in differently polluted environments (rural site versus 
urbanized/industrialized) showed consistently stronger inflammatory effects in rat 
macrophages and human alveolar epithelial cells than fine particles at equal mass (Schins et 
al., 2002, 2004), with higher endotoxin levels and lower metal content suggesting that 
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bacterial components within the coarse particles had the greatest influence on pulmonary 
toxicity. Urban coarse particles collected in the Dutch city of Utrecht showed similar or greater 
potency in inducing inflammatory and toxic effects compared with fine and ultrafine particles 
(Hetland et al., 2004).  
 
Coarse particle samples collected in Helsinki during an episode of long-range wildfire smoke 
haze (Jalava et al., 2006) induced the largest responses for NO production in RAW264.7 
macrophages as compared to the other size fractions examined, while cytokine induction for 
all size fractions tested and the highest apoptotic activity was found with smaller size PM 
ranges. For coarse particles the period not impacted by air masses from the wildfire areas had 
systematically higher activity for all toxicological endpoints; these particles were mainly 
derived from local resuspended dust from road surfaces.  
 
Under the PAMCHAR project (previously discussed in Section 8.1.1) Jalava et al. (2007) 
showed that all PM size fractions from all six cities were able to induce inflammatory 
responses, with coarse PM samples being the more active fraction per unit of mass.  
 
In a follow-up study Jalava et al. (2008) observed that most of the measured inflammatory 
responses were due to the insoluble PM fraction. In a more recent study published by the 
same group (Jalava et al., 2009),fewer correlations were observed between chemical 
constituents and induced inflammatory responses in the coarse PM size range than in the 
finer PM fraction, with the only significant correlations in the PM10–2.5 samples were with the 
inorganic chemical constituents of the water-soluble fraction. 
 
The pro-inflammatory effect of particles collected in Paris was found to decrease with particle 
size in human bronchial epithelial cells, though all PM size fractions, including coarse 
particles, caused significant effects (Ramgolam et al., 2009). Only the pro-inflammatory 
effects of the UFPs were independent of the endotoxin levels.  
 
The effects of European particles collected at different sites impacted by traffic (part of the 
HEPMEAP project) were examined in RAW 264.7 cells, concluding that there was no 
simplistic relationship between traffic intensity and the pro-inflammatory potency of particles 
and that different PM components appeared to be triggering different inflammatory responses.  
 
Steenhof et al. (2011) also found that chemical composition is a crucial characteristic of PM-
induced in vitro toxicity.  
 
In terms of Asian studies, Huang et al., 2002 observed that coarse PM induced significantly 
more TNF-α as compared to fine PM, which corresponded with its significantly higher 
endotoxin content.  
 
On the other hand, in their 2003 study Huang and colleagues found that although endotoxin 
levels were much higher in the coarse as compared to the fine particles, they did not cause an 
inflammatory response in this study. Finally, Choi et al. (2011) demonstrated that ADS 
particles were also shown to have the ability to increase pro-inflammatory responses in 
human keratinocytes, possibly due to the pollen and mite adsorbed on the particles.  
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8.2.1.2 Non-ambient/Specific Sources of Particles 
Only two studies evaluated the pulmonary inflammatory potency of coarse non-ambient 
particles (Gilmour et al., 2004; Uzu et al., 2011); they are summarized below and in Table 
8.2b.  
 
Pulmonary toxicity of fly ash from two types of coal on primary rat AMs was investigated by 
Gilmour et al. (2004); no significant effects were observed for any of the size fractions tested.  
Uzu et al. (2011) collected lead-rich emission particles at a lead smelter battery recycling plant 
from different sources.  Regardless of their origin, pro-inflammatory responses evaluated via 
induction of granulocyte monocyte colony-stimulating factor (GM-CSF) in human bronchial 
epithelial cells following 24h exposure were higher for the PM1 fraction as compared to the 
PM10-2.5 and PM2.5-1 fractions. 
 

8.2.2 Interaction with Microbial Agents 
Particles act as carriers for bacteria and allergens, resulting in their deposition to airway sites 
where they would not generally end up, given their aerodynamic size. Various studies have 
shown that depending on the dose, timing and host genetics, endotoxin can probably both 
cause and prevent asthma (Park et al., 2001; Schwartz, 2001; Reed and Milton, 2001; Liu, 
2004). Asthmatic subjects are more sensitive to endotoxin than healthy individuals; thus the 
presence of LPS is relevant to them. Clinical studies have demonstrated that inhaled 
endotoxin may be an important environmental factor associated with increases in asthma-
related morbidity (Michel et al., 1989; Eldridge and Peden, 2000). Ambient levels of endotoxin 
present in asthmatic children’s homes have also been shown to be major determinants in 
asthma exacerbation (Michel et al., 1996; Reed and Milton, 2001). Inflammatory responses in 
the airway macrophages following inhalation of particles may affect asthma and infectious 
disease severity.  
 
Toll-like receptors (TLRs) are believed to play an important role in the innate immune system, 
as they recognize structurally conserved molecules derived from microbes and alert the 
immune system to their presence. TLRs become activated by different ligands, which in turn 
are located on different types of organisms. Four studies by one team published since 2002 
(Becker et al., 2002, 2003, 2005a; Becker and Soukup, 2003) have investigated the 
expression of TLR receptors and immune responses to air pollution particles. This team also 
published a review of selected experiments showing possible mechanisms whereby PM air 
pollution could affect lung health, including involvement of TLRs (Becker et al., 2005c). 
 



 

Human Health Risk Assessment for Coarse Particulate Matter     240 
 

 
Table 8.2bIn vitro toxicological studies and non-ambient coarse PM 
 
 
 
Reference 
 
 

 
 
Types of cells /  
cell line 

 
 
Particle characteristics 
 
 

Exposure Parameters  
 
Main results 
 
 

Dose/concentration Time to analysis  
and endpoints 

 
Gilmour  
et al., 2004 
 

 
Rat (Male Sprague 
Dawley) AMs 
 

 
Coarse (>2.5 µm) fly ash 
from combusted sub-
bituminous (Montana) and 
bituminous  (Western 
Kentucky) coal 
 
Ultrafine (<0.2 µm),  
fine (<2.5 µm) particles 

 
62.5, 125 and 250 
µg/ml 

 
Incubation of cells 
with testing medium 
for either 4 h or 24h 
 
LDH and cytokines         
(IL-6; MIP-2) 

 
Coarse particles did not induce any release of 
LDH. Coarse particles were less cytotoxic and 
mutagenic than smaller fractions. 
 
Significant LDH release from cells exposed to the 
intermediate (125 µg/ml) and high (250 µg/ml) 
concentrations of Montana UFPs after 4h 
exposure. No change in LDH levels after a 24-h 
exposure to any particle size. 
 

 
Uzu et al., 2011 

 
16HBE14o—human 
bronchial epithelial cells 

 
Lead-rich PMtot, PM1, 
PM2.5–1 and PM10–2.5 from 
a secondary lead smelter 
battery recycling plant  
 
Three sources:  
1) Furnace PM:  
GM=21.4 ± 19.3 µm 
2) Refining PM:  
GM=24.6 ± 0.6 µm 
3) Emissions PM:  
GM= 3.9 ± 0.8 µm 
 
 

 
Concentration of the 
particle suspension  
was 2 mg/ml 
 
Cells were exposed to 
0–100 µg/cm2 
 

 
Incubation of cells 
with PM suspension  
for 24h  
 
Cytotoxic  response 
and cytokine (GM-
CSF) 

 
Furnace PM only induced cytotoxicity for fine PM 
fractions (PM2.5-1 and PM1) at high concentrations 
(50 and 100 µg/cm2). Refining PM did not induce 
cytotoxicity, regardless of particle size and tested 
concentrations. Emissions PM induced cytotoxicity 
at the highest concentration tested (100 µg cm-2) 
for all size fractions (PM10–2.5, PM2.5-1, PM1).  
 
Emissions PM induced a higher pro-inflammatory 
response than Refining and Furnace PM at non-
cytotoxic concentrations and at the lowest dose (5 
µg/cm2) PM1 fraction induced the highest 
significant response.  

BA = bronchoalveolar lavage; G = geometric mean; GM-CSF = granulocyte monocyte colony-stimulating factor; LD = lactate deshydrogenase; MIP = macrophage inflammatory 
protein; TNF = tumour necrosis factor-α 
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In previously published studies (Monn and Becker, 1999; Soukup and Becker, 2001) coarse 
particles (as opposed to smaller size fractions) were responsible for most of the cell injury and 
cytokine production in human airway monocytes and macrophages; the endotoxin levels in 
these particles accounted for a large part of their potency. Becker et al. (2002) examined the 
involvement of microbial components and TLR-2 and TLR-4 in the cytokine response to air 
pollution particles. The results generally suggest that microbial components are important 
players in AM-dependent inflammatory responses to coarse particles.  
 
In one subsequent study, Becker et al. (2005a) also investigated the role of TLR-2 and TLR-4 
in epithelial cell and AM responses to size-fractionated ambient particles collected in Chapel 
Hill, as there are more epithelial cells than macrophages in the lung. Overall, this study 
demonstrated that coarse particles had effects on both epithelial cells and AMs, and coarse 
particles were again the most potent PM fraction.  
In 2003, results by Becker et al. in human AMs utilizing urban coarse and fine particles 
collected in the Netherland indicated that PM recognition by human AMs involves recognition 
of microbial cell structures and that those microbiological products are more likely to be found 
in coarse particles. Moreover, the bioreactivity response of coarse particles collected in a 
more polluted area was similar to the response observed with particles collected in a relatively 
unpolluted area.  
 
Becker and Soukup (2003) found that the expression of surface markers of immune co-
stimulatory receptors was increased following exposure to PM but only in monocyte cells and 
not in AMs, which are usually considered poor antigen presentation cells.  
 

8.2.3 Oxidative Stress and DNA Damage 
Exposure to ambient PM has been associated with both respiratory and cardiovascular 
disease. One hypothesis for particle-induced respiratory and cardiovascular effects is that 
particles, especially those containing transition metals (iron, vanadium, chromium, 
manganese, cobalt, nickel, copper, zinc and titanium) may cause oxidative stress. Some of 
the transition metals are able to catalyze Fenton-type reactions and generate ROS. Oxidative 
stress can destabilize essential proteins and lipids, resulting in cell injury, including DNA 
damage and death. One of the central hypotheses in PM-induced respiratory inflammation is 
that associated with ROS. 
 
As reported in the 2003 coarse PM assessment, the insoluble fraction of ambient PM10–2.5 
decreased oxidant generation and phagocytosis in human AMs, in a dose-dependent manner 
and independent of endotoxin or metal content (Soukup and Becker 2001).  
 
In investigating the hypothesis that PM exerts its toxic effects by way of oxidative processes, 
23 new studies have been identified that include coarse particles in research on the redox 
activity of ambient PM.  
 
Several in vitro toxicological studies (Li et al., 2002, 2003; Cho et al., 2005; Ntziachristos et 
al., 2007; Shen et al., 2011) have been performed with particles from California. Li et al. 
(2002) found that fine particles collected in Downey were more effective than coarse particles 
in inducing HO-1, a sensitive marker of oxidative stress, and in depleting glutathione in mouse 
macrophage cells (RAW 264.7), while only fall and winter PM10–2.5 samples were able to 
induce HO-1. In a subsequent study (Li et al., 2003) using particles collected in the Los 
Angeles Basin, it was shown that particles <0.15 µm in diameter were the most potent in 
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inducing HO-1 and depleting intracellular glutathione and also had the highest ROS activity in 
the DTT assay, while higher levels of PM10–2.5 were required to induce a small HO-1 effect.  
 
These findings were confirmed in another study of ambient ultrafine, fine and coarse particles 
from the Los Angeles Basin (Cho et al., 2005) in which all PM samples showed redox activity 
in the abiotic DTT assay, although this activity was highest in UFPs, varied with location, and 
was again correlated with the PAH content but not with metals. Further analyses were also 
performed by Ntziachristos et al. (2007) whereby the higher redox activity of the UFPs, 
measured by the DTT activity, was correlated with both OC and PAH content as well as with 
certain metals (iron, manganese, copper and zinc).  
 
Shen et al. (2011) found that between fine and coarse particles from the Californian San 
Joaquin, on a per-mass basis coarse particles were more effective at generating HOOH, and 
more HOOH was generated with the urban particles than with the rural particles with no 
seasonal differences 

Metals also appear to play an important role in DNA damage caused by particles collected 
from a wildfire in Alaska, with all particle sizes causing DNA strand breaks and in the acellular 
ESR assay coarser particles inducing higher levels of –OH formation than the other fractions 
(Leonard et al., 2007).  

Coarse particles collected in Chapel Hill, North Carolina, have demonstrated that, like smaller 
particles, the ability to induce oxidative stress proteins (Graff et al., 2007; Duvall et al., 2008; 
Volckens et al., 2009); the ultrafine PM fraction, however, induced higher HO-1 levels.  
 
In order to identify molecular biomarkers and potential signalling pathways that could be used 
to discriminate coarse PM from fine and ultrafine PM, Huang et al. (2011) found a total of 974 
genes significantly altered in human bronchial epithelial cells by coarse PM alone. The 
researchers identified two set of gene clusters that could be used as a unique genomic 
biomarker to discriminate coarse PM from finer particles.  

Particles from El Paso, TX, (Lauer et al., 2009) were also found to induce the expression of 
several oxidative stress genes in human bronchial epithelial cells. Only aldehyde 
dehydrogenase 3A1 (ALDH3A1), aldoketoreductase 1C (AKR1C1), and cytochrome p450 1A1 
(CYP1A1) were induced by PM10–2.5 extracts, and both spatial and temporal patterns were 
observed.  
 
A number of studies have compared the ability of different size fractions of ambient PM to 
generate ROS, with the results being mixed. Choi et al. (2004) found that PM2.5 particles 
collected in Seoul, South Korea induced higher levels of cytotoxicity and oxidative stress as 
compared to PM10-2.5.  Higher PAH levels and genotoxicity was also observed with the finer 
PM fraction (PM2.5) as compared to the coarse fraction collected in Porto Alegre, Brazil 
(Ianisticki et al., 2009) in hemolymph cells from the land mollusk Helix aspersa.  
 
In contrast, Schins et al. (2004) measured greater ˙OH radical formation from the coarse as 
compared to the fine industrial PM samples, which were in turn higher than either fraction from 
a rural site.  
 
Shi et al. (2003a) reported that both fine and coarse ambient particles from Düsseldorf, 
Germany, were able to generate ˙OH and 8-OHdG adducts, though the effect of the coarse 
particles was stronger. In a subsequent study of ambient PM collected at several locations in 
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Germany, coarse and fine PM fractions were able to generate ˙OH in a non-biological system, 
with the coarse fraction being more active (Shi et al., 2003b). 
 
Shi et al. (2006) showed that both fine and coarse PM sampled in Germany over time can 
generate .OH and induce 8-OHdG in calf thymus DNA, as well as induce DNA strand breaks 
in human epithelial lung cells. Urban PM samples had significantly higher ˙OH generation and 
8-OHdG formation capacity than rural PM samples, and coarse PM samples generally 
demonstrated greater effects than fine PM samples.  
 
One team in the UK (Greenwell et al., 2002, 2003) used an in vitro plasmid DNA assay to 
show that the coarse PM fraction had a higher oxidative capacity than fine particles and that 
the DNA damage was primarily induced through the water-soluble fraction in both instances. 
These studies also demonstrated that inclusion of low molecular weight antioxidants in the 
epithelial lining fluid reduced the oxidative damage induced by coarse particles and to a lesser 
extent fine particles, and industrial coarse PM to a greater extent than urban coarse PM.  
 
In contrast, in two other UK studies fine particles induced more DNA damage than coarse 
ones. Healey et al. (2005) found that all PM sizes induced DNA damage in human epithelial 
lung cells, but the damage increased with decreasing particle size. In a subsequent study 
conducted by the same team (Lingard et al., 2005) it was again shown that smaller particles 
induced higher levels of DNA damage in this assay.  
 
Kleinman et al. (2003) demonstrated that urban coarse particles from Utrecht, Germany were 
more potent than fine particles in suppressing products of superoxide production in rat 
macrophages.  
Also in the Netherlands, Steenhof et al. (2011) observed that almost all PM samples collected 
from various sites showed concentration-dependant redox activity independent of the 
endotoxin levels, and the fraction with the highest metal levels was the most active sample.  
 
Different extraction procedures and in vitro assays may have contributed to the differing 
results concerning the oxidant capacity of coarse particles. While the small dataset and 
varying approaches taken in these studies do not allow specific conclusions to be drawn, on 
the whole these studies demonstrate that coarse particles can induce oxidative stress.  
 

8.3 Summary and Considerations 
It was demonstrated through toxicological studies that biological responses induced by 
ambient particles vary from place to place and from season to season. Exposure to coarse 
PM has been linked with a number of biological effects: inflammatory responses (cytokine and 
AA release, NO induction), adjuvant potency, oxidative stress, apoptosis, lipid peroxidation, 
cell proliferation, histopathological changes in lungs, and induction of cell surface molecules. 
Ambient air pollution particles have been shown to stimulate cytokine production in airway 
epithelial cells following both in vivo and in vitro exposure. Each of the new in vivo studies has 
indicated that ambient coarse particles are able to elicit pro-inflammatory effects, sometimes 
to an even higher degree than the fine PM fraction. Relatively high doses have, however, 
been used in these studies, which would not necessary reflect ambient air concentrations. In 
one in vitro study where IL-16 was analyzed, only coarse particles were able to induce this 
specific cytokine. This cytokine has been implicated in some respiratory diseases, such as 
asthma.  
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The importance of the different PM size fraction-related health effects may be linked more to 
the compounds adsorbed to their surface than to the actual particle sizes. The specific 
component(s) of particles responsible for the stimulation of various biological parameters are 
presently not fully known. The main proposed mechanisms for PM-induced health effects are 
inflammation-induced injury and oxidative stress. Metal contaminants, PAHs such as 
benzo(a)pyrene and biological matter have all been implicated. Fine and ultrafine particles are 
usually enriched with metals and combustion products such as organic compounds, whereas 
coarse particles are usually enriched with biological materials such as endotoxin, bacterial 
components or pollen fragments. Given the difference in composition between fine and coarse 
particles it is expected that the particles are recognized by different receptors in airway cells 
and stimulate different activation pathways.  
 
Results obtained by many researchers emphasize the importance of biological materials 
adsorbed on coarse particles. Some studies have suggested that endotoxin play an important 
role in inflammatory processes. It was demonstrated that AM reacted strongly to microbial 
material in the presence of coarse particles, using TLR-2 and TLR-4 for signal transduction. 
Cytokine inhibition by anti-CD14 and endotoxin inhibitor polymyxin B suggests that bacterial 
components or endotoxin were stimulatory moieties. It was also shown that airway epithelial 
cells express a variety of TLRs as well as a small amount of CD14, which could be used as a 
transducer signal leading to induction of IL-8. Some studies have also suggested that metals, 
organic compounds or other compounds could be involved. Results on this matter are still too 
limited to draw any specific conclusions on the coarse PM components responsible for PM-
related health effects.  
 
Some studies have also shown that ambient PM, both fine and coarse particles, can increase 
allergic responses. Important variability was found in the DNA-damaging properties of PM with 
regard to time and sampling locations. All the studies published since 2002 showed that 
coarse particles were able to induce oxidative stress to at least some extent. Some revealed 
that higher oxidative damage was observed with coarse particles, while others found that 
either fine or ultrafine particles were more potent than coarse PM at causing oxidative stress.  
 
Chemical composition is a critical factor driving the toxicological response. Coarse particles 
from rural sites or unpolluted areas have been shown to induce inflammatory effects. In one 
European study the strong inflammatory effect of the rural coarse PM sample, which had 
lower ˙OH radical generation capacity than the industrial samples, suggests that 
characteristics other than ROS generation are implicated in the mechanisms. Moreover, the 
inflammogenicity of the PM samples did not correlate positively with the transition metal 
content. Urban particles appear to be more toxic than rural particles, but given the small 
dataset currently available it is impossible at this point to draw a specific conclusion on the 
issue. Toxicological studies produced contrasting results to those from epidemiological 
studies, showing in many cases higher or at least similar cytotoxic and inflammatory effects of 
coarse particles. The importance of endotoxin in toxicology studies warrants further 
investigation of endotoxin in epidemiological research.  
 
Based on the toxicological studies reviewed in this chapter, there is evidence that coarse 
particles from ambient samples can be just as potent as fine and ultrafine particles in 
generating inflammatory responses, while non-ambient UFPs are usually more potent than 
non-ambient particles in the fine and coarse mode. Different patterns of responses have, 
however, been observed with different biological endpoints. Given that fact, integrated 
measurements examining cellular and tissue responses as well as genetic and transcribed 
(protein) are essential to fully characterize the biological effects of particle exposure. The 
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findings from these new toxicological studies indicate that the effect of ambient coarse fraction 
PM should not be neglected. Most of the new research has been conducted with in vitro 
systems, and even most of those performed on animals have used less relevant routes of 
administration. These administration routes are however needed in rodents due to the lack of 
deposition of coarse PM in the lower respiratory tract of rodents following inhalation. It should 
be noted that in vitro studies do not take into account particle deposition and clearance, which 
may filter out most of the inhaled coarse PM. In addition, the dose of coarse PM reaching the 
specific cell types of concern through inhalation exposure in vivo is likely several magnitudes 
lower than the concentrations the in vitro cells are exposed to directly, which may impact the 
toxic effects and/or mechanism(s) of toxicity. When exposure takes place in vivo, by 
inhalation, the toxic effect of coarse PM may be quite different; therefore, although not always 
feasible, the potential health effects of coarse particles are best examined through inhalation 
exposure studies. The in vitro systems used in the toxicological studies described above are a 
convenient step for exploring mechanisms and for comparative purposes, but do not replace 
inhalation and dosimetric studies for risk analysis.  
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9.0  Risk Characterization 
 
Health Canada finalized the first Canadian risk assessment of coarse PM in 2003. Peer-
reviewed publications published before 2002 investigating the health effects of coarse 
particles were reviewed in detail for that assessment. At that time, the evidence indicated a 
possible role for this PM size fraction in the development and expression of effects, especially 
in the upper respiratory tract. The primary evidence in this regard was provided by panel 
studies of the relationship between short-term exposure to coarse particles and respiratory 
symptoms such as cough, phlegm and rhinitis. Some limited support was also provided by 
hospital admission studies, which indicated a possible role for this PM fraction in admissions 
related to exacerbation of asthma. At that time, the mortality studies reviewed provided 
equivocal evidence for an association between ambient levels of coarse particles and 
mortality, but the continued appearance of a signal in some well-conducted single-city studies 
warranted further consideration.  
 
In recent years the health effects of coarse PM have been examined in toxicological studies, 
controlled human exposure studies and epidemiological studies. In an assessment the risk 
characterization serves an integrative function. New information related to exposure, 
dosimetry and health effects of coarse PM has been reviewed in the preceding sections of this 
report, and is briefly summarized in the following sections. This summary is followed by an 
evaluation of the weight of evidence to assess the extent to which the findings support a 
causal association between exposure to ambient levels of coarse PM and the various 
categories of health effects. Finally a brief discussion of the associated uncertainties, overall 
conclusions, and research needs is presented. 

9.1 Summary of Exposure 
For 2010, total coarse particle emissions for Canada are estimated at 4.8 million tonnes 
(Section 2.1). The predominant source of coarse particles in Canada is “open sources.” Road 
dust, from paved and unpaved roads, is the largest open source and accounts for 
approximately 2/3 of total emissions, while the rest are split between agriculture and 
construction operations. Industrial coarse PM emissions comprise only a small proportion 
(approximately 2%) of the national total emissions, with industrial contributions from the 
various provinces reflecting their economic diversities. It should be noted that there is, 
however, a high degree of uncertainty in the coarse PM emission data presented. 
 
Daily mean measured ambient levels of coarse PM via the NAPS network from 1985 through 
2012 were almost exclusively below 10 µg/m3 except for five urban sites. The highest levels of 
coarse PM mass are found in large urban areas and near roadways with non-urban areas 
experiencing much lower levels. Non-exhaust traffic emissions are the main urban source of 
coarse PM in urban areas. Levels of coarse PM are generally highest in spring and also 
higher on weekdays versus weekends. Data from 1985-2012 indicates a decreasing trend in 
PM10-2.5 concentrations nationally and in most Canadian cities. Coarse PM compositional 
analysis has been carried out since 1987 with this data being used to calculate an estimated 
soil component (SOIL) as well as an estimated other trace elements (TEO) component. Soil 
accounts for an average of 50% of total PM10-2.5 mass, with organic mass accounting for 20-
40% of total PM10-2.5 mass in rural areas and 10-20% at urban sites. Sites with nearby 
industrial point sources however, can yield substantially elevated TOE levels in the coarse PM 
emissions. 
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Infiltration of outdoor PM to indoor environments is strongly dependent on particle size, with 
coarse particles penetrating less readily into buildings than those in the accumulation size 
mode. PM infiltration into buildings is affected by season, due to changing ventilation practices 
and ambient temperature and humidity, which affect the transport, dispersion, and size 
distribution of PM. In a Canadian study, estimates of personal exposures to ambient and non-
ambient coarse particles were developed based on time-activity data using particle sulphate 
measurements as a tracer for indoor infiltration of ambient particles. Consistent with the lower 
infiltration factor usually found for coarse particles as compared with fine particles, their results 
suggest the average percentage of the ambient concentration of PM10–2.5 that a person 
receives as personal exposure is lower than for PM2.5; 41% vs. 71–77%. Because people 
spend most of their time indoors, the majority of total exposure to coarse particles is thought 
to result from indoor sources. Human activity patterns can increase short-term exposure to 
coarse PM, thus increasing the potential for health effects. As demonstrated in some studies, 
activities related to the generation of indoor concentrations of coarse particles, such as 
cooking, dusting, vigorous movement over carpets, play activities and exercising in a school 
gym increase total exposure to these particles. The increasing number of people actually 
present in the home has also been showed to be an important contributor to indoor levels of 
coarse particles. It has also been suggested that children, because of their increased activity 
levels, have potentially higher levels of exposure to coarse particles than less active members 
of a household.  
 
Personal exposure to coarse particles has been investigated in a very small number of 
studies. Personal exposure estimated for coarse particles of ambient origin, based on ambient 
levels, time-activity data and indoor infiltration of fine PM was relatively low, at 2.5 µg/m3 (SD 
= 2.1) in a Canadian panel study of people with COPD. One Canadian personal exposure 
monitoring study conducted in Windsor, Ontario found the mean personal exposure among 
healthy adults to be 12.0 µg/m3 (SD = 4.5) and 13.7 µg/m3 (SD = 5.7) respectively in summer 
and winter. These measurements are in good agreement with two personal exposure studies 
previously carried out in Boston, USA. In studies conducted in parts of the world with often 
higher ambient levels or different source contributions than Canada, the mean personal 
exposure to coarse particles ranged from 1.62 µg/m3 to 76 µg/m3. 
 

9.2 Summary of Dosimetry 
The new information from dosimetric studies continues to support conclusions reached in 
previous PM assessments. Particle size is the most important determinant of the fraction of 
inhaled particles deposited in the various regions of the respiratory tract. Particles with a 
diameter of 10 µm or less are considered inhalable by humans: i.e., they can enter the 
respiratory tract. A significant fraction of ultrafine and coarse particles, but not accumulation 
mode particles, deposits in the ET region, especially with nasal breathing. Nasal deposition 
increases with increasing size for coarse particles and decreasing size for UFPs. Mouth 
breathing bypasses much of the filtration capabilities of the nasal passages and leads 
consequently to increased deposition in the other regions of the lungs—the TB and to a 
greater extent the A region. Accumulation mode particles have a relatively low deposition 
fraction in all regions and deposit primarily in the A region. Coarse and ultrafine particles can 
also penetrate to and deposit in the TB region and to a greater extent the A region. For typical 
ambient size distributions, the deposition of  coarse particle mass in the A region can be 
comparable to or even larger than that for fine particles; when the size distribution is 
influenced by appreciable coarse particle concentrations, coarse particles tend to dominate 
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particle deposition to the TB region for mouth breathers. Fractional PM deposition varies 
according to lung size, age, gender, tidal volume and breathing rate, exercise and respiratory 
disease status.  
 
More precise predictions of the deposition and distribution of inhaled particles throughout the 
human respiratory system have been made possible by the development of detailed 
mathematical models. For coarse particles, the models predict higher particle deposition in the 
lungs of children, exercising healthy adults, and patients with lung disease as compared with 
healthy adults at rest. Experimental validation of these model predictions is, however, still 
required, and caution is appropriate when interpreting their results. 

9.3 Summary of Health Effects 
The health effects of coarse particles have been examined using different types of studies. 
Various epidemiological designs have been used to study the acute (time-series, case 
crossover, panel studies) and chronic (cohort, case-control, cross-sectional studies) effects of 
exposure to coarse particles. Controlled human exposure studies as well as in vivo and in 
vitro toxicological studies in animals have been conducted to elucidate the potential role of 
these particles in human health effects.  
 
A number of time-series and case-crossover studies reviewed in the coarse PM assessment 
(Health Canada, 2003; internal report) or in this report (Section 4.1) have investigated the 
relationship between daily variations in mortality and some measure of coarse PM (PM10–2.5 or 
PM10 from crustal-derived particles). In most of these studies, there was a positive association 
between ambient coarse PM and total, cardiovascular or respiratory mortality, though it was 
sometimes not statistically significant. In those studies that included multi-pollutant models, 
associations with coarse PM were often (but not always) reduced and non-significant when 
other pollutants were included. However, in a few of these mortality studies, coarse PM was 
associated with significant increases in total, cardiovascular and/or respiratory deaths, and the 
relationship was robust in multi-pollutant models with other PM fractions and/or gaseous 
pollutants. Most of these significant findings were observed in arid settings with coarse PM 
that was at levels much higher than those observed in Canada and that contained a high 
crustal or biogenic component. One exception is a 2003 study performed in Vancouver, BC, 
where a significant increase in cardiovascular mortality was associated with relatively low 
levels of coarse PM, which was not changed appreciably in two-pollutant models with CO or 
SO2 and was not significantly related to fine PM. In addition, some new and robust multi-city 
studies performed in the US provided strong and independent evidence of an association 
between short-term exposures to coarse particles and all-cause, respiratory, and 
cardiovascular mortality; these associations remained statistically significant after the inclusion 
of the fine PM fraction. However, the seasonal and regional variations observed in the multi-
city studies suggest there is a considerable range in the toxicity of these coarse particles; 
confirmation of this requires further study. Overall, the health database supporting the 
relationship between mortality and exposure to coarse particles has grown over the past 
years, and the continued appearance of a mortality signal in some well-conducted single-city 
studies and in the inherently more powerful multi-city studies provides increasing evidence 
that exposure to coarse particles is related to mortality from cardiopulmonary causes.   
 
The coarse PM-related signal for respiratory effects observed in hospitalization studies has 
been stronger than that observed in mortality studies, as was the case for admissions related 
to respiratory causes at the time of the 2003 coarse PM assessment. Several studies 
published since 2002 have investigated the relationship between coarse particles and hospital 
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admissions for either respiratory or cardiovascular diseases (Section 4.2.1). In the Canadian 
studies there were associations between short-term exposure to coarse particles and 
respiratory hospital admissions for asthma and respiratory infections in children that remained 
significant in multi-pollutant models with gaseous pollutants. Moreover, no significant 
associations were found with fine particles in some of these studies. Strong and consistent 
associations between short-term exposure to coarse particles (but not fine particles) and 
children’s respiratory hospitalizations were also observed in the first European multi-centre 
study performed in France. Coarse particles were also significantly related to children’s 
hospitalizations for asthma, allergic rhinitis and LRDs in Zonguldak, Turkey, although this 
location is characterized by relatively high coarse PM levels. Some of the new studies showed 
that coarse particles, especially in children, may have stronger health effects than fine 
particles. New morbidity studies of the elderly population in Vancouver also suggested that 
exposure to very low levels of ambient coarse particles, but not other particle size fractions, 
was associated with admissions for respiratory illness, particularly with readmissions, and 
perhaps with COPD. Results of these studies were also robust to various analytical 
approaches. A limited number of studies have investigated the impact of coarse particles on 
cardiovascular hospitalizations and most of them have found non-significant associations with 
coarse PM, confirming the conclusion of the 2003 coarse PM assessment that fine PM or 
gases provided a stronger explanation for the cardiovascular admissions associated with air 
pollution. 
 
Since 2002, several studies have investigated the relationship between ambient levels of 
coarse PM and ERVs for a variety of respiratory or cardiac conditions (Section 4.2.2). While 
positive associations were found between ambient coarse PM and most endpoints studied, 
these were most often not statistically significant and were more strongly related to fine PM. 
However, in Atlanta, GA, significant increases in ambulatory child care visits for asthma, URIs, 
and LRIs were associated with ambient levels of PM10–2.5, similar to the increases observed in 
Canada. Coarse particles were also significantly related to asthma/COPD ERVs in elderly 
subjects living in Helsinki, Finland; the association was, however, non-significant after the 
inclusion of UFPs, PM2.5 or gaseous pollutants (NO2 or CO). Thus the database remains 
limited and not inconsistent with that in the 2003 coarse PM assessment, in which PM10–2.5 
was positively associated with adult asthma and cardiovascular ERVs. 
 
A number of newer panel studies on respiratory health outcomes also support previous 
conclusions of a potential role for coarse particles in the development and expression of upper 
respiratory symptoms (Section 4.3). Consistent associations between coarse particles and 
respiratory symptoms such as cough and wheeze as well as asthma medication use add to 
the growing literature suggesting a role for this particular PM fraction in asthma aggravation. 
Results from some of the new studies also suggest that children suffering from asthma might 
be more sensitive than asthmatic adults. Significant increases in circulating eosinophils in 
adult asthmatics could, however, be suggestive of a general pro-allergenic effect of coarse 
particles even in the absence of airway effects. In two-pollutant models including fine particles, 
an independent relationship between wheeze and coarse particles was observed among 
asthmatic children in Fresno, CA. Some additional analyses in this cohort also showed 
stronger associations with coarse particles in children who skin-tested positive to cat dander 
or common fungi, suggesting that more attention should be directed to the components of 
coarse particles that may contribute to allergic asthma morbidity. However, in Baltimore, MD, 
significant associations were also found  for both atopic and non-atopic preschool asthmatic 
children between indoor coarse particle levels and several respiratory symptoms (i.e. cough, 
wheeze or chest tightness, nocturnal symptoms, symptoms slowing down children’s activity, 
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symptoms with running, symptoms limiting speech, rescue medication use), while no 
associations were reported with ambient coarse particles.  
 
Most of the new studies continue to implicate fine PM as being more strongly associated with 
decreases in lung function, although a few studies indicate that coarse particles could also be 
related to decreases in some lung function parameters. A study in which the researchers 
observed coarse PM-related decrements in ΔFEV1 in adults with COPD (as well as with fine 
PM) is considered especially relevant. Not only was it conducted in a Canadian city with 
coarse PM levels similar to those observed in much of the country, but the effect was more 
strongly associated with the estimated personal exposure than with levels measured at a 
central site monitor. This more direct measure of exposure would be expected to result in 
lower measurement error than reliance on a central site monitor. The relation of coarse 
particles to lung function decrements in non-smoking children suffering from persistent asthma 
was also stronger for coarse particles than for fine particles in Chapel Hill, NC, where coarse 
particles were measured directly with a dichotomous sampler. The effect of coarse particles 
on circulating neutrophils was more pronounced in children without measureable CD14 
expression, which might suggest that asthmatic children without this co-receptor for the 
detection of bacterial LPS may have reduced capacity to respond to endotoxin exposure. In 
Taiwan, personal exposure of asthmatic children to coarse particles, measured with a portable 
particle monitor, was related to comparatively larger decrements in PEF rather than to smaller 
PM fractions. Decrements in both morning and evening PEF were also observed in asthmatic 
subjects living in Sao Paulo, Brazil, with various ionic species of coarse particles that were 
measured directly with a dichotomous sampler. Results from these studies suggested that 
coarse particles, or some chemical species, could contribute to asthma exacerbation. The 
improved measurements in these studies may account for the fact that the researchers found 
an association between coarse particles and decrements in lung function at ambient levels of 
coarse PM where no significant association has been observed in other studies. 
 
Results from panel studies investigating the cardiovascular health effects of coarse particles 
continue to suggest a limited role for this PM fraction (Section 4.3.1). One study performed in 
Coachella Valley, CA, where high levels of coarse particles were observed, found a significant 
association with reductions in HRV, suggesting that elevated coarse PM levels may affect 
older persons with CVD, though as in the 2003 coarse PM assessment, the results of most 
similar studies from other locations primarily implicate smaller size fractions in affecting 
cardiac function. Strong and consistent associations of coarse PM with HRV indices have, 
however, been reported in adult asthmatics in Chapel Hill, an area with low levels of coarse 
particles, suggesting that this group of people might be more susceptible to these particles. 
Personal coarse particle exposure was also significantly related to HRV parameters in a 
cohort of cardiac/hypertensive subjects in Taipei, Taiwan. Results from some of these panel 
studies are consistent with results observed in new but limited controlled human exposure 
studies where short-term exposure to very high but still realistic concentrations of freshly 
collected “real world” coarse particles was able to elicit cardiovascular effects (modest 
decrements in HRV and small increases in heart rate) and warrant further investigation.  
 
There have been relatively few studies that have examined the effects of long-term or chronic 
exposure to coarse particles (Section 5.0). RRs for all-cause mortality and some more specific 
causes (cardiopulmonary and lung cancer) were not significant or disappeared when adjusted 
for other factors, and the associations were also stronger with fine PM in all studies except 
one. In the AHSMOG study, an elevated risk of fatal CHD was reported in women, but not in 
men, in relation to ambient levels of fine and coarse particles. Similarly, stronger risks were 
reported for all-cause mortality and fatal CHD in a female cohort (NHS) than in a male cohort 
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(HPFS) from the same geographical area using the same methodology. Some differences 
between these two cohorts in the health indicators and the SES were, however, noted by the 
authors.  
 
With respect to respiratory morbidity from long-term exposure, in an early report from the 
California CHS, reduced lung function growth associated with ambient coarse PM became 
non-significant in two-pollutant models with the fine PM fraction. In more recent reports, 
bronchitis symptoms in asthmatic children from the CHS were more clearly associated with 
fine PM, though the prevalence of wheeze was related to coarse PM levels in the warm 
months, and long-term exposure to very high levels of coarse PM in China was associated 
with respiratory tract symptoms (bronchitis, cough, phlegm, wheeze, and asthma, the last two 
non-significant) in healthy children. A limited number of studies have investigated the impact 
of long-term exposure to coarse particles on cardiovascular or other health endpoints. No 
association was found for several cardiovascular outcomes (first and non-fatal CHD, non-fatal 
MI, ischemic and hemorrhagic strokes) and for the incidence of type2 DM. Overall, evidence 
of an association between long-term exposure to coarse PM and either mortality or morbidity 
remains limited.  
 
A limited number of studies have contributed to the relatively new but growing literature on 
adverse birth outcomes associated with exposure to air pollution (Section 6.0). Studies 
(primarily cohort) of the fetal effects of longer-term exposure (averaged over the trimester or 
specific exposure windows during the early or late period of the pregnancy) rather than acute 
exposure to air pollution predominate in this literature. Exposure to coarse particles during 
pregnancy appears to have a small negative effect on birth weight, but this association varied 
widely with the geographical locations, the study samples and the covariates included in the 
model. The number of studies investigating the impact of coarse particles on birth outcomes 
remains limited, however, and the findings are not entirely consistent. There are important 
uncertainties with respect to the possible role of co-pollutants, the appropriate measure of 
exposure to PM, and critical periods of exposure during pregnancy. There is little or no 
evidence linking chronic exposure to coarse particles with infant mortality. 
 
A very limited number of controlled human studies have been conducted to investigate the 
health effects resulting from human exposure to ambient coarse PM, all of them after the 2003 
coarse PM assessment (Section 7.0). The results of these studies indicate that exposure to 
very high but still realistic concentrations of freshly collected “real world” coarse particles 
elicits mild pro-inflammatory effects (airway inflammation and increases in monocyte 
phagocytic response and in levels of monocytes and macrophages), changes in mediators 
involved in the coagulation process (decrease in plasminogen activator levels) as well as 
cardiovascular effects (modest decrements in HRV and small increases in heart rate, in the 
absence of significant airway inflammation, respiratory symptoms or hypoxemia) in healthy 
young adults. It should be noted that the effects observed were often not consistent across all 
studies. 
 
Most of the new toxicological studies on coarse particles have been conducted in vitro, while 
new in vivo animal studies have used routes of administration that are less relevant to human 
exposures (intranasal or intratracheal instillation, or subcutaneous injection) due to challenges 
exposing rodents to coarse particles via inhalation. These administration routes are needed in 
rodents because very few coarse particles would get into their lungs via inhalation (Section 
8.0). Exposure to coarse particles has been linked with a number of biological effects: 
inflammatory responses (cytokine and acid arachidonic release, NO induction), adjuvant 
potency, oxidative stress, apoptosis, lipid peroxidation, cell proliferation, histopathological 
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changes in lungs, allergic responses and increases in certain immune cell surface markers. It 
was also demonstrated that these biological responses vary substantially from place to place, 
from season to season, and between different emission sources. Exposure of airway epithelial 
cells to ambient coarse particles has been shown to stimulate cytokine production in vitro and 
in vivo. Some recent studies have also demonstrated that coarse particles are more active 
than fine particles in stimulating epithelial cell cytokine production, suggesting that coarse 
particles may be the more potent fraction in inflammation responses. The importance of 
different PM size-fraction-related health effects may be more a question of compounds 
adsorbed to their surface rather than the actual particle sizes; toxicological studies suggested 
that health effects vary depending on the composition of the ambient coarse PM.  
 
Given the difference in composition between fine and coarse particles it is expected that the 
particles are recognized by different receptors in airway cells and stimulate different activation 
pathways. The main proposed mechanisms for PM-induced health effects are inflammation-
induced injury and oxidative stress. The specific component(s) of particles responsible for the 
stimulation of various biological parameters are presently unknown; biological matter, metal 
contaminants, and PAHs such as benzo(a)pyrene have all been implicated. Results obtained 
by many researchers emphasize the importance of endotoxin adsorbed on coarse particles to 
some responses observed in certain locations. However, the database is still too limited to 
draw any specific conclusions with respect to the coarse PM components that may be 
responsible for health effects.  

9.4    Weight of Evidence—Health Effects from 
Coarse Particles 
The body of evidence on the health effects of coarse PM has grown in recent years but is still 
limited as compared with that available regarding fine PM. The following sections evaluate the 
evidence from epidemiological, toxicological, and controlled human exposure studies in 
combination with information obtained from dosimetric and exposure assessment studies. 
Several new Canadian epidemiological studies have investigated the health effects of coarse 
particles, and greater weight was placed on these studies along with those conducted in the 
US. Results observed in other countries may reflect different patterns/levels of air pollution as 
well as different demographic and socio-economic characteristics than those found in Canada. 
Epidemiological studies have been weighted more heavily than animal toxicological or 
controlled human exposure studies for several reasons: 1) epidemiological studies provide the 
most direct approach for assessing the adverse health effects of “real world” complex mixtures 
of air pollutants to which people are exposed; 2) human populations are highly heterogeneous 
as compared with laboratory animal populations and encompass a large range of 
susceptibilities, disease/illness status and exposures; and 3) no species extrapolation is 
necessary. However, results from toxicological studies, clinical studies and particle dosimetry 
shed light on results from epidemiological studies.  
 
To evaluate the weight of evidence that the epidemiological associations between health 
outcomes and ambient coarse PM are causal, it is necessary to examine the various lines of 
evidence in combination and to assess the collective evidence using established criteria for 
causal determination. In this section, the evidence for various categories of health outcomes is 
reiterated in an integrated fashion, by reporting the findings from the available controlled 
human exposure, animal toxicology and/or epidemiological studies together. This collective 
evidence is then evaluated for various categories of health outcomes in light of considerations 
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that have traditionally been used to form judgments as to how likely it is that the observed 
associations are causal.  
 
These considerations include  
• the strength of the associations, including the magnitude and precision of the risk estimates 

and their statistical significance;  
• the robustness of the associations to model specifications and adjustment for potential 

confounders such as weather, temporal trends, and co-occurring pollutants;  
• the consistency of reported associations across studies and study designs conducted by 

different researchers in different locations and times;  
• the biological plausibility of the associations in light of what is known regarding coarse PM 

exposure and dosimetry and the types of effects observed and associated potential 
mechanisms of action, based largely on animal toxicology and controlled human exposure 
studies; and   

• the coherence of the relationship between exposure to coarse PM and related endpoints 
within and across animal toxicology, controlled human exposure, and various types of 
epidemiological studies.  

 
The above considerations are then used to conclude whether the association with a given 
health effect or related set of health effects is causal, likely to be causal, suggestive of a 
causal relationship, or inadequate to conclude that the relationship is causal. The conclusions 
reached in this assessment were based on the US EPA Framework for Causal Determination; 
the definitions of each of these causal determinations being described in Table 9.1 below.  
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Table 9.1  Framework for Causal Determination 
Source: *Modified from US EPA (U.S. Environmental Protection Agency). 2008. 
http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=194645#Download 

 
 
Causal Determination 

 
Health Effects 
 

Sufficient to infer  
a causal relationship 

Evidence is sufficient to conclude that there is a causal relationship 
between relevant pollutant exposure and the outcome. Causality is 
supported when an association has been observed between the 
pollutant and the outcome in studies in which chance, bias, and 
confounding could be ruled out with reasonable confidence. That is, 
human clinical studies provide the strongest evidence for causality. 
Causality is also supported by findings from epidemiologic “natural 
experiments” or observational studies supported by other lines of 
evidence. Evidence includes multiple high-quality studies.  

Sufficient to infer  
a likely causal relationship  

Evidence is sufficient to conclude that there is likely causal association 
between relevant pollutant exposures and the outcome. That is, an 
association has been observed between the pollutant and the outcome 
in studies in which chance, bias and confounding are minimized, but 
uncertainties remain. For example, observational studies show 
associations but confounding and other issues are difficult to address 
and/or other lines of evidence are limited or inconsistent. Generally, 
determination is based on multiple studies from more than one research 
group. Evidence generally includes multiple high-quality studies. 

Suggestive, but  
not sufficient  
to infer a causal 
relationship 

Evidence is suggestive of an association between relevant pollutant 
exposures and the outcome, but is weakened because chance, bias 
and confounding cannot be ruled out. For example, at least one high-
quality study shows an association, while the results of other studies 
are inconsistent.  
 

Inadequate to infer the  
presence or absence of  
a causal relationship 

The available studies are inadequate to infer the presence or absence 
of a causal relationship. That is, studies are of insufficient quality, 
consistency or statistical power to permit a conclusion regarding the 
presence or absence of an association between relevant pollutant 
exposure and the outcome.  

Suggestive of no  
causal relationship 

The available studies are suggestive of no causal relationship. That is, 
several adequate studies, examining relationships between relevant 
population exposures and outcomes, and considering sensitive 
subpopulations, are mutually consistent in not showing an association 
between exposure and the outcome at any level of exposures.  

 

9.4.1 Acute Exposure to Coarse Particles 

9.4.1.1 Mortality 
In the 2003 coarse PM assessment, it was concluded that the reviewed mortality studies did 
not provide compelling evidence for an association with ambient coarse PM, but the continued 
appearance of a mortality signal in some well-conducted studies did not allow for dismissal of 
a role for this PM fraction. 
 
A number of recent studies have investigated the impact of coarse particles or crustal-derived 
particles on mortality in areas with different climates, meteorological conditions and pollution 
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levels. Most of the studies reviewed in this assessment reported positive associations, 
although they were not always statistically significant. The mortality signal observed in recent 
studies is weaker than that observed through the hospitalization studies, and there is only 
limited evidence that coarse particles are associated with mortality independently of PM2.5. As 
shown in Figure 4.1, the increased risk for all-cause mortality in relation to coarse PM 
exposure in North American studies using single-pollutant models was in the range of 
approximately 0.46–2.7% per 10 µg/m3. Mortality from respiratory diseases might be harder to 
detect significantly, given that respiratory mortality is generally less common than CVD 
mortality. Positive associations between short-term exposure to coarse particles and 
respiratory mortality have been observed in several single-city studies, with higher variations 
in the risk estimates. As can be seen in Figure 4.2, risk estimates from respiratory mortality 
ranged from -1.36% to 11.66% per 10 µg/m3 increase in coarse PM. For cardiovascular 
mortality, all studies reviewed, except one, found positive associations with exposure to 
coarse particles. The Californian multi-city study also provided evidence of an association 
between short-term exposure to coarse particles and cardiovascular mortality; the inclusion of 
populations living within 20 km of collocated PM10 and PM2.5 is hypothesized to have 
strengthened the association.  
 
A US multi-city study is particularly informative with regard to an association between short-
term exposure to coarse PM and all-cause, stroke, and respiratory mortality. Associations with 
coarse PM were significant for each category of mortality and remained significant with the 
addition of fine PM to the model. However, associations observed between coarse PM and 
the various mortality outcomes were highly variable between cities as compared with those for 
fine particles, suggesting a wide range of toxicity potential for this particle fraction. As 
compared with fine PM, coarse particles may contain biological or chemical compounds that 
are more relevant to certain health outcomes or more biologically active in a specific season; 
e.g., endotoxin in the warm season. Additional data are required to characterize the potential 
toxicity of these particles. Previous work on crustal-derived or source-derived particles 
suggested that combustion particles are more strongly related to mortality than crustal-derived 
particles, and these results have generally been confirmed by new studies. Some new studies 
performed in Barcelona and Italy suggested, however, that particles from Saharan dust days 
could have an impact on respiratory, cardiovascular and/or cerebrovascular mortality. 
Moreover, coarse particles collected during these Saharan dust days have been shown to 
have higher inflammatory activity in toxicological assays than other PM fractions.  
 
In conclusion, there are fairly consistent positive associations between short-term exposure to 
ambient coarse PM and non-accidental, respiratory and cardiovascular mortality in the 
available epidemiological studies. However, these are sometimes not statistically significant, 
demonstrating only limited strength of association. Generally, the associations between 
coarse particles and mortality are similar in magnitude, but less precise, than those observed 
for fine particles, though this lack of precision is not unexpected given the larger exposure 
measurement error for the coarse fraction. There is also only limited support for coarse PM-
related mortality in other lines of evidence; for example, respiratory morbidity is prominent in 
the toxicological and epidemiological studies, with little indication of effects that may be 
related to cardiovascular mortality, which comprises the bulk of non-accidental mortality. 
Uncertainty also remains about the potential for confounding by the fine PM fraction and/or 
gaseous pollutants. Overall, the epidemiology data are suggestive of a causal 
relationship between short-term exposure to the coarse PM fraction and mortality.  
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9.4.1.2 Respiratory Effects 
The respiratory system appears to be the critical target for adverse effects following inhalation 
exposure to ambient coarse particles. The strongest evidence for an association between 
ambient coarse particles and respiratory health effects is provided by the epidemiological 
data, with support from the results of a limited number of controlled human exposure and 
toxicological studies. Findings from recent studies have greatly expanded the acute health 
effects database for this PM fraction. 
 
The 2003 coarse PM assessment concluded that the existing evidence on the health effects of 
coarse PM indicated a possible role for this PM fraction in the development and expression of 
effects in the upper airways. The primary evidence was provided by studies of the relationship 
between short-term PM measures and upper respiratory symptoms (cough, phlegm, rhinitis), 
supported by hospital admission studies that indicated a role for this PM fraction in asthma 
exacerbation. Several newer Canadian studies in Toronto, ON, and Vancouver, BC, provided 
strong evidence of associations between short-term exposure to coarse particles and 
respiratory hospital admissions in children and confirmed these previous conclusions. Some 
of the new studies showed that coarse particles may have stronger health effects than fine 
particles. In Toronto children, significant associations were observed between coarse particles 
and asthma hospitalizations as well as with respiratory infections, using both time-series and 
case-crossover designs that yielded similar results. These associations remained significant in 
multi-pollutant models with gaseous pollutants. No significant associations with fine particles 
were found in these studies and no joint regressions including both fine and coarse particles 
were performed. Significant associations between coarse particles and respiratory hospital 
admissions in children were also found in Vancouver, and the relationships also persisted in 
multi-pollutant models with gaseous pollutants. Overall, these new morbidity studies support 
results from previous studies where significant associations were observed between coarse 
particles and respiratory hospital admissions or increased respiratory symptoms. As shown in 
Figure 4.4, Canadian risk estimates for hospital admissions due to respiratory diseases per 10 
µg/m3 increase in coarse particle concentrations in single-pollutant models ranged from 
12.02% to 56.91% in children and from 4.71% to 38.41% in the elderly. Higher risk estimates 
(and higher variations) were usually found with case-crossover designs. Strong and consistent 
associations between short-term exposure to coarse particles (but not fine particles) and 
children’s respiratory hospitalizations were also observed in the first European multi-centre 
study, performed in France. Coarse particles were also related to children’s hospitalizations 
for asthma, allergic rhinitis and LRDs in Zonguldak, Turkey, though this area is characterized 
by relatively high coarse PM levels and these outcomes were also associated with other PM 
size fractions. Some of the new studies showed that coarse particles, especially in children, 
may have stronger health effects than fine particles. In studies of medical visits, significant 
increases in ambulatory child care visits for asthma and/or wheeze were observed in Atlanta, 
GA, where ambient levels of PM10–2.5 are similar to those observed in Canada, suggesting that 
children may be more susceptible to respiratory health effects of coarse PM.  
 
Some new morbidity studies of the elderly have also been conducted in Vancouver, 
investigating the impact of coarse particles on hospitalizations for respiratory diseases. These 
studies suggested that exposures to very low levels of ambient coarse particles, but not other 
particle size fractions, are associated with respiratory hospital admissions in the elderly. 
Coarse particles were more strongly associated here with hospital re-admissions than with 
first admissions, suggesting that these particles could act through exacerbation rather than 
induction of respiratory diseases. Results of these studies were also robust to various 
analytical approaches and remained significant in multi-pollutant models with gaseous 
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pollutants, except for COPD admissions. This latter relationship also became non-significant 
when PM2.5 was included in bivariate analysis; similar results were, however, also observed for 
PM2.5 in bivariate analyses with gaseous pollutants and coarse particles. In contrast to these 
studies, no significant associations between coarse PM and respiratory hospital admissions 
were found in Spokane, WA, for the all-ages group. In this study, the fine PM fraction 
appeared to be more strongly associated with respiratory morbidity, although these 
associations were also non-significant. As shown in Figure 4.7, the increased risk of ERVs for 
respiratory conditions after short-term exposure to coarse particles ranged from 0.63% to 
15.34% per 10 µg/m3 increase in coarse particle concentrations. 
 
The estimates of the risks from the various studies have been consistently positive, in spite of 
the potential for misclassification of personal exposure to ambient particles, different 
combinations of co-pollutants and different health care systems. Moreover, various analytical 
applications employed in new epidemiological studies found similar results to the traditional 
time-series design used in previous studies. With respect to the specificity of coarse particles, 
possible confounders such as temperature, weather and season were all controlled for in 
analyses and are unlikely to be responsible for the associations observed. With respect to 
other pollutants, the associations of hospital admissions with coarse PM were independent of 
co-pollutants in most, though not all, studies that analyzed gaseous pollutants and/or fine PM 
in multi-pollutant models.  
 
A few studies found associations between coarse particles and respiratory endpoints in areas 
where no associations were found with mortality, suggesting that coarse particles might be 
sufficient to cause respiratory morbidity leading to increased hospital admissions or increased 
respiratory symptoms but not mortality. Moreover, some studies conducted in areas where 
PM10 is mainly composed of coarse particles provided supporting evidence for health effects 
of these particles.  
 
New panel studies on respiratory health outcomes also support previous conclusions of a 
potential role for coarse particles in the development and expression of upper respiratory 
symptoms. The 2003 coarse PM assessment concluded that fine PM was much more strongly 
associated with decrements in lung function than coarse PM, while coarse particles were 
more strongly associated with upper respiratory symptoms. The consistent association 
between coarse particles and upper respiratory symptoms, as well as the use of asthma 
medication in the newer studies reviewed, adds to the growing literature suggesting a role for 
this particular PM fraction in upper respiratory illness and asthma aggravation. The 
associations between coarse particles and upper respiratory tract symptoms are consistent 
with the deposition patterns of coarse particles i.e. an enhanced deposition of these particles 
in the head and upper airways of the tracheobronchial region as demonstrated in Chapter 3 
on dosimetry. Coarse particles, a pollutant with bioactive constituents, were also 
independently associated with increased risk of wheeze in asthmatic children living in Fresno, 
CA, after inclusion of fine particles in the analysis. Some subgroups, including children with 
atopy to cat or common fungi and boys with mild intermittent asthma, might be more 
susceptible to these particles, suggesting that more attention should be directed to the 
components of coarse particles that might contribute to asthma morbidity. In both atopic and 
non-atopic preschool asthmatic children significant associations were also found between 
several respiratory symptoms (cough, wheeze or chest tightness, nocturnal symptoms, 
symptoms slowing down children’s activity, symptoms with running, symptoms limiting 
speech, rescue medication use) and exposure to indoor coarse particles, while no 
associations were reported with ambient coarse particles. As shown in Figure 4.8, the 
increased risk for various respiratory symptoms (cough, runny nose, sputum production, 
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nocturnal symptoms, asthma symptoms slowing activities and wheezing limiting speech) 
ranged from approximately 6% to 14% per 10 µg/m3 increase in coarse particles 
concentrations of North American panel studies. 
 
Some new panel studies indicated that coarse particles could also be associated with 
decreases in certain lung function parameters in subgroups with respiratory disease. Coarse 
PM-related decrements in ΔFEV1 were observed in a Canadian cohort of adults with COPD, 
and the effect was more strongly associated with the estimated personal exposure than with 
levels measured at a central site monitor. Lung function decrements have also been observed 
in several panels of asthmatic subjects. Results from these studies suggest that coarse 
particles, or specific chemical species, could contribute to asthma exacerbation. In one of 
these studies, the effect of coarse particles on circulating neutrophils was more pronounced in 
children without measurable CD14 expression, suggesting that asthmatic children without this 
co-receptor for the detection of bacterial LPS muted expression of CD14 may have a reduced 
capacity to respond to endotoxin exposure. Improved measurements may account for the fact 
that the researchers found an association between ambient coarse PM levels and decrements 
in lung function when no significant association was measured in other studies. Results from 
eNO in limited panel studies are consistent with an apparent asthma exacerbation and greater 
sensitivity of children. 
 
The findings for allergic rhinitis also contribute to the weight of evidence for asthma. Asthma 
and allergic rhinitis are both inflammatory diseases within the respiratory tract. Allergic rhinitis 
is associated with localized inflammation but can also trigger systemic inflammation, which 
can in turn increase inflammation in both the upper and lower respiratory tract. Consequently, 
allergic rhinitis is linked with other respiratory conditions such as asthma and can lead to 
increased asthma exacerbations. In panel studies, the prevalence of rhinitis was significantly 
increased in asthmatic children and non-significantly increased in asthmatic adults; it was also 
significantly increased in mothers in southwest Virginia in relation to coarse, but not fine, PM. 
Physician’s visits for allergic rhinitis in seniors in Toronto were almost significantly increased in 
association with coarse PM during the warm season, while the association with fine PM was 
weaker. These associations with allergic rhinitis are also consistent with the nose being the 
principal site of the deposition of coarse PM during nasal breathing. Overall, the asthma-
related findings in panel studies support results from asthma hospitalization studies in which 
coarse particles were a better predictor of such hospitalizations than the fine PM fraction.    
 
It has been demonstrated that an important fraction of inhaled coarse particles is deposited in 
the human respiratory tract. Given their smaller size, fine particles predominantly deposit 
deeper in the respiratory tract, while coarse particles tend to deposit in the airway sites where 
asthma pathology occurs (i.e. in the bronchiolar region) and may be more relevant for 
asthmatic responses and irritation. Deposition of particles in the TB region has the potential to 
affect lung function and aggravate symptoms, particularly in asthmatics. New information from 
dosimetric studies also suggests that children may be at higher risk from exposure to 
particles, given higher particle deposition. Children could also have potentially higher levels of 
exposure to coarse particles than less active members of a household because of their 
increased activity level, which both resuspends coarse PM and increases minute ventilation. 
From the epidemiological studies, some subpopulations appeared to be more sensitive to the 
effects of coarse particle exposure, including persons with pre-existing respiratory diseases 
such as asthma as well as the elderly and children.  
 
With only a few new studies, evidence from controlled human exposure studies provides only 
limited support for the respiratory effect findings of epidemiological studies. However, 
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controlled human studies have shown that inhalation of coarse ambient particles at 
concentrations sometimes encountered by the general population was able to induce mild 
airway inflammation and immune responses in the respiratory tract of healthy subjects. 
Biological species found on ambient coarse particles from Chapel Hill (e.g., pollen, bacteria, 
spores) also appeared to be essential elements in mediating the macrophage responses, 
such as increases in cell surface phenotypes and increased TNF-α level. Inflammatory effects, 
but not phagocytic responses or increases in immune cells, induced by the coarse particles 
were eliminated following heat treatment, indicating that this effect is dependent on the 
biological component and suggesting that people suffering from allergic airway diseases may 
be more susceptible to coarse particles. 
 
Most of the new toxicological studies on coarse particles were conducted in vitro, while new in 
vivo studies tend to use less relevant routes of administration due to challenges exposing 
rodents to coarse particles via inhalation. These administration routes are needed in rodents 
because very few coarse particles would get into their lungs via inhalation. Based on both in 
vivo and in vitro studies, exposure to coarse PM has been linked to pulmonary inflammation 
and injury. In addition, a number of in vitro toxicological investigations performed with coarse 
particles collected at the same location indicate that coarse particles can be more potent than 
fine particles in inducing inflammatory responses. It is likely that particle chemical composition 
drives the toxicological response. Endotoxin levels present on coarse particles have proved to 
be the major factor in the activation of AMs in several in vitro toxicological studies and could 
provide a mechanistic basis for coarse particle-induced respiratory injury. Coarse particles 
from rural sites or unpolluted areas, which contain a significantly lower concentration of 
metals, were also able to induce inflammatory effects, suggesting that a factor other than ROS 
generation could be implicated in the mechanism of action.  
 
Asthmatic subjects are more sensitive to endotoxin than healthy individuals; in fact, endotoxin 
can exacerbate asthma in asthmatic subjects. Clinical studies have demonstrated that inhaled 
endotoxin may be an important environmental factor associated with the increases in asthma-
related morbidity, and ambient levels of endotoxin present in asthmatic children’s homes have 
been shown to be important determinants in asthma exacerbation. As mentioned above, 
coarse particles may contain biological or chemical compounds that are more biologically 
active in a specific season. These results lend support to the health effects associated with 
coarse PM in some other epidemiological studies where effects were observed during the 
summer season. Positive and significant associations between coarse particles and bronchitis 
symptoms, persistent cough and phlegm in children, as well as prevalence of wheezing in 
children in the summer season, suggest that endotoxin bound to coarse particles could be 
responsible for the observed respiratory health effects since endotoxin levels are expected to 
be highest in this season.  
 
In summary, fairly consistent coarse PM-related increases in hospital admissions and ERVs 
for respiratory conditions, most often for asthma in children, have been reported in 
epidemiological studies. These findings are mostly statistically significant, particularly for 
hospitalizations, and are supported by even more consistent significant increases in 
respiratory symptoms and asthma medication use in panel studies of asthmatic children. 
These findings have been robust across a number of study designs and model specifications, 
and also across different pollutant mixtures and health care systems. There is also fairly 
coherent evidence (across hospital admissions, ERVs, and panel, controlled human exposure 
and animal toxicology studies) that asthma exacerbation is a critical effect of coarse PM 
exposure and that, children and the elderly are susceptible subgroups. Studies have provided 
experimental support for the epidemiological findings and emerging plausible mechanisms of 
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action/toxic moieties (e.g. endotoxin). The main proposed mechanisms for PM-induced health 
effects are inflammation-induced injury and oxidative stress, with the specific component(s) of 
particles responsible for the stimulation of various biological parameters being presently 
unknown (although biological matter, metal contaminants, and PAHs such as benzo(a)pyrene 
have all been implicated). Further, there is some indication of specificity of effect, with coarse 
PM being associated with effects in the upper respiratory tract (RT) and fine PM more with 
those in the lower RT, corresponding to their principal RT regions of deposition. However, 
important uncertainties remain concerning the possible role of co-pollutants in the observed 
associations. This is particularly important considering the relatively large measurement error 
and variation in composition of the coarse fraction. Overall, the epidemiology data and the 
limited results from controlled human exposure and toxicological studies are 
suggestive of a causal relationship between short-term exposure to the coarse PM 
fraction and respiratory effects.  
 

9.4.1.3 Cardiovascular Effects 
The 2003 coarse PM assessment found little indication that the coarse PM fraction affects 
measures of cardiac health; non-significant associations were, however, found between 
coarse particles and some cardiovascular biomarkers.   
 
In recent years, a much more limited number of studies have investigated the association 
between short-term exposure to coarse particles and hospital admissions or ERVs due to 
CVD than have examined respiratory health effects. As shown in Figure 4.6, most studies 
have reported positive but non-significant associations with large variations in the risk 
estimates. A positive and significant association between short-term exposure to coarse 
particles and cardiovascular hospitalizations in the elderly was reported in a multi-city US 
study in single-pollutant models, but following inclusion of PM2.5 in the model, the risk estimate 
was reduced and no longer significant. In a single-pollutant model, a significant association 
between short-term exposure to coarse particles and hospital admissions of the elderly due to 
ischemic diseases was also observed in a multi-city study performed in France; however, no 
multi-pollutant models were run.   
 
A limited number of studies investigated the association between short-term exposure to 
coarse particles and cardiovascular mortality, and the majority of these studies have reported 
positive yet non-significant associations. However, in two multi-city studies of relatively strong 
design, coarse PM was significantly associated with cardiovascular mortality in California 
counties and with mortality from stroke in a US study of 47 cities, even following the inclusion 
of fine PM in the model.  
 
Inconsistent panel study results have been reported for both time and frequency domain HRV 
parameters; both decreases and increases in HRV have been demonstrated following 
exposure to coarse particles. In most of these studies, the evidence was more suggestive of a 
role for smaller size fractions. Strong and consistent reductions in HRV indices have been 
reported in Chapel Hill (an area with low levels of coarse particles) in adult asthmatics, 
suggesting that this population may be more susceptible to these particles. Some evidence 
(from a few controlled human exposure studies) of modification in HRV parameters supports 
this finding. The scientific evidence from toxicological studies demonstrating biological 
plausibility is limited. However, high levels of crustal-derived particles from dust storm events 
could potentially be linked to cardiovascular health effects in certain susceptible populations, 
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such as elderly persons suffering from CVD, indicating that these people may be susceptible 
to exposure to crustal and/or soil-derived particles.  
 
In conclusion, there is little indication of coherence in the limited and sometimes inconsistent 
cardiovascular findings from available panel and controlled human exposure studies, and 
uncertainty remains with respect to the possible role of fine PM and gaseous pollutants in the 
associations observed in many epidemiology studies. However, the risk estimates for 
cardiovascular hospitalizations and mortality in relation to ambient coarse PM are generally 
positive, and there were significant and robust coarse PM-related increases in mortality from 
certain cardiovascular causes in two US multi-centre studies. Overall, the findings in these 
population-based epidemiology studies are suggestive of a causal relationship 
between short-term exposure to the coarse PM fraction and cardiovascular effects, 
though investigations of cardiovascular endpoints in panel studies and in toxicological 
studies in animals and humans are too limited to shed much light on the weight of 
evidence. 
 

9.4.2  Chronic Exposure to Coarse Particles 
In contrast to the large number of studies of short-term variations in air pollutants associated 
with a range of mortality and morbidity endpoints, there have been relatively few studies that 
examined the respiratory and cardiovascular effects of long-term exposure to air pollutants. 
The associations of chronic exposure to ambient coarse particles with mortality and both 
respiratory and cardiovascular health effects have been examined more recently in 
prospective cohort studies, and the results do not provide significant insight into the role, if 
any, played by the coarse PM fraction. In addition, a limited number of studies have 
investigated the association between chronic exposure to coarse particles and adverse birth 
outcomes and infant mortality and results have been inconsistent; a small negative effect on 
birth weight was observed in a US multi-city study, but this association varied widely with the 
geographical location, the study samples, and the covariates included in the model. There are 
important uncertainties with respect to the possible role of co-pollutants, the appropriate 
measure of exposure to PM, and critical periods of exposure during pregnancy. Overall, the 
epidemiology data are inadequate to infer a causal relationship between chronic 
exposure to the coarse PM fraction and mortality, respiratory and cardiovascular health 
effects, as well as with the incidence of developmental outcomes.   
 

9.4.3 Uncertainties and Degree of Confidence 
The strongest evidence for coarse PM health effects is provided through epidemiological 
studies; however, this dataset is characterized by a number of uncertainties: 
 

• the heterogeneous nature of the chemical composition;  
• the highly variable spatial distribution of coarse particles; 
• the exposure measurement error; 
• the difficulty of separating out the effects of other co-pollutants;  
• the unknown shape of the concentration–response relationship; 
• the difficulty in discerning what, exactly, is the toxic moiety.  

 
For many agents of interest, exposures take place over time and in multiple locations. 
Accurately estimating the relevant exposures for an individual participant in epidemiological 
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studies is very challenging, and it is particularly limited by feasibility, participant burden, and 
cost. There has been much discussion of the adequacy of particle levels measured at fixed-
site monitors as surrogates for human exposure to PM. Coarse particle estimates are usually 
obtained through a “difference method” from co-located PM10 and PM2.5 central monitors 
(PM10–PM2.5). The available science indicates that using this difference method for 
measurement of coarse particles is not accurate. Misclassification of exposure (exposure 
measurement error) is a well-recognized, inherent limitation of epidemiological studies, and 
some studies have suggested higher random measurement error for the coarse PM fraction 
than for the fine PM fraction, in part as a consequence of greater spatial heterogeneity in the 
ambient levels of coarse PM and less ready infiltration of coarse PM into buildings.   
The resultant larger measurement errors can make it more difficult to find significant 
associations in these epidemiological studies.  
 
Coarse particles are also characterized by a more heterogeneous spatial distribution and 
chemical composition compared with fine particles. Given that larger particles have a higher 
gravitational settling velocity; PM10–2.5 has a shorter atmospheric lifetime than PM2.5. Therefore, 
coarse particles tend to deposit near their source; as such, monitor location is an important 
consideration when designing epidemiological studies for accurate exposure. Combined with 
this, the heterogeneity of PM10–2.5 sources and varying topography will result in variable 
exposure levels. As a consequence, the spatial distribution of coarse particles is less uniform 
than fine particles, and a measurement taken at one site would not necessarily provide an 
adequate measure of the daily concentration for a wider area. Based on the low correlation of 
coarse particles with other PM metrics, a finding of no effect in any individual study could not 
be regarded as conclusive if the pollutant metric was something other than a direct 
measurement of coarse particles. Where direct measurement data are not available, studies 
of the association between health endpoints and coarse particles may benefit from being 
conducted in cities where coarse particles are uniform across the city, where coarse and fine 
particles are not highly correlated, or where coarse particles dominate PM10 levels. Time spent 
in some outdoor microenvironments (near construction sites, in transit, at traffic junctions) is 
also expected to increase personal exposure. 
 
As is always the case in epidemiological studies of urban air pollution, confounding by co-
pollutants is a major issue. Airborne pollution is a mixture of agents, of which PM is only one 
component. Perhaps the most difficult issue to deal with in drawing any conclusions about the 
relationship of coarse particles to adverse health outcomes is the presence of other air 
pollutants and the methods used to disentangle the influence of coarse PM from other 
gaseous air pollutants as well as from other PM fractions. Methodologically speaking, in the 
case of a large correlation coefficient between one air pollutant and another, it is wise to 
assess the degree of association based on both single- and multi-pollutant models, since 
either method alone may lead to an under- or overestimate of the association. This also 
suggests that the total air pollution mixture may have a more significant impact on population 
health than individual pollutants. Future epidemiological studies need to more consistently 
address the question of whether the health effects observed from exposure to coarse particles 
remain after adjustment for fine particles. The health relevance of the different particle sizes 
may be related to particle composition. Little is known about the health effects associated with 
individual components or sources of coarse particles.  
 
A health indicator based solely on size (PM10–2.5) may not be the best indicator to use in the 
investigation of the health effects from coarse particles. However, there is not enough 
information available at this moment to define an indicator for coarse particles based on any 
other parameter than size-differentiated mass.  
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9.5 Overall Conclusions 
The evaluation of the epidemiological, toxicological, and controlled human exposure studies 
published since the completion of the 2003 PM risk assessment (Health Canada, 2003; 
internal report) has provided additional evidence for coarse PM-related health effects. Overall, 
the data on the health effects of coarse particles are weaker than for fine particles and subject 
to larger measurement errors. These particles are also characterized by a more 
heterogeneous spatial distribution and chemical composition. However, based on 
epidemiological, dosimetric and toxicological studies performed in industrialized/urban areas, 
it cannot be dismissed that there are health effects on the respiratory system resulting from 
short-term exposure to coarse particles. As noted above, there is considerable evidence of an 
association between coarse particles and morbidity, including respiratory hospital admissions 
and adverse respiratory symptoms. The epidemiological studies as well as the limited 
toxicological and controlled human exposure database on respiratory health effects exhibits 
strength of association, consistency, coherence and biological plausibility and therefore 
provides a basis to conclude that the evidence is suggestive of a causal relationship between 
short-term exposure to coarse particles and respiratory morbidity.  
 
Some susceptible populations may also be at greater risk from these coarse particles, such as 
children, people suffering from asthma, and the elderly. Recent studies also generally 
confirmed that crustal-derived particles appear less toxic than combustion-derived particles, 
suggesting that the composition or sources of coarse particles are important factors to 
consider in future studies.  
 
The continued appearance of a mortality signal in some well-conducted single-city studies and 
in limited multi-city studies provides evidence of an association between ambient coarse PM 
exposure and mortality and warrants some consideration. Overall, this association is similar in 
magnitude to, but less precise than, the association observed for fine particles likely due to the 
fact that fine particles levels are being estimated more precisely and are impacted with less 
exposure measurement error. Uncertainty also remains about the potential for confounding by 
the fine PM fraction and/or gaseous pollutants. Cardiovascular effects also appear to be 
associated with short-term exposure to coarse particles, although the health database 
supporting this relationship is not as large and consistent as that seen for respiratory effects, 
and such important issues as the possible role of fine particles and/or gaseous pollutants and 
the lack of statistical significance remain to be resolved. Some new studies suggest, however, 
that high levels of crustal-derived particles from dust storm events are associated with 
respiratory health effects in asthmatics and with CVD in the elderly. Overall, the epidemiology 
data and the results from limited controlled human exposure and toxicological studies are 
equivocal but suggestive of a causal relationship between short-term exposure to coarse PM 
and mortality as well as to cardiovascular effects.   
 
In regard to the chronic effects of coarse PM, the health database is inadequate to infer a 
causal relationship with mortality, respiratory and cardiovascular health outcomes, as well as 
with the incidence of developmental outcomes.  
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9.6 Research Needs 
From the discussion above it is clear that more scientific research is required, in a number of 
critical areas, in order to permit a more complete assessment of the health risks associated 
with exposure to coarse particles in the general Canadian population. Research needs include 
the following: 
 

• Personal exposure studies for the Canadian population are required, as well as more 
data on the composition of coarse particles in both urban and rural areas. Canadian 
personal exposure studies should be performed in area highly impacted by coarse PM 
from open sources since this is by far the largest contributor to Canadian ambient 
coarse PM levels.  

 
• More longitudinal studies should be conducted to examine the long-term effects of 

coarse particles on both the respiratory and cardiovascular systems and on 
developmental outcomes. No epidemiologic studies have been conducted to evaluate 
the effects of long-term PM10–2.5 exposure on cancer, birth defects and reproductive 
outcomes; this lack should be rectified. Future studies should be performed with larger 
cohorts and/or with longer duration of follow-up. The effects of coarse particles on 
respiratory morbidity have also only been studied in children; other age groups should 
be investigated. 

 
• Additional information is required on the relationship between coarse particles and 

indicators of respiratory morbidity (ERVs for respiratory outcomes, respiratory 
symptoms, medication use, school absenteeism) to support the evaluation of 
coherence across the entire range of demonstrated and expected health outcomes 
associated with exposure to these particles. Acute effects epidemiological studies 
should be performed in “open sources” areas within Canada. 

 
• Controlled human exposure studies on the health effects of ambient levels of coarse 

particles are very limited and future research should be performed on a larger number 
of subjects with various age groups as well as with subjects with various health 
conditions. Co-exposure with either gaseous pollutants or fine particles should also be 
examined. 

 
• Further research (epidemiological and clinical studies) is needed to better characterize 

the cardiovascular effects of exposure to coarse particles. 
 

• The lag structures of the health effects of coarse particles observed in epidemiological 
studies should be further examined. 

 
• Although not always feasible, the potential health effects of coarse particles 

(respiratory, cardiovascular, reproductive, and neurological effects) should be 
examined using inhalation toxicology studies. 
 

• Better statistical methods should be developed to estimate health effects that at the 
same time overcome the unavoidable challenges that are present in the existing data 
(exposure measurement error, high correlation between pollutants, confounding, etc). 
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• New research is still needed to better understand the sources and the individual 
components of coarse particles that may be responsible for the observed health 
effects, through epidemiological, clinical and toxicological studies; these studies should 
look at the health impacts of coarse-mode particles found in urban as well as in rural 
areas. Non-tailpipe emissions from brakes, tyres and road surfaces can contribute 
significantly to fine and, in particular, coarse particles measured at roadside and the 
contribution of these emissions to coarse particles toxicity needs to be further 
explored. 

 
• Further research, both in vivo and in vitro, is needed on the basic mechanism(s) of 

toxicity of coarse particles to further elucidate biologically plausible mechanisms of 
actions for health effects. 
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APPENDIX A Search Strategies Employed for Identification of Relevant 
Scientific Literature 

 
The literature searches conducted to support the preparation of this assessment were 
performed by experienced health librarians with expertise in retrieving systematic reviews and 
other evidence-based literature. The literature searches were conducted from January 2002 
up to December 2011 in the following databases: Global Health, Medline, Current Contents 
and Scopus using the strategy described below. Studies were also identified through the 
reference lists of the reports identified in the coarse PM literature search as well as by 
colleagues conducting a concurrent review of the health effects of fine PM; some studies 
investigate both size fractions. Other relevant journals not indexed at the time in PubMed (e.g. 
Atmospheric Environment) were also consulted.  
 
Detailed Search Strategy 
 
* Search is done using Concept 1 with each of the other Concepts (five separate searches). 
* Concept 1 is searched for in the title or keywords only. 
* Concepts 2-6 (singular and plural) are searched for in the title, abstract or keywords. 
 
CONCEPT 1: Particulate Matter 
(Particulate adj matter) OR coarse particles OR coarse-fraction particles OR thoracic particles 
OR thoracic PM10 OR coarse fraction of PM10 OR PM10–2.5 OR PM2.5–10 OR PM5 OR PM4 OR 
(size-fractionated adj samples) OR aerosols OR bioaerosols OR (resuspended adj soil) OR 
(total adj suspended adj particles) OR (airborne adj particle) OR (air adj pollution) OR 
(Particulate adj pollution) 
 
CONCEPT 2: Types of Studies 
admission*, camp, case-crossover, chemical adj characterization, clinical, cohort, dosimetry, 
epidemiolog*, hospital*, hospital admission*, odds ratio, panel, personal adj exposure, relative 
risk*, risk ratio, time-series, time series 
 
CONCEPT 3: Cardiovascular Endpoints 
aort*, arrhythm*, arterial, artery, atherosclero*, arteriosclero*, bradycardia, cardiac, cardio*, 
clotting factor, coagulation, ECG, electrocardiogram, electrocardiographic, endothel*, fibrin*, 
fibrosis, heart, HRV, hematolog*, hypertensi*, ischem*, myocard*, platelet, thrombosis, 
thrombus, vascular, vasopressor, ventricular 
 
CONCEPT 4: Respiratory Endpoints 
airway, allergy, allergen, alveoli, alveolus, alveolar, asthma*, bronchiole, bronchus, 
bronchoalveolar, chronic obstructive pulmonary disease OR COPD, deposition, edema, 
oedema, emphysema,epithelia, epithelial, epithelium, expiratory, fibroblast, fibronectin, 
fibrosis, fibrotic, fibroproliferative, forced expiratory flow rate, forced vital capacity, 
hyperreactive, hyperreactivity, hyperplasia, inflammation, inflammatory, interstitial, nterstitium, 
irritation, lavage, lung, mucociliary, nasal, oxygen saturat*, phagocyt*, pulmonary, respiratory, 
responsiveness, somatosensory, spirometry, sputum, or thoracic 
 
CONCEPT 5: Toxicological Keywords 
albumin, antioxidant, chemoattractant, chemokine, CINC, cytokine, cytotoxic*, DNA adj 
damage, eosinophil, epithelial lung cells, Fenton reaction, ICAM-1, Ig*, interleukin, IL*,  in 
vitro, in vivo, lactate dehydrogenase, leukocyte, lymphocyte, macrophage, MAPK, monocyte, 
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neutrophil, ovalbumin, oxidative stress, phagocyt*, PMN, red blood cell, ROS, reactive oxygen 
species, TNF*, tumor necrosis factor, white blood cell 
 
CONCEPT 6: Other Keywords 
birth, endotoxin, LBW, lesion, pregnan*, SIDS 
 
EXCLUSION:  
not (vegetation or veget* or photosynthesis or stomata* or corrosion or erosion or forest* or 
cereal* or denti* or dental* or occupational or workplace) 


	Acknowledgments
	Executive Summary
	Sources/Ambient Levels/Personal Exposure Studies
	Dosimetry Studies
	Epidemiological Studies
	Developmental Outcomes
	Controlled Human Exposure Studies
	Toxicological Studies
	Risk Characterization

	1.0   Introduction
	2.0  Sources, Ambient Levels and Exposure
	2.1 Canada-Wide Coarse PM emissions
	2.2 Canadian Levels and Trends for Ambient PM10–2.5
	2.2.1  National Air Pollution Surveillance
	2.2.2 Health Canada’s Clean Air Research Agenda

	2.3 Personal Exposure Assessment Studies
	2.3.1 Summary of the Earlier US EPA Assessments
	2.3.2 Summary of Newly Published Personal Exposure Studies
	2.3.3 Impact of Human Activities on Personal Coarse PM Exposures
	2.3.4 Indoor Infiltration

	2.4 Summary and Considerations

	3.0  Dosimetry
	3.1 Summary of the Earlier US EPA Assessments
	3.2 Distribution of Particles in the Respiratory Tract and Factors Influencing their Deposition: New Studies
	3.2.1 Modelled Studies
	3.2.2 Experimental Studies

	3.3 Summary and Considerations

	4.0  Epidemiology—Acute Effects
	4.1 Mortality Studies
	4.1.1 Introduction
	4.1.1.1 Canadian Studies
	4.1.1.2 Studies Conducted in Other Countries
	4.1.1.2.1 Multi-city studies/meta-analysis
	4.1.1.2.2 Single-city studies


	4.1.2 Mortality Studies on Crustal-Derived or Source-Derived Particles
	4.1.2.1 Dust Events Studies
	4.1.2.1.1 Asian dust events
	4.1.2.1.2 Other Dust Events

	4.1.2.2 Studies from Other Areas


	4.2 Hospitalization and Medical Visit Studies
	4.2.1 Hospitalization
	4.2.1.1. Children’s Hospitalizations
	4.2.1.1.1 Canadian studies
	4.2.1.1.2 Studies from around the world

	4.2.1.2. Hospitalizations of the Elderly
	4.2.1.2.1 Canadian studies
	4.2.1.2.2 Studies from around the world

	4.2.1.3 Hospitalizations of All Ages

	4.2.2 Emergency Room Visits and Other Medical Visits
	4.2.2.1 Canadian Study
	4.2.2.2 The Study of Particles and Health in Atlanta
	4.2.2.3 Other Studies

	4.2.3 Hospitalizations and Medical Visit Studies on Crustal-Derived or Source-Derived Particles
	4.2.3.1 Dust Studies
	4.2.3.2 Non-Asian Dust Studies


	4.3 Panel Studies
	4.3.1 Cardiovascular Effects
	4.3.1.1 Changes in Heart Rate Variability
	4.3.1.2 Changes in Other Cardiac Parameters
	4.3.1.2.1 ST segment
	4.3.1.2.2 Heart rate and cardiac repolarization


	4.3.2  Respiratory Effects
	4.3.2.1 Changes in Pulmonary Function
	4.3.2.2 Respiratory Symptoms and Asthma Medication Use
	4.3.2.2.1 Panel studies with children
	4.3.2.2.2 Panel studies with adults


	4.3.3 Effects on Biological Markers
	4.3.4 Panel Studies of Crustal-Derived or Source-Derived Particles

	4.4 Summary and Considerations

	5.0  Epidemiological Studies—Chronic  Effects
	5.1 Mortality Studies
	5.2 Morbidity Studies
	5.2.1 Respiratory Effects
	5.2.1.1 Canadian Study
	5.2.1.2 The Southern California Children’s Health Study
	5.2.1.3 Studies from Around the World

	5.2.2 Other Effects
	5.2.2.1 Cardiovascular Effects
	5.2.2.2 Diabetes Mellitus


	5.3 Summary and Considerations

	6.0  Epidemiological Studies of Developmental Outcomes
	6.1 Birth Outcomes
	6.1.1 Infant Mortality
	6.1.2 Premature Birth
	6.1.3 Birth Weight

	6.2 Summary and Considerations

	7.0  Controlled Human Exposure Studies
	7.1 Summary and Considerations

	8.0  Toxicological Studies
	8.1 In Vivo Studies
	8.1.1 Ambient Particles
	8.1.2 Crustal and Source-Derived Particles
	8.1.3 Non-ambient Particles

	8.2 In Vitro Studies
	8.2.1 Toxic Potency and Inflammatory Responses
	8.2.1.1 Ambient Particles
	8.2.1.2 Non-ambient/Specific Sources of Particles

	8.2.2 Interaction with Microbial Agents
	8.2.3 Oxidative Stress and DNA Damage

	8.3 Summary and Considerations

	9.0  Risk Characterization
	9.1 Summary of Exposure
	9.2 Summary of Dosimetry
	9.3 Summary of Health Effects
	9.4    Weight of Evidence—Health Effects from Coarse Particles
	9.4.1 Acute Exposure to Coarse Particles
	9.4.1.1 Mortality
	9.4.1.2 Respiratory Effects
	9.4.1.3 Cardiovascular Effects

	9.4.2  Chronic Exposure to Coarse Particles
	9.4.3 Uncertainties and Degree of Confidence

	9.5 Overall Conclusions
	9.6 Research Needs

	10.0 References

