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EXECUTIVE SUMMARY

The health effects of air pollution have been extensively studied and are well documented in the 
peer-reviewed scientific literature. There is consensus among international and national organizations, 
including Health Canada, World Health Organization (WHO), United States Environmental Protection 
Agency (US EPA), European Union, and International Agency for Research on Cancer (IARC), that air 
pollution, even at low levels, adversely impacts health. Health effects include premature mortality, 
increased hospitalizations, respiratory symptoms, and cardiovascular effects.

According to the 2019 Global Burden of Disease project, air pollution, specifically from ambient 
(outdoor) fine particulate matter (PM2.5), is one of the leading environmental causes of death and 
disease both globally and in Canada (IHME, 2021). While Canada ranks amongst the countries with 
the best air quality in the world, Health Canada (2021) estimates that 15,300 (42/100,000) premature 
deaths per year in Canada are linked to ambient air pollution from PM2.5, nitrogen dioxide (NO2) 
and ground-level ozone (O3), with 10,000 of these due to PM2.5. In terms of annual morbidity 
outcomes, the number of asthma symptom days is estimated at 1.72 million, while the number of 
acute respiratory-symptom days amounts to 24.8 million. The total economic valuation of the health 
impacts attributable to air pollution in Canada is $120 billion per year (based on 2016 CAD) (Health 
Canada, 2021). This is true despite air pollution levels in Canada being considered low compared 
to those of other developed countries (WHO, 2021). 

The present report summarizes the health science for PM2.5 in the context of ambient air pollution 
in Canada. The main purpose of this report is to update the conclusions on PM2.5 from the Canadian 
smog science assessment. Volume 2: health effects (Health Canada, 2013), which is referred to 
as CSSA in this report. In addition, the present report provides details on population subgroups 
with increased sensitivity and a better characterization of the shape of the concentration-response 
relationships, especially for lower concentrations of PM2.5. It provides the basis for the ongoing risk 
management of PM2.5, including establishing the Canadian Ambient Air Quality Standards (CAAQS). 
This report also identifies emerging health effects and data gaps to guide future research.

CAUSALITY CONCLUSIONS

This report reviews the epidemiological and toxicological studies published between 2007 and 2016, 
inclusively. Conclusions on the causality relationship between health outcomes (i.e., premature 
mortality and morbidity) and PM2.5 exposure are drawn by following the weight of evidence framework 
for causality determination of human health effects. Conclusions from the CSSA and from the present 
report are summarized in Table ES-1.
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Causality relationship conclusions

TABLE ES-1: Past and updated conclusions on causality relationship between health outcomes  
and short- and long-term exposure to ambient PM2.5

Health outcome
PM2.5  
exposure 
duration 

CSSA conclusion on  
causality relationship 

Updated conclusion on  
causality relationship 

All-cause mortality
Short-term Causal Causal

Long-term Causal Causal

Cardiovascular effects

Short-term
Mortality: Causal;
Morbidity: Causal

Mortality: Causal;
Morbidity: Causal

Long-term
Mortality: Causal;
Morbidity: Suggestive

Mortality: Causal;
Morbidity: Likely Causal*

Respiratory effects

Short-term
Mortality: Causal;
Morbidity: Causal

Mortality: Causal;
Morbidity: Causal

Long-term
Mortality: Inadequate;
Morbidity: Suggestive

Mortality: Suggestive*;
Morbidity: Likely Causal*

Cancer effects Long-term Lung cancer mortality: Likely causal 
Lung cancer morbidity and mortality: 
Likely causal

Neurological effects
Short-term No conclusion drawn Inadequate*

Long-term No conclusion drawn Suggestive*

Reproductive and 
developmental effects

Long-term
Combined outcome: Suggestive 
(considered all PM fraction sizes)

Reproductive: Inadequate*; 
Developmental: Suggestive

*	represents a change in causality conclusion from the CSSA (Canadian Smog Science Assessment) (Health Canada, 2013). Framework for weight 
of evidence for causality determination is discussed in section 1.4 of this report. 

All-cause mortality
The large epidemiological evidence dataset published since the CSSA continues to support the 
finding that short- and long-term exposure to PM2.5 is strongly associated with all-cause mortality 
(any premature death not considered to be due to an accident or a homicide). All-cause mortality 
as well as cause-specific mortality are considered in this report to reduce the risk of bias and 
uncertainty and to identify target organs and specific diseases. Evidence from cause-specific 
mortality associations and the progression of disease from morbidity associations provided 
consistency and biological plausibility supporting the all-cause mortality database. The 
relationship between PM2.5 (short- and long-term exposure) and all-cause mortality is  
concluded to be causal, reconfirming the causal relationship established in the CSSA.
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Cardiovascular effects

Short-term exposure
There is strong, robust and consistent evidence from epidemiological studies that short-term 
exposure to PM2.5 is associated with cardiovascular mortality and hospital visits due to adverse 
cardiovascular health effects. More specific causes of death associated with PM2.5 exposure include 
myocardial infarction (heart attack), congestive heart failure, cerebrovascular (CEB) disease (including 
stroke) and, to some extent, diabetes. Adverse health effects include life-threatening effects that 
require urgent care. Clinical cardiovascular conditions, such as congestive heart failure (CHF), 
myocardial infarction and, to a lesser extent, CEB-related admissions, were associated with exposure 
to PM2.5. Epidemiological panel studies, controlled human exposure studies and toxicological studies 
provide coherence and biological plausibility support for these population-level associations. Thus, 
the collective evidence supports a causal relationship between short-term exposure to PM2.5 and 
cardiovascular-related morbidity and mortality, reconfirming the causal relationship established in  
the CSSA. 

Long-term exposure
For long-term exposure, the large epidemiological database continues to support the CSSA 
conclusion that exposure to PM2.5 is associated with overall cardiovascular mortality and cause-specific 
mortality (ischemic heart disease [IHD] including myocardial infarction, with some evidence for CEB 
and cardiac arrest-related mortality). The morbidity database in the CSSA was small, and evidence 
at that time suggested that exposure to PM2.5 was associated with increased arterial wall thickening, 
an indicator of atherosclerosis (plaque buildup in blood vessels). With the expansion of the morbidity 
database since the CSSA, exposure to PM2.5 has been found to be associated with cardiovascular-
related hospital admissions, development of cardiovascular conditions, and changes in cardiac 
functions and parameters related to disease progression. Associated health conditions include 
atherosclerosis, IHD including myocardial infarction, CHF, CEB disease, hypertension, peripheral 
vascular disease (narrowing or blockage of blood vessel outside of the heart) and possibly diabetes, 
although some mixed results were reported for particular outcomes. Coherence and biological 
plausibility support for these associations are provided by toxicological studies, especially with 
respect to alterations in cardiac tissue, hypertension, plaque formation and atherosclerosis and by 
a small human dataset that examined associations with subclinical markers. Overall, the substantially 
increased body of evidence strengthens the confidence in the database. The conclusion on the 
causality relationship between long-term exposure to PM2.5 and cardiovascular morbidity is now 
likely causal, whereas the CSSA had concluded that the evidence was only suggestive of causality. 
The causal relationship between PM2.5 exposure and cardiovascular mortality found in the CSSA 
is reconfirmed.
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Respiratory effects

Short-term exposure
The epidemiological database consistently reported associations between short-term exposure to 
PM2.5 and increased respiratory mortality, with increased risk in individuals with chronic obstructive 
pulmonary disease (COPD). PM2.5 exposure is strongly associated with increased respiratory hospital 
visits, particularly for asthma or COPD exacerbation and pneumonia. Epidemiological studies also 
reported associations between PM2.5 exposure and reduced lung function and increased airway 
inflammation. Moreover, coherence and biological plausibility are also provided by toxicological 
studies, as increases in lung injury and enhanced allergic responses accompanying oxidative stress 
and inflammation were observed in animals exposed to PM2.5. Thus, the overall evidence supports 
a causal relationship between short-term exposure to PM2.5 and respiratory-related mortality 
and morbidity, reconfirming the causal relationship established in the CSSA.

Long-term exposure
For long-term exposure to PM2.5, a small but growing epidemiological database suggests that 
there is an association between PM2.5 exposure and overall respiratory and COPD-specific mortality. 
Morbidity outcomes associated with PM2.5 exposure included reduced lung function, development 
of chronic respiratory conditions and related hospital visits and increased respiratory symptoms. 
There are some limitations in the overall database, specifically, the strength and consistency of the 
associations in the respiratory mortality dataset, in comparison to that of all-cause or cardiovascular 
mortality. Furthermore, the toxicological database is limited to shorter-term exposure studies. 
Nevertheless, there is some evidence of biological plausibility and coherence, mainly for asthma 
diagnosis and reduced lung function. The weight of evidence supports a likely causal relationship 
between respiratory morbidity and long-term exposure to PM2.5, resulting in increased asthma 
development, asthma exacerbations and reduced lung function, especially in children and asthmatics. 
This is a change from the CSSA, which found that the evidence was only suggestive of a causal 
relationship. The evidence of a relationship between respiratory mortality and PM2.5 exposure is 
also suggestive of, but not sufficient to infer, a causal relationship, whereas the CSSA had 
previously found that the evidence was inadequate to draw any conclusion regarding causality.

Cancer effects
Multiple large Canadian and American epidemiological cohort studies have consistently reported 
an increase in lung cancer incidence and mortality following exposure to PM2.5. The toxicological 
database provides coherence to the epidemiological findings, with numerous studies showing 
evidence of oxidative stress, inflammation and direct and indirect genotoxicity. Such mechanisms 
are known to induce mutations and are key to cancer initiation and development; as such they 
provide biological plausibility to the various epidemiological studies observing increased risk in 
lung cancer development. However, no complete long-term carcinogenicity studies are available. 
For other types of cancer (including breast cancer), the lack of high-quality published studies, 
potential confounding and large confidence intervals (imprecision) of results prevent the drawing 
of any specific conclusion. Overall, the database continues to support a likely causal relationship 
between exposure to PM2.5 and lung cancer morbidity and mortality, whereas the CSSA had 
sufficient information to conclude on a likely causal relationship for lung cancer mortality only.
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Neurological effects

Short-term exposure
A limited number of studies have investigated the relationship between short-term PM2.5 exposure 
and neurological effects. Only one epidemiological study analyzed the impact of short-term 
exposure to PM2.5 on neurological conditions. It reported associations between PM2.5 and hospital 
admission for Parkinson’s disease, Alzheimer’s disease and dementia. A few toxicological studies 
provide biological plausibility to this result by showing increases in inflammatory and stress-related 
biomarkers in the brain of mice, potentially leading to more serious neurological conditions. Because 
of the small size of the database, it is not possible to assess the consistency, robustness, coherence, 
or strength of the results. There was no causality conclusion drawn for this outcome in the CSSA, and 
the evidence is inadequate to infer a causal relationship between short-term PM2.5 exposure and 
neurological outcomes.

Long-term exposure
The epidemiological study database on long-term exposure to PM2.5 and neurotoxicity is growing, 
but is still relatively small. A few cohort studies have reported associations between exposure to  
PM2.5 and risk of neurodegenerative diseases, reduced cognitive functions, and smaller white matter 
volume. In addition, alterations in brain morphology and increases in oxidative stress, inflammation 
and biomarkers of neurological degeneration provide biological plausibility for the epidemiological 
results. Some toxicological studies are also reporting alterations in behaviour that are coherent with 
some of these associations. There was no causality conclusion drawn for this outcome in the CSSA, 
however, the evidence is now suggestive of, but not sufficient to infer, a causal relationship 
between long-term exposure to PM2.5 and neurological outcomes.

Reproductive and developmental effects
The CSSA concluded that the evidence was suggestive of, but not sufficient to infer a causal 
relationship with reproductive and developmental outcomes for all PM fraction sizes. The CSSA 
only reviewed a limited number of studies on reproductive and developmental effects of PM2.5. 
Hence, only one conclusion was drawn for these two groups of health effects in the CSSA report.

In this update, the reproductive database is relatively small. Epidemiological evidence has mostly 
focused on associations with maternal health conditions during pregnancy (i.e., hypertensive 
disorders and gestational diabetes). Some studies indicate an association between exposure to  
PM2.5 and fertility, but overall the results are inconsistent. The small toxicological database provides 
some evidence of biological plausibility and coherence based on alterations in placenta tissue and 
sperm quality observed in experimental animals exposed to PM2.5. However, uncertainties remain 
regarding the strength, robustness, consistency and coherence of the associations and hence the 
evidence is considered to be inadequate to infer a causal relationship between PM2.5 exposure 
and reproductive outcomes. 

There is consistency in the epidemiological database relating PM2.5 exposure during pregnancy 
to birth weight-related outcomes. There is also coherence with the toxicological database, with a 
decrease in fetal weight being observed. Associations were robust, but more studies are needed to 
examine whether other factors may be at play (e.g., to identify any period(s) of susceptibility or critical 
window(s) of exposure), especially in relation to the involvement of other ambient air pollutants. 
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Despite the small size of the epidemiological datasets for birth defects and stillbirth, the toxicological 
database demonstrates some biological plausibility and coherence, since oxidative stress and 
inflammation seem to play a role in the mechanisms leading to heart, lung, and neurological 
malformations in the offspring of experimental animals exposed to PM2.5. Overall, the evidence 
is suggestive of, but not sufficient to infer, a causal relationship between PM2.5 exposure 
and developmental effects.

OTHER CONSIDERATIONS

Population subgroups with increased sensitivity
A number of population subgroups have increased sensitivity to PM2.5. Carrying certain variants 
of genes involved in oxidative stress defence, young age, smoking, and having pre-existing health 
conditions, such as cardiovascular diseases, diabetes, asthma, obesity and COPD, are factors that 
can enhance the risk of adverse health outcomes (cardiovascular outcomes, hospital visits, premature 
mortality, and asthma exacerbation) with exposure to PM2.5. Together, these factors affect a large 
proportion of the Canadian population, increasing the health risks of PM2.5 exposure.

Shape of the concentration-response relationship
Some epidemiological studies reviewed in this report specifically discussed the shape of the 
concentration-response relationship between PM2.5 exposure and health outcomes. The shape of the 
concentration-response relationship for both short- and long-term PM2.5 exposure and mortality and 
medical-related visits (i.e., hospital admissions, emergency room visits) appears to be approximately 
linear, with no clear evidence of a threshold at very low ambient concentrations. A linear concentration-
response relationship refers to a straight line where there is a constant rate of increase in response as 
the concentration increases. In some Canadian epidemiological studies, the analyses covered annual 
concentrations, which are below established CAAQS for PM2.5, in the 3 to 6 µg/m3 PM2.5 range. 
This supports the notion that no threshold exists between PM2.5 exposure and various health 
endpoints at levels close to background. A few studies further suggested a steeper slope at the 
lower PM2.5 concentrations than at higher concentrations. Without an apparent population threshold 
and with health effects observed at ambient concentrations measured in Canada, reductions of 
already low concentrations of PM2.5 can lead to a substantial health benefit to the Canadian population. 

Composition and source
Many PM2.5 components, including elemental carbon, black carbon, sulphate (SO4

2-), nitrate (NO3
-), 

and organic carbon, were associated with adverse health outcomes. Some studies have begun to 
identify key components that can represent markers of specific sources of PM2.5 and their associations 
with health outcomes. Exposure levels of PM2.5 mass were often correlated with its components. 
The associations between PM2.5 components and health outcomes were sometimes similar to that 
of PM2.5 mass. Overall, no comprehensive conclusion on the specific contribution of each individual 
component to the health effects of PM2.5 can be formulated at this time given the wide qualitative 
and quantitative variations in terms of constituents (i.e. metals, organic compounds). While the 
evidence continues to report strong and consistent associations with PM2.5 mass, evidence related 
to associations with individual component and specific source of PM2.5 continue to emerge.
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Effects of other pollutants
Only a small database is available on the modification of the health effects when exposed in 
combination with other pollutants. There are some indications that O3 can enhance the adverse 
effects of PM2.5, especially for cardiovascular and respiratory outcomes. However, the small size of 
the database and the issues with statistical modelling of co-pollutants, such as measurement errors 
across co-pollutants, collinearity, and spatial analyses, for example, impede drawing conclusions 
on these complex interactions.

Emerging health effects and research needs
Emerging health effects have been identified in the research conducted since the CSSA. In 
particular, relationships between PM2.5 exposure and metabolic effects (e.g., diabetes), reproductive 
and developmental outcomes (e.g., maternal hypertensive disorders, lower birth weight), and 
neurological outcomes (e.g., neurodegenerative diseases and cognitive impairment) were shown 
in limited but emerging epidemiological and toxicological studies. Studies on the relationship 
between PM2.5 exposure and metabolic effects are discussed under the cardiovascular effects 
sections in this report, given its interrelation with cardiovascular diseases. No specific causality 
conclusion was developed for metabolic effects, as the literature database is limited; however, the 
few studies available provide support to the conclusions on the cardiovascular effects. In the case 
of reproductive and developmental effects of PM2.5, the available literature has been expanding, 
particularly for developmental epidemiological studies (e.g., birth outcomes), giving rise to separate 
causality conclusions for reproductive and developmental effects. There was also some evidence 
of adverse outcomes on the immune system, kidneys, spleen, thymus, and liver, but they did not 
contribute to the conclusions on the causality relationships as the database was too small. It is 
biologically plausible that exposure to PM2.5 can affect many systems in the body since the induction 
of oxidative stress, inflammation and alterations of epigenetic and gene expression are toxic effects 
that can occur in every tissue.

CONCLUSION

The collective weight of evidence continues to support the finding that PM2.5 exposure affects 
human health for a wide range of outcomes. Some of the health effects considered in this report 
include mortality, hospitalizations, and emergency room visits. Causal relationships between  
short- and long-term exposure to PM2.5 and all-cause mortality were confirmed. Causal relationships 
between short-term exposure to PM2.5 and cardiovascular and respiratory effects (morbidity and 
mortality) were also confirmed. Likely causal relationships between long-term exposure to PM2.5 
and cardiovascular and respiratory morbidity effects and lung cancer morbidity and mortality were 
concluded. There are also emerging studies suggesting that PM2.5 exposure can lead to other health 
outcomes, such as neurological, metabolic and developmental effects, increasing the potential public 
health impact. This argument is supported by the non-specific mechanism of action of PM2.5.
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Chapter 1:	  
INTRODUCTION

Particulate matter (PM) is a complex mixture of small airborne liquid and solid particles that are 
classified by size. PM can be emitted directly (primary PM) or formed in the atmosphere (secondary 
PM) by reactions involving different gaseous precursors, including nitrogen oxides, sulphur dioxide 
(SO2), volatile organic compounds, and ammonia. Primary PM and the gaseous precursors leading 
to the formation of secondary PM originate from both natural sources (e.g., windblown soil, sea salt 
spray, volcanic dust) and anthropogenic sources (e.g., fossil fuel burning, various industrial processes, 
agricultural activity, road dust) from within and outside Canada. The main particles of concern for 
human health are those that can penetrate into the respiratory tract; they are classified by size 
as PM10 (≤

 10 μm in mass median aerodynamic diameter), coarse PM (10 to 2.5 μm, PM10-2.5), fine 
PM (≤ 2.5 μm, PM2.5) and ultrafine particle (≤ 0.1 μm, UFP).

1.1.	 CANADIAN AIR QUALITY POLICY CONTEXT

Air pollution, specifically from ambient PM2.5, is one of the leading environmental causes of  
death and disease both globally and in Canada, according to the 2019 Global Burden of Disease 
project (IHME, 2021). Despite relatively low levels of air pollution compared to other countries,  
Health Canada estimates that 15,300 premature deaths per year in Canada are linked to ambient air 
pollution from PM2.5, nitrogen dioxide (NO2) and ground-level ozone (O3). Of these, 10,000 premature 
deaths per year are estimated to be due to PM2.5 (Health Canada, 2021).

Ambient air quality management in Canada is a shared responsibility among federal, provincial, 
territorial and some cases municipal governments, made possible through an array of commitments 
and initiatives that have evolved over many decades.

Federal, provincial and territorial governments work together in partnership under the framework 
of the Canadian Council of Ministers of the Environment (CCME). In 2012, Canadian environment 
ministers1 agreed to take further action to protect the health of Canadians and the environment  
with measures to improve air quality in Canada through a comprehensive Air Quality Management 
System (AQMS) (CCME, 2014). The AQMS includes the establishment of Canadian Ambient Air 
Quality Standards (CAAQS) for air pollutants of concern and the setting of new base-level industrial 
emissions requirements for major industrial sectors and equipment groups. It also provides a 
platform for the management of air quality at local and regional levels and a collaborative process  
to address mobile source emissions. Implementation of the AQMS is supported by extensive federal 
science, including research, monitoring and modelling. The CAAQS are established as air quality 
objectives under the Canadian Environmental Protection Act (Government of Canada, 1999) to drive 
continuous improvement of air quality across Canada based on the current scientific evidence. Where 
CAAQS are exceeded, governments may require further emission reductions from industrial and 

1	 In October 2012, Ministers of the Environment, with the exception of Quebec, agreed to implement a new Air Quality Management  
System (AQMS). While Québec supports the general objectives of AQMS, it will not implement it. However, Québec will collaborate  
with jurisdictions on developing some elements of the system, notably air zones and airsheds.
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non-industrial pollution sources to address air quality issues. Intermediate management levels (levels 
set below the CAAQS) have been established, with the objective of improving air quality, to prevent 
air quality deterioration and to keep clean areas clean; they may be used by jurisdictions in their own 
air quality management frameworks. The AQMS also addresses the transboundary movement of air 
pollutants between provinces and territories and between Canada and the United States.

Canadian ambient air quality standards for PM2.5
One of the key elements of the AQMS is the CAAQS for selected air pollutants: PM2.5, O3, NO2 and 
SO2. The CAAQS are developed through a collaborative process involving the federal, provincial 
and territorial governments and stakeholders (industry associations as well as non-governmental 
and Indigenous organizations). Under this process, CAAQS were developed for PM2.5 for both 
2015 and 2020, with future revision of the CAAQS anticipated in response to developments in the 
understanding of health and environmental effects, as well as analysis in trends in emissions and 
ambient concentrations. The 24-hour and annual 2020 CAAQS for PM2.5 are 27 µg/m3 and 8.8 µg/m3, 
respectively, which are relevant to short-term and chronic exposure scenarios, respectively. The 
findings from this report will be used to inform the setting of the future CAAQS for PM2.5.

1.2.	 OBJECTIVES AND INCLUSION CRITERIA 

Objectives
This report provides an update of the health-related science for the PM2.5 fraction in the context 
of ambient air pollution in Canada since the publication of the Canadian smog science assessment. 
Volume 2: health effects (Health Canada, 2013), which is referred to as CSSA in this report, with 
the intention to inform the development of the updated CAAQS for PM2.5 and risk management 
strategies. This report also identifies emerging health effects and data gaps to guide future research.

Inclusion criteria
The literature search for this report was conducted using multiple search methods. First, a list of 
references (up to October 2015) was obtained from the United States Environmental Protection 
Agency (US EPA) via personal communication, as they were updating their Integrated Science 
Assessment for PM. Their search was based on the PubMed and Web of Science databases (US EPA, 
2019). In addition, the Health Library of Health Canada and the Public Health Agency of Canada 
conducted searches using the Scopus, Embase and Medline databases to identify additional peer-
reviewed studies published between 2007 until the end of 2016. The broad conclusions of the CSSA 
were also mentioned and used as a reference point to compare with the updated conclusions in this 
report. The CSSA details scientific articles published before the end of 2006. This update includes 
scientific peer-reviewed information published from the beginning of 2007 through the end of 2016.

Ambient PM2.5 is a complex mixture containing numerous components. This document focuses 
primarily on health effects from exposure to PM2.5 mass, but also highlights information regarding 
components and sources. Size fractions greater than PM2.5 are not considered. In addition, studies 
that focused specifically on size fractions smaller than PM2.5 such as UFP are not considered. This 
report reviews environmental epidemiological studies, experimental studies conducted in humans 
and toxicological experimental studies conducted in animals and in vitro. The epidemiological 
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evidence is further categorized by exposure duration. Short-term exposure to PM2.5 refers to hours 
up to 1 month of exposure and long-term exposure to PM2.5 refers to 1 month to years of exposure. 
Additional inclusion criteria specific to the study categories are described in the Appendix A.

1.3.	 CONTENT OF THE REPORT

This report summarizes and integrates scientific information pertaining to the health effects induced 
by exposure to PM2.5 as reported in environmental epidemiological studies, experimental studies 
in humans, and toxicological studies as part of the weight of evidence approach for causality 
determination. The causality framework is discussed in further detail in section 1.4. This report 
assesses the causality relationship between the ambient PM2.5 concentrations to which Canadians 
are exposed and health outcomes. It also highlights population subgroups with increased risk of 
health effects of PM2.5 and discusses the shape of the concentration-response relationships between 
PM2.5 and health outcomes. Emerging health effects and research needs are also identified. Together, 
this information is used to draw inferences about the risk that ambient PM2.5 poses to human health.

1.4.	 FRAMEWORK FOR WEIGHT OF EVIDENCE FOR  
CAUSALITY DETERMINATION

To evaluate the weight of evidence of the relationship between exposure to PM2.5 and adverse health 
outcomes, it is necessary to examine the various lines of evidence and to assess the evidence as a 
whole using established criteria for causality determination. The evidence for the various categories 
of health outcomes is presented in an integrated fashion by reporting the findings from the available 
epidemiological, controlled human exposure, and toxicological studies together. This collective 
evidence is then evaluated for various categories of health outcomes in light of considerations such 
as the Bradford-Hill criteria, which have traditionally been used to assess how likely it is that the 
observed associations are causal.

These considerations include:
•	 the strength of association, 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 coherence of the relationship between exposure to PM2.5 and related endpoints within  
and across toxicological, controlled human exposure, and various types of epidemiological 
studies; and

•	 the biological plausibility of the associations in light of what is known regarding PM2.5 dosimetry 
and the types of effects observed and associated potential mechanisms of action, based  
largely on toxicological and controlled human exposure studies.
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Biological gradient was analyzed in chapter 4 (Shape of the concentration-response relationship). 
Temporal sequence was considered by including and giving higher weight to cohort studies. 
Using the framework for Weight of Evidence for Causality Determination from the Preamble to 
the Integrated Science Assessments (US EPA, 2015), the above considerations are used to draw 
conclusion with respect to the weight of evidence for a given health effect or related set of 
health effects, as detailed in Table 1.1.

TABLE 1.1: Weight of evidence for causality determination–health effects*

Relationship Description

Causal relationship Evidence is sufficient to conclude that there is a causal relationship with relevant pollutant exposures 
(i.e., doses or exposures generally within one to two orders of magnitude of current levels). That is, 
the pollutant has been shown to result in health effects in studies in which chance, bias, and 
confounding could be ruled out with reasonable confidence. For example: a) controlled human 
exposure studies that demonstrate consistent effects; or b) observational studies that cannot be 
explained by plausible alternatives or are supported by other lines of evidence (e.g., toxicological 
studies or mode of action information). Evidence includes multiple high-quality studies.

Likely to be a  
causal relationship

Evidence is sufficient to conclude that a causal relationship is likely to exist with relevant pollutant 
exposures, but important uncertainties remain. That is, the pollutant has been shown to result in 
health effects in studies in which chance and bias can be ruled out with reasonable confidence, but 
potential issues remain. For example: a) observational studies show an association, but co-pollutant 
exposures are difficult to address and/or other lines of evidence (controlled human exposure, animal, 
or mode of action information) are limited or inconsistent; or b) animal toxicological evidence from 
multiple studies from different laboratories demonstrates effects, but limited or no human data are 
available. Evidence generally includes multiple high-quality studies.

Suggestive of, but  
not sufficient to infer  
a causal relationship

Evidence is suggestive of a causal relationship with relevant pollutant exposures, but is limited.  
For example: a) at least one high-quality epidemiologic study shows an association with a given 
health outcome but the results of other studies are inconsistent; or b) a well-conducted toxicological 
study, such as those conducted in the National Toxicology Program, shows effects in animal species.

Inadequate to infer  
a causal relationship

Evidence is inadequate to determine that a causal relationship exists with relevant pollutant 
exposures. The available studies are of insufficient quantity, quality, consistency, or statistical  
power to permit a conclusion regarding the presence or absence of an effect.

Not likely to be  
a causal relationship

Evidence is suggestive of no causal relationship with relevant pollutant exposures. Several adequate 
studies, covering the full range of levels of exposure that human beings are known to encounter  
and considering at risk populations, are mutually consistent in not showing an effect at any level  
of exposure.

*	Modified from US EPA, 2015
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1.5.	 ADVANTAGES AND LIMITATIONS OF ENVIRONMENTAL 
EPIDEMIOLOGICAL STUDIES 

Environmental epidemiological studies provide the most extensive and relevant evidence of  
the adverse human health effects of PM2.5 air pollution. They investigate responses in the general 
population, which takes into account the heterogeneity of the human populations (including 
susceptible subgroups and disease/illness status). Exposure to PM2.5 occurs as a component of  
the ambient mixture of pollutants in “real world” settings in these studies. These studies represent a 
major component of the weight of evidence on the relationship between the health of the population 
and exposure to PM2.5 in the ambient air. These studies normally take into consideration participant 
characteristics, such as age, gender, education level, socioeconomic status and smoking, and 
ecological and temporal variables to account for confounding. These studies examine both the  
clinical health outcomes, including mortality, hospital visits and diagnosis of symptomatic diseases, 
and subclinical outcomes, such as changes in blood pressure, lung function or physiological 
biomarkers. The analyses often incorporate a very large sample size, with a large number of 
participants within a city, across different cities or at a national scale. The use of human data avoids  
the need to extrapolate from animal data, which do not always represent relevant human health 
outcomes and ambient exposure scenarios (Raffaele et al., 2011). However, environmental 
epidemiological studies are observational, and the focus is at the population level rather than  
at individual level.

Co- and multi-pollutant analyses
Ambient air contains pollutants in addition to PM2.5. Epidemiological studies conducting single-
pollutant analyses focusing only on PM2.5 do not always consider the potential influence of other  
air pollutants. As a result, there can be uncertainty as to whether the associations are due to  
PM2.5 alone or whether PM2.5 acts as a surrogate for co-varying air pollutants. Co-pollutant (PM2.5  
and another air pollutant) and multi-pollutant (PM2.5 and two or more other air pollutants) analyses  
are often conducted within environmental epidemiological studies to address this concern. Multi-
pollutant analyses are not as common, because the model can become unstable due to a number  
of reasons: correlation of several pollutants, differential measurement errors among the pollutants 
and the fact that certain pollutants (e.g., sulphur oxides, nitrogen oxides) are known precursors of 
secondary PM2.5 (Tolbert et al., 2007). This typically shifts the effect estimates towards the null (effect 
estimates of smaller magnitude compared with analyses conducted in the absence of error) (Raffaele 
et al., 2011). Thus, many epidemiological data focused on single-pollutant or co-pollutant analyses.

PM2.5 surrogate of exposure
The use of central site monitors to represent population exposure in epidemiological studies had 
been a common practice in studies included in the CSSA. Although these are actual measurements, 
monitoring stations can also introduce uncertainty in the results as they can be at a substantial 
distance from individuals and populations and do not consider the fact that individuals move through 
a variety of microenvironments and engage in diverse activities. There has since been advancement 
in new methods that can generate spatial surfaces of exposure (Sorek-Hamer et al., 2016; Hoek, 
2017). Some of the limitations of using central monitoring data alone have been compensated by  
the development of hybrid exposure surfaces, in which central monitoring data are complemented 
with land-use regression models, and, in some cases, by the incorporation of satellite remote sensing 
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data and chemical transport models to estimate PM2.5 levels at a finer scale. The hybrid exposure 
surface approach allows greater and ubiquitous coverage of urban and rural areas for large 
population studies. This approach found that populations living in rural areas are generally exposed 
to lower concentrations of PM2.5 than those in urban centres. In some panel studies with a small 
number of participants, daily exposure variations can be measured with the use of personal 
monitoring methods for each participant. For large-scale panel studies, central monitoring or 
hybrid exposure surface approaches are adopted to allow a larger participant sample size.

Many diseases, such as atherosclerosis, ischemic heart disease (IHD), and cancer, have slow progression 
and long latent time periods (i.e., it can be decades before diagnosis or onset of symptoms). Due to the 
lack of past PM2.5 exposure data, long-term exposure epidemiological studies often tend to use more 
recent exposure data to study the associations with these diseases. Alternatively, some researchers 
have conducted back trajectory analysis of exposure in an attempt to characterize the population’s 
exposure prior to health outcomes. In both cases, the exposure data are appropriate surrogates as 
empirical PM2.5 data were unavailable.

1.6.	 ADVANTAGES AND LIMITATIONS OF EXPERIMENTAL STUDIES 

Controlled human exposure studies
Human experimental studies help support the health outcome findings observed in environmental 
epidemiological studies. Controlled human exposure studies provide biologically plausible 
pathophysiological mechanisms underlying the associations observed in epidemiological studies.  
By controlling the exposure, these studies provide compelling evidence that PM2.5 can cause health 
effects, supporting what is reported in the observational studies. However, human experimental 
studies are generally limited to examining short-term, mild, reversible, and subtle physiological 
responses. These studies are typically conducted in small groups of relatively healthy individuals;  
they do not include those who may be most at risk and are not necessarily representative of the 
general population. They are therefore unable to capture the range of effects and the profiles of 
affected populations. The exposed concentration range in these types of studies is above typical 
Canadian ambient levels, but remain in the ambient range that can be experienced in some other 
countries. These levels are considered appropriate for experimental settings, as they allow 
observation of reversible subclinical non-adverse effects in a short period of exposure.

Toxicological studies
In contrast to controlled human studies, experimental animals are exposed to similar or higher  
PM2.5 concentrated ambient particle (CAP) concentrations, sometimes for longer time periods.  
The control of exposure, co-pollutant(s), diet and genetic homogeneity between exposure groups 
limit the risk of bias and confounding that can occur in epidemiological studies. However, the health 
effects observed in animals might not always represent the large variability of health status and 
conditions found in the human population. Sensitive animal models, developed to mimic specific 
human sensitivities and conditions, have been used to investigate the role of PM2.5 in the progression 
of certain conditions or system dysfunction. These models are also useful to investigate the 
mechanism(s) of action involved in the effect of PM2.5, providing biological plausibility for the  
effects observed in humans.
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1.7.	 REPORTING OF RESULTS

The American Statistical Association has published a formal statement to clarify the proper use 
and interpretation of statistical test results (Wasserstein and Lazar, 2016). Some important aspects 
include, but are not limited to:

•	 statistical analysis results should not be viewed as a dichotomy (significant or not significant),  
but rather as a continuous measure; 

•	 a confidence interval is more informative than a p-value, as it covers a range where the actual 
effect estimate can lie within the upper and lower confidence interval;

•	 the lack of statistical significance of individual results and studies does not imply an absence 
of effect: the totality of the evidence must be considered (e.g., combined analysis of individual 
studies, which can even result in statistical significant association and persuasive evidence  
of an effect) (Greenland et al., 2016).

These important aspects are incorporated in this report. As much as possible, this update considers 
the highest risk estimates (significant or non-significant) reported in each individual study that were 
adjusted for all the major covariates in quantitative statistical analyses. To enhance the comparability 
of the risk estimates between studies, these relative risks are presented as a uniform increment of 
exposure. Forest plots are presented in this report. They were constructed to provide information  
on estimates of risk for a given health effect outcome per standardized concentration (10 µg/m3)  
of PM2.5, assuming a linear association between PM2.5 concentration and specific health outcomes. 
Furthermore, adjusted risk estimates were presented from the main models of the studies in order  
to control for relevant age, health conditions, behavioural, socio-demographic and geographical 
covariates. The purpose of the forest plots is to provide a visual representation of the included 
studies. Meta-analysis of the included studies was not conducted by Health Canada.

The data presented below review the most relevant information, with a discussion on the meaning  
of these findings in terms of causality. Not all references are cited as the database is large; some  
key studies are highlighted.

Biomarkers of inflammation (e.g., levels of fibrinogen, interleukin, C-reactive protein) and metabolic 
effects (e.g., diabetes, insulin sensitivity, circulating lipids) are described under the cardiovascular 
effects sections, given the interconnected nature of these outcomes with the cardiovascular system. 
Developmental-related health outcomes that fall under specific organs or systems (i.e., cardiovascular, 
respiratory, neurological) are described in the respective organ-system-related chapter in detail and 
are briefly reported in the developmental section.
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Chapter 2:	  
SUMMARY AND WEIGHT OF  
EVIDENCE FOR SELECTED CATEGORIES 
OF HEALTH EFFECTS ASSOCIATED 
WITH AMBIENT PM2.5

The following sections summarize and evaluate the collective results from environmental 
epidemiological, controlled human exposure and experimental toxicological studies. Causality 
relationships are evaluated using the framework for weight of evidence for causality determination 
discussed in section 1.4.

2.1.	 ALL-CAUSE MORTALITY

Short-term exposure to PM2.5

Conclusion from the CSSA
The CSSA concluded that there is a causal relationship between short-term exposure to PM2.5 and 
all-cause mortality, which accounts for deaths due to natural-cause (also known as non-accidental) 
and external causes such as accidents and homicide. The assessment of causality was based on the 
evidence from epidemiological mortality databases—all-cause, cardiovascular and respiratory-related 
mortality databases. In addition, biological plausibility in terms of disease progression was taken from 
morbidity and toxicological evidence. Epidemiological studies were generally conducted in urban 
areas with ground monitors providing the exposure data. The association between PM2.5 exposure and 
all-cause mortality was robust since significant associations remained after adjusting for co-pollutants.

Updated information
In this update, we considered all-cause mortality to be equivalent to non-accidental mortality, 
as the majority of all-cause mortality is due to natural-cause and most of the literature reported 
non-accidental mortality (although a few older studies did report all-cause mortality). Multi-city 
epidemiological studies conducted in Canada and the United States continue to report positive 
and significant associations between PM2.5 exposure and all-cause mortality (Figure 2.1). This includes 
results that analyzed participants residing across different states and cities in the United States 
(Zanobetti and Schwartz, 2009; Krall et al., 2013; Lippmann et al., 2013; Dai et al., 2014; Lee et al., 2016). 
Systematic review with meta-analysis studies also reported that short-term PM2.5 exposure is associated 
with a significant increase in the risk of premature all-cause mortality (Levy et al., 2012; Atkinson et  
al., 2014; Mills et al., 2016). Advancements in exposure methodology led to the creation of improved 
PM2.5 exposure estimate surfaces covering larger geographic areas, thus allowing inclusion of 
populations spanning a large region (i.e., provinces, states or entire country), instead of only those 
residing near ground monitors (generally in urban settings). The evidence published since the CSSA 
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shows that the positive association between PM2.5 and all-cause mortality is not limited to urban 
centres, but is also found in suburban, exurban, rural and semirural locations. In addition, a study 
investigating the potential impact of co-pollutants reported a positive and significant association 
even after adjusting for coarse PM (Zanobetti and Schwartz, 2009). This finding complements 
previous findings observed in the CSSA. Epidemiological evidence continues to support the 
conclusion that short-term exposure to PM2.5 is associated with an increased risk of all-cause mortality.
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FIGURE 2.1: Point estimates and 95% confidence intervals for all-cause mortality per standardized 
increment (10 µg/m3 for 24 h) in short-term ambient PM2.5 concentration in single-pollutant models  
in epidemiological studies
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A.	 Vancouver, BC; Villeneuve et al. (2003); aged ≥65; lag 2 d;  
24-h mean (dichotomous samplers) = 11.3 µg/m3

B.	 12 Canadian cities; Burnett et al. (2004); all ages; lag 1 d;  
24-h mean = 12.8 µg/m3

C.	 Montreal, QC; Goldberg et al. (2006); aged ≥65 with 
diabetes (all types); lag 0-2 d; 24-h mean = 17.4 µg/m3

D.	 8 Canadian cities; Burnett and Goldberg (2003); all ages;  
lag 1 d; D1 = GAM with stricter convergence criteria,  
D2 = GLM with natural splines; 24-h mean = 13.3 µg/m3

E.	 Los Angeles counties, CA; Moolgavkar (2003); all ages;  
lag 0 d; 24-h mean not reported

F.	 Fulton and DeKalb counties, GA; Klemm et al. (2004);  
aged ≥65; lag 0-1 d; 24-h mean = 19.62 µg/m3

G.	 Spokane, WA; Slaughter et al. (2005); all ages; lag 1 d;  
24-h mean not reported

H.	 9 California counties; Ostro et al. (2006); aged ≥65; lag 0-1 d;  
24-h mean = 19.4 µg/m3 

I.	 27 US communities; Franklin et al. (2007); all ages; lag 1 d;  
24-h mean = 15.7 µg/m3

J.	 6 US cities; Klemm and Mason (2003); all ages;  
lag 0-1 d; J1 = GAM with stricter convergence criteria,  
J2 = GLM with natural splines; 24-h mean not reported

K.	 25 US cities; Franklin et al. (2008); all ages; lag 0-1 d;  
24-h mean not reported

L.	 112 US cities; Zanobetti and Schwartz (2009); all ages;  
lag 0-1 d; 24-h mean = 13.22 µg/m3

M.	Massachusetts; Kloog et al. (2013); all ages; lag 0-1 d;  
M1 = no restriction based on monitor location,  
M2 = within 20 km of an ambient monitor, M3 = more than 
20 km from an ambient monitor; 24-h mean = 9.8 µg/m3

N.	 72 US urban communities; Krall et al. (2013); all ages;  
lag 1 d; 24-h mean = 13.6 µg/m3

O.	 148 US cities; Lippmann et al. (2013); all ages; lag 0 d;  
24-h mean = 7.89 µg/m3

P.	 121 US cities; Zanobetti et al. (2014a); aged ≥65; lag 0-1 d; 
24-h mean = 12.06 µg/m3

Q.	 75 US cities; Dai et al. (2014); all ages; lag 0-1 d

R.	 New England states; Shi et al. (2016); aged ≥65; lag 0-1 d; R1 = no restriction, R2 = analyses restricted to PM2.5 levels below  
US NAAQS (<30 µg/m3); 24-h mean = 8.21 µg/m3 

S.	 3 US states; Lee et al. (2016); all ages; lag 0-1 d; S1 = modelled-PM2.5 data, S2 = monitored-based PM2.5 data; 24-h mean = 11.1 µg/m3

T.	 11 studies (1 Canada, 8 United States, 2 Europe); Levy et al. (2012)

U.	 8 single and multi-city studies from WHO regions; Atkinson et al. (2014)

V.	 3 studies (1 Canada, 1 United States, 1 Mexico); Mills et al. (2016)

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA

	{ Published systematic review with meta-analysis studies

The systematic review with meta-analysis by Levy et al. (2012) includes results from the following primary studies: Villeneuve et al. (2003)  
and Klemm et al. (2004). The systematic review with meta-analysis by Mills et al. (2016) includes results from the following primary study:  
Burnett et al. (2004). CI = confidence interval; CSSA = Canadian Smog Science Assessment; GAM = generalized additive model;  
GLM = generalized linear model; km = kilometre; NAAQS = National Ambient Air Quality Standards; PM2.5 = PM of 2.5 μm or less  
in median aerodynamic diameter; SR-MA = systematic review with meta-analysis; US = United States; WHO = World Health Organization;  
WHO regions = African Region, Eastern Mediterranean Region, European Region, Regions of the Americas, South-East Asian Region,  
Western Pacific Region
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Conclusion for short-term PM2.5 exposure and all-cause mortality
In summary, population-based epidemiological studies continued to report positive and significant 
associations between short-term exposure to PM2.5 and all-cause mortality. Multi-city analyses as 
well as systematic review with meta-analysis studies indicated that there is consistency in the results 
across studies conducted at different times and locations. The advantage of all-cause mortality 
analysis is that it avoids cause of death misclassifications and covers potential deaths associated 
with PM2.5 exposure in organ and systems that were not well studied. The strength and consistency 
of the associations were further refined through the use of improved exposure surfaces covering 
larger geographic areas, which allowed more precise PM2.5 exposure estimates spanning urban and 
rural populations. Adjustments for co-pollutants did not alter the significant association between 
PM2.5 exposure and all-cause mortality, lending further support to the robustness of the evidence. 
Moreover, coherence of the relationship is supported by studies reporting morbidity due to disease 
progression and mortality related to cardiovascular and respiratory effects and short-term PM2.5 
exposure. The results of these studies are discussed in subsequent sections in this chapter. The 
biological plausibility and coherence of these findings are well supported by mechanistic data in 
toxicological studies (e.g., by causing oxidative stress and inflammation leading to cardiovascular 
and respiratory effects, or exacerbation of pre-existing health conditions that can ultimately result 
in mortality), subclinical findings in epidemiological studies and controlled human exposure studies. 
Thus, this update further confirms that there is a causal relationship between short-term exposure 
to PM2.5 and all-cause mortality.

Long-term exposure to PM2.5

Conclusion from the CSSA
The CSSA concluded that there was a causal relationship between all-cause mortality and long-term 
exposure to PM2.5. The epidemiological database was robust with consistent positive and significant 
associations between all-cause mortality and PM2.5 exposure. This causal relationship is well 
established and is widely accepted by other international agencies (WHO, 2006, 2013; US EPA, 2009).

Updated information
In this update, all Canadian cohort studies reported positive and significant associations between 
PM2.5 exposure and all-cause mortality (Figure 2.2). Similarly, two large cohort studies (American 
Cancer Society [ACS] and the Harvard Six Cities Study [H6CS]) and other smaller American cohort 
studies continued to support the positive and significant associations between long-term exposure 
to PM2.5 and all-cause mortality (Figure 2.3; Figure 2.4; Figure 2.5). In most studies that performed 
co-pollutant or multi-pollutant analyses, which considered O3, NO2 or other size fractions of PM, the 
positive association between PM2.5 exposure and all-cause mortality remained strong (Jerrett et al., 
2009, 2013; Puett et al., 2009; Crouse et al., 2015; Thurston et al., 2016a). Furthermore, two systematic 
review with meta-analysis studies that were based on cohort studies from North America and Europe 
reported significant positive associations between all-cause mortality and long-term PM2.5 exposure 
(Table 2.1). One Canadian study suggested that survivors of acute myocardial infarction might be 
more susceptible to the effect of PM2.5 with respect to premature mortality (Chen H et al., 2016). 
Although PM2.5 levels have declined in Canada and the United States in the last decade, Canadian 
and American epidemiological studies have continued to report positive and significant associations 
between PM2.5 exposure and all-cause mortality.
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FIGURE 2.2: Point estimates and 95% confidence intervals for all-cause mortality per standardized 
increment (10 µg/m3) in long-term ambient PM2.5 concentration in single-pollutant models  
(unless otherwise noted) in Canadian cohort studies
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Point estimates; 95% CIs

A.	 CanCHEC; nationwide; Crouse et al. (2012); 10 years of follow-up; 
A1 = standard Cox proportional hazards model, A2 = nested, 
spatial random-effects Cox model; annual mean = 8.7 µg/m3

B.	 CanCHEC; nationwide; Crouse et al. (2015); 16 years of follow-up; 
standard Cox proportional hazards model; B1 = PM2.5 alone,  
B2 = PM2.5 adjusted for O3 and NO2; annual mean = 8.9 µg/m3

C.	 CanCHEC; Ontario; Weichenthal et al. (2016a); 18 years of 
follow-up; standard Cox proportional hazards model;  
annual mean = 9.8 µg/m3

D.	 CanCHEC; nationwide; Cakmak et al. (2016); 16 years of 
follow-up; standard Cox proportional hazards model;  
D1 = PM2.5 alone, D2 = PM2.5 adjusted for O3; annual mean range 
from 2 to 8.8 µg/m3 for the different climate zones*; information 
obtained via personal communication with authors on  
July 11, 2019

E.	 CCHS; Pinault et al. (2016); up to 12 years of follow-up; standard 
Cox proportional hazards model; E1 = full cohort, E2 = females 
only, E3 = males only; annual mean = 6.32 µg/m3

F.	 Ontario; Chen H et al. (2016); acute MI patients; up to 12 years 
of follow-up; F1 = standard Cox proportional hazards model,  
F2 = nested, spatial random-effects Cox model; annual  
mean = 10.7 µg/m3

	z Studies published since the CSSA (Health Canada, 2013)

*	climate zones of Canada: Polar, East Coast, Great Lakes St. Lawrence, West Prairies, West Coast, East Prairies, West Central;  
CanCHEC = Canadian Census Health and Environment Cohort; CCHS = Canadian Community Health Survey; CI = confidence interval;  
MI = myocardial infarction; NO2 = nitrogen dioxide; O3 = ozone; PM2.5 = PM of 2.5 μm or less in median aerodynamic diameter
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FIGURE 2.3: Point estimates and 95% confidence intervals for all-cause mortality per standardized 
increment (10 µg/m3) in long-term ambient PM2.5 concentration in single-pollutant models (unless 
otherwise noted) in the American Cancer Society cohort 
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A.	 Pope et al. (1995); original study; 1982–1989; annual mean ranged from 
9.0 µg/m3 to 33.5 µg/m3 

B.	 Pope et al. (2002); extended analyses: B1 = 1979–1983, B2 = 1999–2000,  
B3 = 1979–2000; annual means of 21.1 µg/m3 (1979–1983), 14.0 µg/m3 
(1999–2000) and 17.7 µg/m3 for the entire period

C.	 Krewski et al. (2000, 2003, 2005); re-analysis; 1982–1989; C1 = re-analysis  
of the original study results, C2 = re-analysis with alternative model;  
annual mean ranged from 9.0 µg/m3 to 33.5 µg/m3 

D.	 25 Californian counties; Enstrom (2005); elderly subjects only;  
D1 = 1973–1982, D2 = 1983–2002; annual overall mean = 23.4 µg/m3

E.	 Los Angeles, CA; Jerrett et al. (2005); 1982–2000; E1 = controlling  
for 44 individual covariates, E2 = controlling for 44 individual and  
8 contextual covariates; annual mean not reported

F.	 Jerrett et al. (2009); re-analysis including 86 MSAs; annual mean  
ranged from 11.9 µg/m3 to 15.4 µg/m3

G.	 Krewski et al. (2009); extended analysis; exposure using LUR model 
including 44 individual level and 7 ecological covariates; G1 = 1979–1983, 
G2 = 1999–2000; annual mean = 21.20 µg/m3 for 1979–1983 and  
14.02 µg/m3 for 1999–2000

H.	 California; Jerrett et al. (2013); exposure using LUR; 42 individual level  
and 7 ecological covariates; annual mean = 14.09 µg/m3 

I.	 Lippmann et al. (2013); 42 individual level and 6 ecological covariates;  
annual mean = 14.2 µg/m3

J.	 Turner et al. (2016); exposure data using a national-level hybrid LUR  
and BME interpolation model; Cox proportional hazards regression 
models adjusted for individual and ecological-level covariates; 
multi-pollutant models adjusted for O3 and NO2; J1 = regional PM2.5 

1999–2004, J2 = 1982–2004 near-source PM2.5; annual mean = 12.6 µg/m3

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA

ACS = American Cancer Society; BME = Bayesian maximum entropy; CI = confidence interval; CSSA = Canadian Smog Science Assessment;  
LUR = land-use regression; MSAs = metropolitan statistical areas; NO2 = nitrogen dioxide; O3 = ozone; PM2.5 = PM of 2.5 μm or less in median 
aerodynamic diameter 



CANADIAN HEALTH SCIENCE ASSESSMENT FOR FINE PARTICULATE MATTER (PM2.5) 21

FIGURE 2.4: Point estimates and 95% confidence intervals for all-cause mortality per standardized 
increment (10 µg/m3) in long-term ambient PM2.5 concentration in single-pollutant models in the 
H6CS cohort
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A.	 Dockery et al. (1993); original study; 1974–1991; standard Cox proportional 
hazards model; annual mean ranged from 11.0 to 29.6 µg/m3 across the six 
US cities (overall mean not provided)

B.	 Krewski et al. (2000 and 2003 re-analysis); 1974–1991; B1 = standard  
Cox proportional hazards model, re-analysis of the original study results;  
B2 = standard Cox proportional hazards model, re-analysis with 
alternative model (original dataset); B3 = standard Cox proportional 
hazards model, re-analysis with alternative model (extended dataset);  
B4 = Poisson regression models, re-analysis with alternative analytic 
approaches, with incorporation of time dependency in smoking and  
BMI (original data set); B5 = Poisson regression models with incorporation 
of time dependency in city-specific annual averages of fine particles 
(original dataset); annual mean ranged from 9.0 to 33.5 µg/m3 across  
the six US cities (overall mean not provided)

Villeneuve et al. (2002); 1974–1991; Poisson regression models with 
temporal changes in PM2.5 and individual covariates; annual mean 
ranged from 10.9 µg/m3 to 28.6 µg/m3 across the six US cities (overall 
mean not provided) 

Laden et al. (2006); extended study; 1974–1998; standard Cox proportional 
hazards model; D1 = with the annual mean of PM2.5 level in the year of 
death, D2 = with PM2.5 modelled as average over the entire follow-up; 
annual mean ranged from 10.2 µg/m3 to 22.0 µg/m3 across the six  
US cities (overall mean not provided)

C.	 Lepeule et al. (2012); extended study; 1974–2009; standard Cox proportional 
hazards model; annual mean ranged from 11.4 µg/m3 to 23.6 µg/m3 
across the six US cities (overall mean = 15.9 µg/m3)

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA

BMI = body mass index; CI = confidence interval; CSSA = Canadian Smog Science Assessment; H6CS = Harvard Six Cities Study;  
PM2.5 = PM of 2.5 μm or less in median aerodynamic diameter
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FIGURE 2.5: Point estimates and 95% confidence intervals for all-cause mortality per standardized increment 
(10 µg/m3) in long-term ambient PM2.5 concentration in single-pollutant models in other American cohort studies 
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A.	 McDonnell et al. (2000); subset of the AHSMOG cohort; males only;  
California; 1973–1977; annual mean = 31.9 µg/m3

B.	 Lipfert et al. (2006); Veterans cohort (males only); B1 = 1989–1996  
(annual mean = 14.3 µg/m3), B2 = 1997–2001 (annual mean = 14.6 µg/m3)

C.	 Eftim et al. (2008); beneficiaries from Medicare Cohort (≥65 years of age)  
from locations corresponding to subjects included in the ACS or H6CS;  
50 MSAs; 2000–2002; C1 = Medicare-ACS (annual mean = 13.6 µg/m3),  
C2 = Medicare-SCS (annual mean = 14.1 µg/m3)

D.	 Zeger et al. (2008); beneficiaries from Medicare Cohort (≥65 years of age)  
living 6 miles from a US EPA monitoring station; 668 counties; 2000–2005;  
D1 = Eastern regions, D2 = Central regions, D3 = Western regions;  
overall median = 13.2 µg/m3 (overall mean not reported)

E.	 Shi et al. (2016); beneficiaries from Medicare Cohort (≥65 years of age);  
New England states; 2003–2008; E1 = full cohort, E2 = subjects restricted  
to chronic PM2.5 exposure <10 µg/m3; annual mean = 8.12 µg/m3

F.	 Kioumourtzoglou et al. (2016a); beneficiaries from Medicare Cohort  
(≥65 years of age); 207 cities; 2000–2010; annual mean = 12.6 µg/m3

G.	 Puett et al. (2009); subset of the NHS (middle-aged and elderly women); 
only subjects living from 13 contiguous MSAs in the Northeast and 
Midwest regions; 1992–2002; annual mean = 13.9 µg/m3

H.	 Hart et al. (2015); NHS (middle-aged and elderly women); 50 states; 
2000–2006; H1 = exposure assignment based on residential address  
with spatiotemporal prediction models (annual mean = 12.0 µg/m3),  
H2 = exposure assignment based on residential address with levels  
from the nearest US EPA monitor (annual mean = 12.7 µg/m3)

I.	 Ostro et al. (2010, 2011); CTS (females only); 2002–2007; subjects living  
30 km from a monitor (annual mean= 17.5 µg/m3) 

J.	 Lipsett et al. (2011); CTS (females only); 1999–2005; exposure assignment;  
annual mean = 15.64 µg/m3

K.	 Ostro et al. (2015); CTS (females only); 2001–2007; exposure assignment  
based on residential address with a chemical transport model; annual  
mean = 17.9 µg/m3

L.	 Hart et al. (2011); trucking industry (males only); 1985–2000; annual  
mean = 14.1 µg/m3

M.	Puett et al. (2011a); HPFS cohort (all males); subjects living in  
13 contiguous MSAs in the Northeast and Midwest regions; annual  
mean = 17.8 µg/m3

N.	 Weichenthal et al. (2014b); AHS cohort; Iowa and North Carolina (rural areas); 1993/ 1997–2009; N1 = full cohort, N2 = men only;  
annual mean = 9.52 µg/m3

O.	 Thurston et al. (2016a); NIH-AARP; six US states; 2000–2009; annual mean ranged from 2.9 µg/m3 to 28.0 µg/m3

P.	 Kloog et al. (2013); population-based cohort study; Eastern Massachusetts; 2000–2008; annual mean = 9.9 µg/m3

Q.	 Wang et al. (2016); population-based cohort study; New Jersey; 2004–2009; Q1 = difference-in-differences approach, AOD 1 km-1 km; Q2 = pooled 
meta-analysis, AOD 1 km–1 km; annual mean = 11.3 µg/m3

R.	 Eckel et al. (2016); population-based cohort study; California; 1988–2009; exposure assignment based on residential address using air monitoring data;  
mean = 13.7 µg/m3

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA

ACS = American Cancer Society; AHS = Agricultural Health Study; AHSMOG = Adventist Health Air Pollution Study; AOD = aerosol optical depth;  
CI = confidence interval; CSSA = Canadian Smog Science Assessment; CTS = California Teachers Study; HPFS = Health Professionals Follow-Up Study;  
H6CS = Harvard Six Cities Study; MSAs = metropolitan statistical areas; NIH-AARP = National Institutes of Health-American Association of Retired Persons;  
NHS = Nurses’ Health Study; PM2.5 = PM of 2.5 μm or less in median aerodynamic diameter; US EPA = United States Environmental Protection Agency
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TABLE 2.1: Systematic review with meta-analysis studies of the association between PM2.5 and  
all-cause mortality 

Reference
Study design, location 
(no. of studies)

Association with PM2.5, pooled estimate,  
95% CI per 10 µg/m3 increase in PM2.5

Chen et al. (2008)
Six cohort studies*: United States (five), 
Europe (one)

Pooled RR = 1.06; 95% CI 1.03, 1.10

Hoek et al. (2013)
Eleven cohort studies: Canada (one), 
United States (eight), Europe (two)

Pooled RR = 1.06; 95% CI 1.04, 1.08

*	Two out of six studies where all-cause mortality may have included accidental deaths according to Chen et al. (2008)

CI = confidence interval; PM2.5 = PM of 2.5 μm or less in median aerodynamic diameter; RR = relative risk

Conclusion for long-term PM2.5 exposure and all-cause mortality
In summary, population-based epidemiological studies including a number of well-established 
large cohort studies consistently reported positive and significant associations between long-term 
exposure to PM2.5 and all-cause mortality. The associations were found to be robust, as adjustments 
to co-pollutants generally did not show evidence of confounding. Given the various effects presented 
in the following sections of this chapter such as cardiovascular and metabolic, respiratory and cancer 
effects, there is biological plausibility evidence from epidemiological and toxicological studies to 
support that long-term exposure to PM2.5 can result in premature death from various specific causes. 
Overall, the evidence continues to support a causal relationship for all-cause mortality from long-
term exposure to PM2.5.

2.2.	 CARDIOVASCULAR AND METABOLIC EFFECTS

Short-term exposure to PM2.5

Conclusion from the CSSA
The CSSA concluded that there existed a causal relationship between short-term exposure to  
PM2.5 and cardiovascular morbidity and mortality. This was based on consistent and significant 
associations between exposure to PM2.5 and increases in hospital visits (both emergency room visits 
and admissions) and premature mortality, for cardiovascular outcomes. The associations were robust 
in co-pollutant models. Furthermore, panel studies demonstrated increases of vascular coagulation, 
inflammation and altered cardiac function in human participants, which provided evidence of the 
potential mechanistic basis of the clinical outcomes observed (i.e., hospital visits, mortality). 
Controlled human exposure studies, examining the potential cardiovascular effects associated with 
exposure to PM2.5 CAPs, were relatively rare at that time. Cardiac effects such as increased blood 
fibrinogen and decreased heart rate variability (HRV) were reported, but the results were not entirely 
consistent. Animals exposed to PM2.5 were shown to exhibit vasoconstriction, alterations in blood 
coagulation, and induction of neural reflexes at concentrations as low as 5 µg/m3, providing 
additional coherence to the human database and supporting the overall causality conclusion  
at that time. The relationship between short-term PM2.5 exposure and metabolic effects had  
not been examined in detail.
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Updated information—cardiovascular mortality
Since the publication of the CSSA, epidemiological studies have continued to report positive 
and significant associations between PM2.5 exposure and cardiovascular mortality (Figure 2.6). 
The precision of the associations has increased as the confidence intervals of the associations have 
become smaller. Studies have also focused on cause-specific cardiovascular mortality. Increased  
risks for mortality from myocardial infarction, congestive heart failure (CHF), and cerebrovascular 
(CEB)-related outcomes (including stroke) were consistently shown to be associated with exposure  
to PM2.5 (Franklin et al., 2008; Zanobetti and Schwartz, 2009; Dai et al., 2014; Lee et al., 2016). These 
observations were reported in studies conducted in multi-city settings, which likely increase the 
representativeness of the general population, by taking into account the heterogeneity of the 
population, and may reduce the selection bias sometimes associated with single-city studies. The 
observed associations between PM2.5 exposure and cardiovascular mortality covered a wide range of 
concentrations (24-h mean range: 7.89 to 19.44 µg/m3) and indicated increased susceptibility among 
some subgroups of the population (e.g., subjects ≥ 65 years of age or with existing cardiovascular or 
neurological conditions). Systematic review with meta-analysis studies that included locations other 
than Canada and the United States also supported the increases in the risk of stroke and MI-related 
mortality associated with short-term exposure to PM2.5 (Atkinson et al., 2014; Wang et al., 2014; Shah 
et al., 2015; Cai et al., 2016). The data reviewed in this update continue to offer strong and consistent 
evidence of associations between short-term exposure to PM2.5 and cardiovascular-related mortality.
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FIGURE 2.6: Point estimates and 95% confidence intervals for cardiovascular mortality  
per standardized increment (10 µg/m3 for 24 h) in short-term ambient PM2.5 concentration  
in single-pollutant models in epidemiological studies 
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Canadian studies

American studies

Published SR-MA

A.	 Vancouver, BC; Villeneuve et al. (2003); aged ≥65; lag 0 d;  
24-h mean (TEOM) = 7.89 µg/m3

B.	 Los Angeles County, CA; Moolgavkar (2003); all ages;  
lag 2 d; 24-h mean not reported

C.	 7 US counties; Holloman et al. (2004); all ages; lag 2 d; no 
95% CI interval provided; 24-h mean = 9.69 µg/m3 *

D.	 9 California counties; Ostro et al. (2006); all ages; lag 0–1 d;  
24-h mean = 19.44 µg/m3

E.	 27 US communities; Franklin et al. (2007); all ages; lag 1 d; 
stroke; 24-h mean = 15.7 µg/m3 

F.	 6 US cities; Klemm and Mason (2003); all ages; lag 0–1 d; F1 
= GAM with stricter convergence criteria, F2 = GLM with 
natural splines; 24-h mean not reported

G.	 6 California counties; Ostro et al. (2007); all ages; lag 3 d; 
24-h mean = 17.89 µg/m3 

H.	 25 US cities; Franklin et al. (2008); all ages; lag 0–1 d;  
H1 = all cardiovascular, H2 = stroke; 24-h mean not reported

I.	 112 US cities; Zanobetti and Schwartz (2009); all ages;  
lag 0–1 d; I1 = all cardiovascular, I2 = MI, I3 = stroke; 24-h 
mean = 13.22 µg/m3 

J.	 148 US cities; Lippmann et al. (2013); all ages; lag 0 d;  
24-h mean = 7.89 µg/m3

K.	 75 US cities; Dai et al. (2014); all ages; lag 0–1 d; K1 = all 
cardiovascular, K2 = MI, K3 = stroke; 24-h mean = 13.3 µg/m3

L.	 3 US states; Lee et al. (2016); all ages; lag 0–1 d; L1 = all 
cardiovascular, L2 = CHF, L3* = MI (p < 0.05),  
L4* = stroke (p <0.05); 24-h mean = 11.1 µg/m3 

M.	3–4 single- and multi-city studies from WHO regions); 
Atkinson et al. (2014); M1 = cardiovascular mortality  
(4 studies), M2 = IHD (4 studies), M3 = stroke (3 studies)

N.	 6 studies (1 US, 4 Europe, 1 Asia); Wang et al. (2014); CEB mortality

O.	 12 studies (3 US, 7 Europe, 1 South America, 1 Asia); Shah et al. (2015); stroke mortality

P.	 4 studies (2 US, 1 Europe, 1 Asia); Cai et al. (2016); MI mortality

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA 

	{ Published systematic review with meta-analysis studies

*	Upper and lower confidence intervals not presented

The systematic review with meta-analysis by Shah et al. (2015) includes results from the following primary studies: Franklin et al. (2007)  
and Franklin et al. (2008). The systematic review and meta-analysis by Cai et al. (2016) includes results from the following primary study:  
Dai et al. (2014) and Zanobetti and Schwartz (2009).

CEB = cerebrovascular; CHF = congestive heart failure; CI = confidence interval; CSSA = Canadian Smog Science Assessment;  
GAM = generalized additive model; GLM = generalized linear model; MI = myocardial infarction; PM2.5 = PM of 2.5 μm or less in median 
aerodynamic diameter; TEOM = tapered element oscillating microbalance; SR–MA = systematic review with meta-analysis; US = United States; 
WHO = World Health Organization; WHO regions = African Region, Eastern Mediterranean Region, European Region, Regions of the Americas, 
South-East Asian Region, Western Pacific Region 
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Updated information—cardiovascular and metabolic morbidity

Cardiovascular-related hospital admissions
A significant relationship between PM2.5 and cardiovascular hospital admissions was demonstrated 
in most of the multi-city epidemiological studies (Figure 2.7). No Canadian multi-city studies were 
identified in this update. The relationship is supported by a systematic review with meta-analysis 
(Atkinson et al., 2014). This meta-analysis reported significant increases in cardiovascular hospital 
admissions related to PM2.5 exposure. 

Since the publication of the CSSA, literature is available on cause-specific cardiovascular hospital 
admissions. Although the database is relatively small for each individual outcome, the overall 
appearance of positive and largely significant associations is evident, with some outcomes presenting 
risk levels well above that for overall cardiovascular hospital admission categorization. The increased 
risk levels are most striking for CHF and myocardial infarction, with evidence from multi-city studies 
(Zanobetti et al., 2009; Lippmann et al., 2013) and systematic review with meta-analysis studies 
(Atkinson et al., 2014; Cai et al., 2016). Also, positive and mostly significant associations were observed 
for IHD-related hospital admissions in multi-city studies (Lippmann et al., 2013; Kloog et al., 2014) and 
in a systematic review with meta-analysis study (Atkinson et al., 2014). Epidemiological evidence of 
associations between short-term exposure to PM2.5 and hospital admissions related to CEB outcomes 
is not always consistent in primary studies (Lippmann et al., 2013; Kloog et al., 2014; Hsu et al. 2017), 
even thought positive associations were reported in two systematic review with meta-analysis studies 
when primary studies were pooled (Wang et al., 2014; Shah et al., 2015). It remains unclear why results 
were consistent for CHF, myocardial infarction and IHD-related outcomes while being less consistent 
for CEB-related outcomes. One hypothesis is that exposure misclassification could be more common 
for CEB symptom onset than for other outcomes, as the association with PM2.5 can be observed within 
hours of exposures (Brook et al., 2010). Exposure misclassification might have attenuated the 
association, resulting in more inconsistent results for CEB-related outcomes.

A limited number of studies examining hospital admissions related to cardiac arrhythmia and 
peripheral vascular diseases (deep vein thrombosis, peripheral artery disease) reported positive 
and significant associations with exposure to PM2.5 (Haley et al., 2009; Kloog et al., 2015).
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FIGURE 2.7: Point estimates and 95% confidence intervals for all cardiovascular hospital admissions 
per standardized increment (10 µg/m3 for 24 h) in short-term ambient PM2.5 concentration in  
single-pollutant models in epidemiological studies
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A.	 Spokane, US; Slaughter et al. (2005); all ages; lag 3 d;  
24-h mean not reported 

B.	 202 US counties; Bell et al. (2008); aged ≥65; B1 = all year;  
B2 = winter; lag 2 d; 24-h mean not reported 

C.	 26 US communities; Zanobetti et al. (2009); aged ≥65;  
lag 0–1 d; 24-h mean = 15.3 µg/m3 

D.	 148 US cities; Lippmann et al. (2013); aged ≥65; D1 = all year;  
D2 = warm season; D3 = cold season; lag 0 d; 24-h mean  
not reported

E.	 4 US counties; Bell et al. (2014); aged ≥65; lag 0 d;  
24-h mean = 14.0 µg/m3 

F.	 Mid-Atlantic US (Washington D.C., and the states of Delaware, 
Maryland, New Jersey, Pennsylvania, Virginia, New York  
and West Virginia); Kloog et al. (2014); all ages; lag 0-1 d;  
24-h mean = 11.92 µg/m3

G.	 213 US counties; Bell et al. (2015); aged ≥65; G1 = women;  
G2 = men; lag 0 d; 24-h mean = 12.3 µg/m3

H.	 100 US urban counties; Powell et al. (2015) (extended  
analysis of Peng et al. (2008)); aged ≥65; lag 0 d;  
24-h median = 12.6 µg/m3

I.	 New York State (New York city, Long Island and Hudson),  
US; Hsu et al. (2017); all ages; I1 = all year; I2 = winter;  
lag 0 d; 24-h mean not reported 

J.	 708 US counties; Bravo et al. (2017); CMAQ; J1=overall,  
J2 = least urban (≤40% of pop. in urban areas),  
J3 = most urban (>90% of pop. in urban areas); lag 0 d;  
24-h mean = 12.28 µg/m3

K.	 4 single- and multi-city studies from WHO regions;  
Atkinson et al. (2014)

	� Studies from the CSSA (Health Canada, 2013) 

	z Studies published since the CSSA

	{ Published systematic review with meta-analysis studies

CI = confidence interval; CSSA = Canadian Science Smog Assessment; PM2.5 = PM of 2.5 μm or less in median aerodynamic diameter;  
SR-MA = systematic review with meta-analysis; US = United States; WHO = World Health Organization; WHO regions = African Region,  
Eastern Mediterranean Region, European Region, Regions of the Americas, South-East Asian Region, Western Pacific Region 
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Cardiovascular-related emergency room visits
Researchers have also evaluated the associations between exposure to PM2.5 and cardiovascular-
related emergency room visits (i.e., arrhythmia, IHD, CHF, myocardial infarction/ angina, hypertension). 
Positive associations were observed in all (Stieb et al., 2009; Rappold et al., 2012; Ostro et al., 2016; 
Weichenthal et al., 2016b) but one (Weber et al., 2016) of the available studies for myocardial 
infarction/ angina. For other specific causes (IHD, arrhythmia, hypertension and heart failure), the 
dataset is small and the evidence is not always consistent, with both positive and negative findings 
and wide confidence intervals. Studies of cardiovascular-related emergency room visits associated 
with exposure to PM2.5 during wildfire events were too few and inconsistent (Alman et al., 2016; Reid 
et al., 2016) to draw any firm conclusion. However, research interest in this source of exposure is likely, 
given a warmer climate will intensify some weather extremes in the future, including the increase in 
risk of wildfire (Bush and Lemmen, 2019).

Overall, the studies exhibit relatively large confidence intervals compared to hospital admissions 
studies. When considering the hospital admissions and emergency room visits databases together, 
there is compelling evidence of a positive association between short-term PM2.5 exposure and 
cardiovascular-related hospital visits.

Subclinical effects
Panel studies, repeated-measure studies and cross-sectional studies have examined a variety of 
subclinical health effects (generally lacks detectable signs and symptoms), with most studies focused 
on potentially susceptible population subgroups. In the case of cross-sectional studies, they utilized 
short-term PM2.5 exposure levels (a few day lag to 0 day) to calculate association with health endpoints. 
Exposure to PM2.5 was associated with increased risk of arrhythmia, decreased HRV and increased blood 
pressure in the elderly and in those with cardiovascular diseases or type II diabetes (Ren et al., 2010; 
Hoffmann et al., 2012; Cakmak et al., 2014a; Zanobetti et al., 2014a; Bind et al., 2016; Wang et al., 2016). 
Changes in heart rate associated with PM2.5 exposure were observed in both the elderly and adults 
overall (Cakmak et al., 2014b). Other than certain population subgroups, changes in HRV were also 
associated with PM2.5 levels in healthy adults during exercise (Weichenthal et al., 2011, 2014a;  
Shutt et al., 2017). It is important to note that persistent subclinical changes (blood pressure, HRV, 
heart rate) may present themselves in individuals continuously exposed to PM2.5 and that these 
changes are known risk factors for adverse cardiovascular effects.

Additional studies have examined the association between exposure to PM2.5 and changes in 
cardiovascular-related markers. Associations were generally reported in susceptible population 
subgroups, but not in healthy populations. In subjects with cardiac conditions and, to a lesser extent, 
in individuals with diabetes and in the elderly, PM2.5 exposure was associated with increased blood 
coagulation biomarkers (i.e., fibrinogen, soluble platelet selectin) (Delfino et al., 2009; Schneider et 
al., 2010; Rich et al., 2012). Blood coagulation action is vital to maintain haemostasis upon injury or 
infection; however, excessive blood coagulation may lead to an increased risk of thrombosis (blood 
clots in blood vessels) (Xu XR et al. 2016). In healthy adults and elderly people, exposure to PM2.5 
was significantly associated with increased levels of vascular cell adhesion molecule-1 (VCAM-1) 
and intercellular adhesion molecule-1 (ICAM-1) (Bind et al., 2016; Dai et al., 2016a; Pope et al., 2016). 
VCAM-1 and ICAM-1 are well-established markers of endothelial dysfunction and are involved in the 
development of atherosclerosis (Hope and Meredith 2003a, b). These findings are further supported 
by evidence suggesting that non-invasive measurements of changes in endothelial function (bronchial 
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artery diameter, endothelium-dependent flow-mediated dilatation [FMD], non-endothelium-
dependent nitroglycerin-mediated reactivity [NMD], and reactive hyperemia index) are associated with 
PM2.5 exposure in the elderly (Lanzinger et al., 2014; Zhang X et al., 2016), but not in healthy individuals 
(Liu et al., 2014a; Weichenthal et al., 2014a). Inflammation is suspected to have a significant role in the 
development of adverse cardiovascular effects. Associations were observed between PM2.5 exposure 
and increased systemic inflammatory biomarkers including C-reactive protein (CRP), interleukin-6 (IL-6) 
and tumour necrosis factor alpha (TNF-α) (Schneider et al., 2010; Thompson et al., 2010), but the 
overall database was not entirely consistent. This is possibly due to medication influence or genetic 
variance. A small dataset of oxidative stress-related biomarkers, including urinary creatinine-indexed 
8-epi-prostaglandin, urinary 8-hydroxy-2’-deoxyguanosine and blood myeloperoxidase, were 
positively associated with exposure to PM2.5 in cross-sectional studies (Ren et al., 2011; Li W et al., 
2016). Biomarkers of antioxidant capacity, such as copper-zinc superoxide dismutase and glutathione 
peroxidase-1, had an inverse relationship with exposure to PM2.5 in panel studies consisted of elderly 
participants with IHD (Delfino et al., 2008, 2009). Lower antioxidant capacity indicates an increase 
likelihood of oxidative stress. Long-term oxidative stress has been suggested to play a significant 
role in the development of cardiovascular disease, as it can increase inflammatory responses leading 
to cell and tissue damage.

Other than environmental epidemiological studies, controlled human exposure studies have 
investigated subclinical changes in the cardiovascular system in healthy participants, asthmatics 
and those with other health conditions, such as chronic obstructive pulmonary disease (COPD) and 
cardiovascular diseases of mild severity. These studies typically recruited a relatively small number 
of participants as compared to observational studies, ranging from 4 to 60. Controlled exposure 
to PM2.5 CAP-induced changes in HRV in the elderly (Hemmingsen et al., 2015), but not in healthy 
volunteers (Fakhri et al., 2009; Huang et al., 2012). Exposure to PM2.5 CAP-induced changes in 
vascular function biomarkers (reduced FMD, NMD or bronchial artery diameter) in healthy adults, 
overweight middle-aged adults and the elderly (Brook et al., 2009; Hemmingsen et al., 2015a; Tong 
et al., 2015). For other subclinical health endpoints (heart rate, blood pressure, biomarkers related to 
coagulation, systematic oxidative stress, and systemic inflammation), results are considered limited 
and inconsistent in both healthy adults and those with certain mild health conditions.

Nevertheless, the subclinical cardiovascular changes observed in epidemiological studies including 
evidence in controlled human exposure studies provide valuable coherence and strong mechanistic 
support for the relationship between PM2.5 exposure and short-term cardiovascular effects.

Metabolic effects
Researchers have investigated the relationship between short-term PM2.5 exposure and metabolic 
effects. Studies on the relationship with metabolic effects were included in this section, given its 
interrelation with cardiovascular diseases. Positive and significant associations between PM2.5 
exposure and diabetes-related hospital admissions have been observed in two multi-city studies 
(Zanobetti et al., 2009, 2014a).

The associations between PM2.5 exposure and metabolic-related subclinical effects have 
been examined. Health endpoints studied include lipid factors involved in the progression of 
atherosclerosis (high-density lipoprotein [HDL], low-density lipoprotein [LDL], and triglycerides) and 
biomarkers of diabetes (glucose levels and insulin sensitivity). LDL is pro-atherogenic (promote the 
formation of fatty plaques in the arteries) and HDL is anti-atherogenic. In elderly people and Mexican 
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Americans, some panel and cross-sectional studies have suggested that PM2.5 is associated with 
increased blood LDL and fasting glucose and reduced insulin sensitivity (Brook et al., 2013a; Bind 
et al., 2016; Chen Z et al., 2016; Peng et al., 2016). In some cases, it has been shown that the use 
of medications in participants with existing cardiovascular conditions may have masked or reduced 
the magnitude of the association between the health endpoint and PM2.5.

Controlled human exposure studies have also examined lipid changes after exposure to PM2.5 
CAPs and reported an increase in LDL and very low-density lipoprotein and a decrease in HDL  
(Tong et al., 2012; Hazucha et al., 2013). High levels of lipoproteins such as LDL and VLDL and 
a decrease in HDL levels can lead to the formation of fatty plaques in the arteries.

Overall, there is a small but increasing number of epidemiological studies investigating the 
relationship between PM2.5 exposure and metabolic effects.

Updated information—effects in toxicological studies
The relationship between exposure to PM2.5 and various cardiovascular toxicity endpoints is well 
established in experimental animals documented in the CSSA. Toxicological studies published since 
the CSSA have therefore focused on exploring the mechanisms by which PM2.5 induces adverse 
cardiovascular effects. This is reflected in the design of most studies, which expose experimental 
animals to a single dose of PM2.5 and compare them to a filtered-air control group. The majority of 
studies investigating the cardiovascular effects of PM2.5 reported increases in oxidative stress and 
inflammation in blood as well as in cardiovascular tissues following acute or subchronic exposures. 
Increases in circulating cytokines and inducible nitric oxide synthase, as well as in infiltration of 
macrophages in the myocardium and decreases in anti-oxidative stores within the myocardium and 
epicardial adipose tissue, were observed. Limited evidence has shown that acute ex vivo exposure 
of mice aortic tissue to the serum of mice that had been exposed to road dust PM2.5 induced an 
impairment in the relaxation (vasoconstriction) and an increase in the inflammation and vasodilation 
of the tissue. Additional significant effects observed in experimental animals include endothelial 
dysfunction (e.g., increased serum VCAM-1) and a reduction in endothelial progenitor cells. Similarly, 
mice and rats had impaired vasorelaxation and increased vasoconstriction after short-term exposure 
to PM2.5. A few studies showed that the expression of genes (an area of expanding interest in relation 
to PM2.5) related to inflammation was increased in respiratory tissue. In addition, researchers have 
started to investigate the roles of the renin-angiotensin-aldosterone endocrine system and the 
kallikrein-kinin system as potential pathways of PM2.5-induced adverse cardiovascular effects. Both 
systems are involved in regulating inflammation, blood pressure and coagulation, and these studies 
offer new insight on potential mechanisms of PM2.5-induced cardiovascular toxicity. Subchronic 
exposure of mice and rats to PM2.5 CAPs was also found to have direct effects on cardiovascular 
functions, such as changes in heart rate and overall autonomic tone, length of electrocardiogram 
intervals and ventricular repolarization and blood pressure. One study, albeit by intraperitoneal 
injection of PM, suggested that PM2.5 can induce direct damage to cardiac tissue as measured by 
lower cardiomyocyte counts and higher percentages of fibroblasts in heart tissue. Exposure of 
experimental animals was also shown to increase vascular inflammation and dysfunction in conjunction 
with increases in blood glucose, glucose intolerance and insulin resistance. Overall, toxicological 
studies strongly support the cardiovascular effects observed in epidemiological studies and suggest 
that oxidative stress and inflammation are likely to play important roles in PM2.5-mediated adverse 
cardiovascular effects.
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Conclusion for short-term PM2.5 exposure and cardiovascular and metabolic effects
There is strong and consistent evidence from epidemiological studies that short-term exposure to 
PM2.5 is associated with risk of adverse cardiovascular effects leading to morbidity and mortality. The 
database covered within this assessment and the previous CSSA evaluation is large and is considered 
adequate to assess causality with regard to cardiovascular effects. The consistency of the association 
is high since positive and mostly significant relationships between exposure to PM2.5 and cardiovascular 
effects were repeatedly observed in all epidemiological study types examined, including multi-city 
population-based studies and panel studies, with support from controlled human exposure studies. 
The robustness of the associations was well-established in the previous CSSA, where positive and 
significant associations between PM2.5 exposure and health outcomes were usually maintained in 
co-pollutant (two pollutants) analyses with NO2, carbon monoxide (CO) or O3. Since the causal 
relationship has already been established, few studies conducted co-pollutant or multi-pollutant 
(more than two pollutants) analyses in this update. In the case of multi-pollutant analysis, the high 
correlation between pollutants tends to make the model unstable and generate risk estimates with 
high uncertainties (Oakes et al., 2014). The evidence follows disease progression in terms of severity 
of effects, along with subclinical signs of cardiovascular effects, cause-specific emergency room visits 
and hospital admissions and cardiovascular-related mortality. Data were shown to support numerous 
types of cardiovascular morbidity and mortality effects including myocardial infarction, IHD, CHF, 
and CEB outcomes including stroke, with some evidence implicating PM2.5 exposure in effects on 
arrhythmia, peripheral vascular diseases and diabetes. Hence, the evidence suggests that exposure to 
PM2.5 may compromise cardiovascular function in a non-specific way (i.e., affecting multiple systems).

The epidemiological literature is supported by numerous studies in experimental animals demonstrating 
effects on arrhythmia and a variety of biomarkers suggestive of impaired cardiovascular function. 
Toxicological studies have shown that oxidative stress and systemic inflammation are key mechanisms 
for PM2.5 effects. Toxicological studies, along with human studies (epidemiological panel and 
controlled human exposure studies) that have identified subclinical effects of exposure (such 
as decreased overall HRV, changes in the average beats of heart rate, increased blood pressure, 
alterations in lipid profiles, glucose intolerance, increased insulin resistance, markers of inflammation, 
oxidative stress and endothelial dysfunction), provide several lines of evidence for coherence and 
biological plausibility of the PM2.5-induced adverse health effects. Together, epidemiological and 
toxicological data coherently demonstrate that exposure to PM2.5 is associated with adverse 
cardiovascular effects within the general population and that certain susceptible individuals 
are more at risk (chapter 3).

More researchers have examined potential metabolic effects of short-term PM2.5 exposure. The 
epidemiological database consists of a small number of studies (cohort and panel studies) reporting 
positive associations between PM2.5 exposure and diabetes-related hospital admissions and changes in 
diabetes-related biomarkers (glucose levels, insulin sensitivity, blood lipids, and systemic inflammation). 
Similar changes in diabetes-related biomarkers were also observed in PM2.5-exposed experimental 
animals and controlled human exposure studies. The metabolic database is considered small and 
inadequate to establish its own causality determination at this time. However, given the interconnected 
nature of the cardiovascular and metabolic systems, the metabolic database adds support to the 
causality determination between short-term PM2.5 exposure and cardiovascular effects.

The overall evidence therefore continues to support causal relationships between short-term 
exposure to PM2.5 and cardiovascular-related morbidity and premature mortality.
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Long-term exposure to PM2.5

Conclusion from the CSSA
In the CSSA, strong positive and significant associations were observed in the epidemiological 
database between PM2.5 exposure and cardiopulmonary death (combined cardiovascular and 
respiratory causes), cardiovascular mortality and cardiovascular-specific causes, such as IHD, CHF and 
cardiac arrest. In most cases, the associations between PM2.5 exposure and cause-specific mortality 
exhibited greater magnitude of associations than that for all-cause, cardiopulmonary or cardiovascular 
causes of death. An increased cardiovascular risk was also observed in terms of morbidity outcomes, 
as PM2.5 exposure was associated with increased arterial wall thickening (a marker of atherosclerosis). 
Mechanistic support was provided by controlled human exposure studies, human panel and cross-
sectional studies assigned with short-term exposure estimates. However, it was also recognized that 
certain short-term effects are adaptive and might not progress further to more serious effects. Chronic 
exposure studies in laboratory animals sensitive to CAPs provided clear mechanistic support for a role 
of PM2.5 in atherosclerosis progression and plaque formation and instability, as well as impacts on the 
cardiovascular system. Many cardiovascular outcomes were evaluated in laboratory animals following 
chronic exposure via inhalation or instillation of PM2.5, including arrhythmia, atherosclerosis, impaired 
vasoreactivity, changes in endothelin levels, and thrombogenic alterations. These studies were 
conducted using various types of PM, specifically CAPs, urban PM2.5 and residual oil fly ash. Chronic 
exposures to PM2.5 were found to alter vasoreactivity in animals. Vasoconstriction and thrombogenic 
responses were suggested as important mechanisms for the cardiovascular effects. Cardiovascular 
tissue damage and inflammation had also been reported, but a clear mechanism of toxicity for these 
effects was not established. Overall biological plausibility and coherence were provided by the 
mechanistic findings from toxicological studies for both cardiovascular morbidity and mortality 
associated with long-term exposure. At that time, it was concluded that there was a causal relationship 
between cardiovascular mortality and long-term exposure to PM2.5 based on strong and significant 
associations in epidemiological studies and mechanistic evidence from toxicological studies. For 
cardiovascular morbidity, the evidence was suggestive of a causal relationship for long-term exposure 
to PM2.5 as the epidemiological database for morbidity outcomes was relatively small. The relationship 
between long-term PM2.5 exposure and metabolic effects had not been examined in detail.

Updated information—cardiovascular and metabolic mortality

Cardiovascular mortality
The cardiovascular mortality database in relation to long-term exposure to PM2.5 has expanded  
greatly. Canadian and American cohort studies evaluating cardiopulmonary or all cardiovascular-
related mortality continued to report positive and significant associations with PM2.5 exposure (Figure 
2.8). The results were consistent across national Canadian cohort studies, namely the Canadian Census 
Health and Environment Cohort (CanCHEC), the Canadian Community Health Survey (CCHS), and  
the Ontario Population Health and Environment Cohort (Crouse et al., 2012; Chen H et al., 2016; 
Pinault et al., 2016), and in major American cohort studies (ACS, H6CS; Lepeule et al., 2012;  
Pope et al., 2015). The results were also consistent using various exposure estimation methods, 
including central site monitoring, chemical transport model analysis, and exposure surface modelling 
using land-use regression with or without remote sensing. Co-pollutant or multi-pollutant analyses 
performed by a number of studies indicated that positive and significant associations between PM2.5 
and cardiovascular mortality were robust to adjustment for O3 and/or NO2 (Jerrett et al., 2009, 2013; 
Thurston et al., 2016a), further supporting the role of PM2.5 as the major causative agent. Ozone and 
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NO2 also show independent associations in some studies. Furthermore, a systematic review with 
meta-analysis study of ten primary cohort studies from different locations and times covering 
Canadian, American and European studies indicated that long-term exposure to PM2.5 was associated 
with a significantly increased risk of cardiovascular/ cardiopulmonary mortality across this broad range 
of studies (Hoek et al., 2013).
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FIGURE 2.8: Point estimates and 95% confidence intervals for all cardiovascular-related mortality per 
standardized increment (10 µg/m3) in long-term ambient PM2.5 concentration in single-pollutant model  
(unless otherwise noted) cohort studies
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A.	 CanCHEC; across Canada; Crouse et al. (2012); A1 = standard  
Cox proportional hazards model, A2 = nested, spatial random-
effects Cox model; 1991–2001; mean = 8.7 µg/m3 (1987–2006)

B.	 CCHS; across Canada; Pinault et al. (2016); 2000–2011;  
mean follow-up 7.6 years; mean = 6.3 µg/m3 (1998–2010)

C.	 Ontario, Canada; Chen H et al. (2016); 1999–2001;  
mean = 10.7 µg/m3 (2001–2010)

D.	 ACS; across the United States; Krewski et al. (2005); re-analysis 
with alternative method 1982–1998; mean = 18.2 µg/m3  
(1979–1983 for alternative method)

E.	 ACS; across the United States; Jerrett et al. (2009); exposure 
based on nearby central monitoring; E1 = single-pollutant model, 
E2 = co-pollutant model adjusted for O3; 1982–2000;  
mean = 11.9–15.4 µg/m3 (1999–2000)

F.	 ACS; California, US; Jerrett et al. (2013); F1 = single-pollutant 
model, F2 = multi-pollutant model adjusted for O3, NO2; 
1982–2000; mean = 14.09 µg/m3 (1998–2002)

G.	 ACS; across the United States; Pope et al. (2015); 1982–2004;  
mean = 12.6 µg/m3 (1991–2004)

H.	 H6CS; United States; Laden et al. (2006); extended study; 
1974–1998; mean = 10.2–22.0 µg/m3 

I.	 H6CS; United States; Lepeule et al. (2012); exposure data based 
on central monitoring; 1974–2009; mean = 15.9 µg/m3 (1974–2009) 
(1979–1988)

J.	 CTS; California, US; Lipsett et al. (2011); women mostly menopausal 
at baseline; 1995–2000; mean = 15.64 µg/m3 (1999–2005)

K.	 CTS; California, US; Ostro et al. (2015); women; exposure 
assignment based on residential address with a chemical 
transport model; 2001–2007; mean = 17.9 µg/m3 (2000–2007)

L.	 WHI-OS; metropolitan areas across USA; Miller et al. (2007); 
post-menopausal women; exposure data based on nearby  
central monitoring; 1994–2002 annual mean = 13.5 µg/m3 (2000)

M.	WHI-OS; metropolitan areas across the United States;  
Vedal et al. (2013); post-menopausal women; 1994–2005;  
annual mean = 12.9 µg/m3 (2000)

N.	 Across the United States; Hart et al. (2011); trucking industry 
workers; men; exposure data based on nearby central monitoring 
data; N1 = all, N2 = excludes long-haul drivers; 1985–2000;  
mean = 14.1 µg/m3 (2000)

O.	 AHS; mostly Iowa and North Carolina, US; Weichenthal et al. 
(2014b); farmers, spouses and commercial pesticide applicators; 
O1 = men, O2 = women, O3 = men, more precise exposure;  
O4 = men, more precise exposure, non-movers; O5 = men,  
BMI >26.5 kg/m2; O6 = men, BMI 12–26.5 kg/m2; 1993–2009;  
mean = 5.7–19.2 µg/m3 (2001–2006)

P.	 NIH-AARP Diet and Health Study; six states, two metropolitan areas 
in the United States; Thurston et al. (2016a); P1 = single-pollutant 
model, P2 = co-pollutant model adjusted for O3; 2000–2009; mean 
not reported; range = 2.9–28.0 µg/m3 (2000–2009)

Q.	 10 studies (2 Canada, 6 United States, 2 Europe); Hoek et al. (2013)

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA (Health Canada, 2013)

	{ Published systematic review with meta-analysis

The systematic review with meta-analysis by Hoek et al. (2013) includes results from the following primary studies: Crouse et al. (2012), Lepeule et al. (2012), 
Lipsett et al. (2011), Miller et al. (2007), and Hart et al. (2011). The risk estimates reported by Krewski et al. (2005), Laden et al. (2006) and Jerrett et al. (2009, 
2013) were RRs; all others were HRs. Lipsett et al. (2011), Crouse et al. (2012) and Pope et al. (2015) used the term “circulatory disease” to refer to all 
cardiovascular-related mortality. For studies where cardiovascular mortality was not available, Hoek et al. (2013) used cardiopulmonary mortality data.
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ACS = American Cancer Society; AHS = Agricultural Health Study; CanCHEC = Canadian Census Health and Environment Cohort;  
CCHS = Canadian Community Health Survey cohort; CI = confidence interval; CSSA = Canadian Smog Science Assessment;  
CTS = California Teachers Study; H6CS = Harvard Six Cities Study; NIH-AARP Diet and Health Study = National Institutes of Health-American 
Association of Retired Persons Diet and Health Study; NO2 = nitrogen dioxide; O3 = ozone; PM2.5 = PM of 2.5 μm or less in median aerodynamic 
diameter; SR-MA = systematic review with meta-analysis; US = United States; WHI-OS = Women’s Health Initiative-Observational Study

In terms of specific causes of cardiovascular mortality, numerous cohort studies reported positive  
and significant associations between PM2.5 exposure and IHD mortality, including Canadian results  
from CanCHEC (Crouse et al., 2012, 2015; Cakmak et al., 2016) and CCHS (Pinault et al., 2016). The 
significant associations were generally robust to adjustments for other co-pollutants (O3, NO2, black 
carbon and/or PM10-2.5) (Puett et al., 2009; Jerrett et al., 2013; Crouse et al., 2015; Cakmak et al., 2016). 
Some studies suggested that women may have a greater IHD risk following exposure to PM2.5 than  
men (Puett et al., 2009, 2011a). This was based on separate men and women cohort studies that were 
purposely constructed to be comparable by using the same geographic region, identical spatiotemporal 
exposure estimation models, similar outcomes and biennially updated covariates. However, the 
participants in the women study were generally less physically active, consisted of more current 
smokers and lived in areas of lower socioeconomic status than the participants in the men study.

The relationship between CEB mortality and PM2.5 exposure has also received increased attention. 
Results from Canadian cohort studies were inconsistent, reporting both positive and negative 
associations between CEB mortality and exposure to PM2.5 (Crouse et al., 2012, 2015; Cakmak et al., 
2016; Pinault et al., 2016). American studies reported mostly positive associations, which in many cases 
were significant (Miller et al., 2007; Pope et al., 2015; Turner et al., 2016). However, adjustment for other 
co-pollutants (O3 and/or NO2) tended to attenuate the associations (Jerrett et al., 2013). The association 
between CEB mortality and PM2.5 exposure was not as strong or consistent as that for cardiovascular 
disease. The reasons for this discrepancy are not well understood (hypotheses discussed in section 7.2). 
Other than these cause-specific outcomes that were investigated by different researchers, the ACS 
dataset conducted subgroup analyses of hypertensive mortality (Pope et al., 2015) and mortality due  
to arrhythmias, CHF and cardiac arrest (Pope et al., 2015; Turner et al., 2016) and reported positive 
associations with PM2.5 exposure.

Metabolic mortality
Diabetes-related mortality (combined analyses of type 1 and type 2 diabetes) in association with 
long-term exposure to PM2.5 is an emerging area of research. Large Canadian and American cohort 
studies (CanCHEC, ACS, H6CS) reported positive and mostly significant associations between  
PM2.5 exposure and diabetes mortality (Brook et al., 2013b; Crouse et al., 2015; Pope et al., 2015; 
Turner et al., 2016). In addition, co-pollutant and multi-pollutant analyses that included O3 and NO2 
exposure conducted on the CanCHEC dataset reported positive and significant associations between 
PM2.5 exposure and metabolic mortality (Crouse et al., 2015). In Canadian studies that examined the 
broader category of cardio-metabolic (covering cardiovascular and metabolic causes) mortality, 
positive and significant associations were also observed in single-pollutant analyses (Crouse et  
al., 2016; Pinault et al., 2016); no co-pollutant or multi-pollutant analyses were conducted.

Overall, these cohort studies provide consistent evidence to support a positive association between 
long-term PM2.5 exposure and cardiovascular mortality, including cardiopulmonary, all cardiovascular-
related and IHD mortality, with some evidence for CEB and cardiac arrest-related mortality. Preliminary 
evidence suggests an association between PM2.5 exposure and diabetes-related mortality.
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Updated information—cardiovascular and metabolic morbidity

Cardiovascular morbidity
The morbidity database has also expanded considerably since the CSSA was published. An increased 
number of epidemiological studies have evaluated subclinical measurements of atherosclerosis and 
their associations with long-term PM2.5 exposure. Measurements of carotid intimal medial thickness 
(CIMT) (an indicator of arterial wall thickening) and coronary artery calcium (CAC) (an indicator  
of build-up of calcium in plaque) are common endpoints and provide early indications of the 
development of cardiovascular disease. In cross-sectional studies, long-term PM2.5 exposure was 
associated with increased CIMT measurements in adults and the elderly, but not in children or young 
adults (Adar et al., 2013; Breton et al., 2012, 2016a, b; Sun et al., 2013; Kim et al., 2014). Less consistent 
results were observed in the few cohort studies that followed study participants for 2.5 to 9.2 years 
(Künzli et al., 2010; Adar et al., 2013; Gan et al., 2014; Kaufman et al., 2016). In terms of CAC, cross-
sectional analyses did not find any consistent association between long-term PM2.5 exposure and  
CAC in three studies conducted in adults and the elderly (Sun et al., 2013; Kim et al., 2014; Dorans  
et al., 2016). However, a cohort study reported a positive non-significant association based on CAC 
progression over 7 years (Dorans et al., 2016). Given that atherosclerosis progression is a slow process 
that can develop gradually over several decades, cohort studies with long follow-up periods would  
be needed to provide evidence for a causal role of PM2.5 exposure in the CIMT and CAC progression.

A number of other cardiovascular morbidity outcomes in relation to long-term exposure to PM2.5  
have been investigated, including hospital admissions, diagnosis of diseases and subclinical changes.  
In population-based cohort studies, PM2.5 was associated with significantly increased risk of hospital 
admissions for peripheral vascular disease in the elderly (Kloog et al., 2015, 2016), but less consistent 
results with wide confidence interval for diagnosis were observed in two cohort studies of women  
(Shih et al., 2011; Pun et al., 2015). With respect to hypertension, large population-based cohort studies 
conducted in Canada and the United States mostly reported positive associations with exposure to 
PM2.5, especially in diabetic or obese individuals (Chen H et al., 2014; Zhang Z et al., 2016; Coogan et  
al., 2016). An increased risk of IHD, CHF and stroke-related events (incidence or hospital admissions) 
was found in women (Lipsett et al., 2011; To et al., 2015b) and an increased risk of myocardial infarction 
was found in men (Puett et al., 2011a). Additionally, subjects that had undergone cardiac catheterization 
reported an increased risk for IHD, myocardial infarction and stroke related-events associated with long-
term PM2.5 exposure (Hartiala et al., 2016; McGuinn et al., 2016). Overall, there is a small but growing 
database to support an association between long-term PM2.5 exposure and an increased risk of various 
cardiovascular conditions, including peripheral vascular diseases, hypertension, IHD, CHF, and stroke.

Subclinical effects
Other epidemiological studies (panel and cross-sectional studies), which usually focus on short-term 
exposure scenarios, have also investigated subclinical outcomes and their associations with long-term 
exposure to PM2.5. Positive associations between PM2.5 exposure and arrhythmia/ HRV parameters were 
reported in panel and cross-sectional studies (Mordukhovich et al., 2015, 2016; O’Neal et al., 2017a, b). 
A few studies have also examined biomarkers of vasomotor functions and systemic inflammation  
(e.g., FMD, bronchial artery diameter, CRP, Il-6) as well as changes in gene expression and the 
epigenome (i.e., messenger ribonucleic acid [mRNA], microRNAs [miRNAs], deoxyribonucleic acid 
[DNA] methylation modifications). The associations between biomarkers and PM2.5 exposure were often 
based on a single study. Two cross-sectional studies have reported that PM2.5 exposure was associated 
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with decreased FMD, a vasomotor function biomarker (Krishnan et al., 2012; Wilker et al., 2014). The 
database remains limited and inconsistent, and more studies are needed to confirm whether long-term 
exposure to PM2.5 is associated with subclinical changes in the cardiovascular system.

Metabolic morbidity
In relation to metabolic morbidity, exposure to long-term PM2.5 is associated with a significantly 
increased risk of developing diabetes (most incident cases being from type 2) in Canadian cohort 
studies (Chen H et al., 2013; To et al., 2015b), but less consistent results with much wider confidence 
intervals were observed in American studies (Puett et al., 2011b; Park et al., 2015; Coogan et al., 2016). 
PM2.5 exposure was also associated with elevated metabolic-associated biomarkers (high levels of 
circulating LDL, fasting glucose level, fasting insulin level, and insulin resistance) in cross-sectional 
studies for certain subgroups: Mexican American with history of gestational diabetes (Chen Z et al., 
2016), overweight and obese African-American and Latino children (Toledo-Corral et al., 2016). Future 
studies need to be conducted in the general population to confirm these observations. Overall, 
there is a growing body of evidence to suggest that long-term PM2.5 exposure is associated with 
an increased risk of metabolic effects, such as diabetes incidence.

Updated information—effects in toxicological studies
In toxicological studies, long-term exposure (longer than 2 months) to PM2.5 resulted in cardiovascular 
effects similar to those observed in the acute and subchronic studies. A few studies showed that 
inhalation of PM2.5 CAPs resulted in oxidative stress (increased heart malondialdehyde levels and 
decreased heart superoxide dismutase and glutathione peroxidase activity), inflammation of 
myocardium (interleukin-1β [IL-1β], IL-6 and TNF-α cytokines), cardiac dysfunctions such as increased 
systolic, diastolic, and mean arterial blood pressure, fibrosis, focal myocarditis, aortal thickening,  
and foci of myocardial degeneration in mice. One study conducted on male mice also reported  
that perinatal (during gestation and weaning) exposure to PM2.5 CAPs resulted in substantial cardiac 
remodelling (e.g., left-ventricular end-systolic diameter, ventricular size and wall thickness), alterations 
in hemodynamic parameters and fibrosis of the left ventricle at 3 months of age. Additionally, in 
studies using a mouse model of atherosclerosis, increases in oxidative stress, enhanced atherosclerosis 
progression, aortic plaques, and vascular inflammation were reported following chronic exposure  
to PM2.5 compared with animals exposed to filtered air. In general, toxicological studies focused on 
investigating the mechanisms of toxicity associated with PM2.5 exposure, and most evaluated only  
a single exposure level or dose. Overall, these studies provide further support that exposure to  
PM2.5 can induce a range of adverse effects at the tissue and system levels, and that non-specific 
mechanisms of toxicity, such as inflammation and oxidative stress, are likely key in the development 
and progression of cardiovascular outcomes. They also provide important clues as to the mechanism 
by which PM2.5 could cause the severe adverse effects observed in epidemiological studies.

Toxicological studies have also shown that chronic exposure to PM2.5 induces systemic inflammation 
and insulin resistance in animal models of obesity and diabetes, as well as wild-type animals. Of note, 
the majority of studies reported increases in oxidative stress (e.g., increased superoxide anion in 
vascular and adipose tissues) and inflammation (e.g., increased cytokine production and macrophage 
infiltration) in various tissues, including the adipose, lung, vascular and liver tissues. In addition to  
the induction of inflammation, other pathways associated with the observed effects included 
adipogenesis, alterations in energy expenditure, and mitochondrial dysfunction. Some studies 
reported activation of biochemical pathways favouring lipogenesis and adipocyte formation. 
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Moreover, associations with adverse effects on the liver, such as steatosis and fibrosis, were reported 
in a few studies. A single study suggested that vascular insulin resistance was secondary to oxidative 
stress in the lungs of mice exposed to PM2.5. Inflammation, insulin resistance, and cardiac and 
mitochondrial dysfunctions were enhanced in animal models of metabolic syndrome and models 
susceptible to type-2-like diabetes. Overall, these results provide evidence of the ability of PM2.5  
to cause a wide range of adverse cardiovascular effects. While ranging over many outcomes, they 
provide support for the adverse cardiovascular effects observed in toxicological studies. Moreover, 
markers of metabolic effects such as insulin resistance and alterations in energy expenditure were 
observed, with inflammation and oxidative stress playing central mechanistic roles.

Conclusion for long-term PM2.5 exposure and cardiovascular effects
In summary, the body of literature on the association between long-term exposure to PM2.5 
and cardiovascular mortality has expanded considerably since the publication of the CSSA. For 
cardiopulmonary or all cardiovascular-related mortality, positive and significant associations were 
consistently observed in Canadian and American cohort studies as well as in a systematic review with 
meta-analysis covering wider geographical locations. For cause-specific mortality, exposure to PM2.5 
was associated with a significantly increased risk of IHD mortality. There is also some limited evidence 
that PM2.5 exposure was associated with an increased risk of CEB mortality and, in a much smaller 
database, with an increased risk of cardiac arrest-related mortality. Positive and significant associations 
were also observed between cardio-metabolic mortality or diabetes-related mortality and PM2.5 
exposure. The associations were robust to co-pollutant or multi-pollutant analysis that included O3, 
NO2, black carbon and/or PM10-2.5 co-exposure for all cardiovascular mortality, IHD, CEB, and  
diabetes-related mortality.

Similarly, the cardiovascular morbidity database related to long-term exposure to PM2.5 has also been 
expanded extensively since the publication of the CSSA. Population-based epidemiological studies 
have identified increased risk of hospital admissions or development of a number of cardiovascular 
conditions including IHD, CHF, CEB disease, myocardial infarction, hypertension, and peripheral 
vascular disease associated with long-term PM2.5 exposure. The associations between PM2.5 exposure 
and subclinical measurements of atherosclerosis were not very consistent, likely because the duration 
of cohort follow-ups was too short to allow the time necessary for the observation of disease 
progression. Some epidemiological cohort studies have reported an association between long-term 
PM2.5 exposure and an increased risk of diabetes development. The few panel and cross-sectional 
studies available indicated that long-term PM2.5 exposure was associated with an increased risk of 
arrhythmia, changes in HRV parameters and increased levels of various metabolic-associated and 
possibly vasomotor biomarkers. Moreover, toxicological studies provided coherence for the 
cardiovascular conditions observed in epidemiological studies, as changes in cardiac tissue structure 
and functions and progression of hypertension, plaque formation, and atherosclerosis were reported. 
Also, physiological changes, such as vascular inflammation, insulin resistance, and changes in adipose 
tissue, often leading to more serious conditions, were consistently reported in toxicological studies. 
Oxidative stress and inflammation were shown to play a central role in the induction of cardiovascular 
outcomes in laboratory animals, which provides biological plausibility for the associations observed  
in humans. It is important to note that a growing number of these cardiovascular outcomes are 
considered metabolic disturbances, and therefore have the potential for more widespread 
perturbations of the cardiovascular system, and of other systems.
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A few large cohort studies have reported positive and significant associations between PM2.5 exposure 
and diabetes mortality, and less consistent positive associations between PM2.5 exposure and diabetes 
incidence. Evidence from single studies suggested that exposure to PM2.5 was associated with elevated 
metabolic-associated biomarkers in certain subgroups of the population in cross-sectional studies.

Given the high prevalence of diagnosed cardiovascular disease (over 8.3%; from Public Health 
Agency of Canada, 2017) in Canada—and this does not account for underdiagnosed populations—
the health impact of PM2.5 is expected to be substantial. Also, since diabetics are prone to develop 
various cardiovascular diseases, such as myocardial infarction, exposure to PM2.5 is expected to 
increase the risk of these outcomes. The preliminary evidence showing associations of PM2.5 exposure 
with health effects on the metabolic system is limited and is insufficient to determine causality at this 
time. However, the positive associations and toxicological effects reported in the metabolic database 
add support to the causality determination between long-term PM2.5 exposure and cardiovascular 
effects due to the interconnected nature of the two systems.

Overall, the evidence continues to support a causal relationship between cardiovascular mortality and 
long-term exposure to PM2.5. The expanded evidence in the morbidity database results in an upgrade 
to a likely causal relationship between cardiovascular morbidity and long-term exposure to PM2.5.

2.3.	 RESPIRATORY EFFECTS

Short-term exposure to PM2.5

Conclusion from the CSSA
The CSSA concluded that a causal relationship exists between short-term exposure to PM2.5 and both 
respiratory morbidity and respiratory mortality. PM2.5 exposure was strongly associated with increased 
risk of respiratory-related hospital visits as well as with respiratory mortality. In particular, there was 
strong evidence of increased risk of asthma- and COPD exacerbation-related hospital visits associated 
with PM2.5 exposure. Reduced lung function, increased respiratory symptoms and pulmonary 
inflammation were observed in panel studies, particularly in asthmatic children and adults with COPD. 
In a number of controlled human exposure studies, participants (most often healthy adults and in 
some cases asthmatics or elderly individuals with or without COPD) exposed to PM2.5 CAPs exhibited 
mild pulmonary, systemic or nasal inflammation, though the database was not entirely consistent.  
A large body of evidence in toxicological studies demonstrated the potential for toxicity effects of 
PM2.5 on the lungs. Studies that examined mechanisms by which pulmonary toxicity occurs identified 
oxidative stress, neutrophilic infiltration and higher macrophage count and activation in bronchoalveolar 
lavage fluid (BALF) as important mediators of pulmonary injury (as measured by protein content and 
lactate dehydrogenase (LDH) activity in BALF), fibrosis, and epithelial hyperplasia. Mechanisms of  
lung toxicity also included induction of cytochrome P450s enzymes, activation of vanilloid receptors, 
caspase activation and apoptosis, and mitochondrial dysfunctions. Short-term exposure to PM2.5 was 
also shown to act as an adjuvant with antigens (i.e., allergens), exacerbating airway inflammation and 
immune responses in experimentally-induced allergic animal models.
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Updated information—respiratory mortality
Since the CSSA publication, multi-city epidemiological studies conducted within the United States 
have continued to report positive and significant associations between PM2.5 exposure and respiratory 
mortality (Figure 2.9). No Canadian multi-city study was identified in this update. A single-city 
Canadian study that was described in detail in the CSSA indicated much wider confidence interval 
(Villeneuve et al., 2003) compared to the more recent multi-city studies. Systematic review with  
meta-analysis studies further supported the observation, where PM2.5 exposure was associated  
with increased overall respiratory mortality as well as specific COPD-related mortality  
(Atkinson et al., 2014; Chang et al., 2015; Li MH et al., 2016).
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FIGURE 2.9: Point estimates and 95% confidence intervals for respiratory mortality per standardized 
increment (10 µg/m3 for 24 h) in short-term PM2.5 concentration in single-pollutant models in 
epidemiological studies
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A.	 Vancouver, BC; Villeneuve et al. (2003); aged ≥65;  
lag 0 d; A1 = TEOM data, A2 = dichotomous data,  
24-h mean (TEOM) = 7.89 µg/m3

B.	 9 California counties; Ostro et al. (2006); all ages; lag 0-1 d;  
24-h mean = 19.44 µg/m3

C.	 27 US communities; Franklin et al. (2007); all ages; lag 1 d;  
24-h mean = 15.7 µg/m3

D.	 6 US cities; Klemm and Mason (2003); all ages; lag 0-1 d;  
D1 = pneumonia – GAM with stricter convergence criteria,  
D2 = pneumonia – GLM with natural splines,  
D3 = COPD – GAM with stricter convergence criteria,  
D4 = COPD – GLM with natural splines; 24-h mean not reported

E.	 25 US cities; Franklin et al. (2008); all ages; lag 0-1 d;  
24-h mean not reported

F.	 112 US cities; Zanobetti and Schwartz (2009); all ages; lag 0-1 d;  
24-h mean = 13.22 µg/m3

G.	 148 US cities; Lippmann et al. (2013); all ages; lag 1 d;  
24-h mean = 7.89 µg/m3

H.	 75 US cities; Dai et al. (2014); all ages; lag 0–1 d;  
24-h mean = 13.3 µg/m3

I.	 3 US states; Lee et al. (2016); all ages; lag 0–1 d;  
24-h mean = 11.1 µg/m3

J.	 3-5 single- and multi-city studies from WHO regions;  
Atkinson et al. (2014);  
J1 = respiratory mortality (5 studies), J2 = COPD mortality  
(3 studies)

K.	 9 studies (6 United States, 3 Europe, 3 China); Chang et al. (2015);  
respiratory mortality

L.	 7 studies (2 United States, 1 South America, 4 Europe);  
Li MH et al. (2016); COPD mortality 

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA

	{ Published systematic review with meta-analysis studies

The systematic review with meta-analysis by Chang et al. (2015) includes results from the following primary studies: Franklin et al. (2007),  
Ostro et al. (2006), and Zanobetti and Schwartz (2009). CI = confidence interval; COPD = chronic obstructive pulmonary disease;  
CSSA = Canadian Smog Science Assessment; GAM = generalized additive model; GLM = generalized linear model; PM2.5 = PM of 2.5 μm  
or less in median aerodynamic diameter; TEOM = tapered element oscillating microbalance; SR = systematic review with meta-analysis;  
US = United States; WHO = World Health Organization; WHO regions = African Region, Eastern Mediterranean Region, European Region,  
Regions of the Americas, South-East Asian Region, Western Pacific Region 

Updated information—respiratory morbidity

Respiratory hospital admissions
In the literature published since the CSSA, there is a large database of multi-city population-based 
epidemiological studies conducted in the United States, which reported positive and mostly 
significant associations between exposure to PM2.5 and respiratory-related hospital admissions 
(Figure 2.10). No Canadian multi-city study was identified. The positive association observed in 
American studies was further supported by a systematic review with meta-analysis. In this pooled 
analysis, a positive and significant association was observed between PM2.5 exposure and all hospital 
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admissions related to respiratory effects (Atkinson et al., 2014). Some studies have focused on the 
specific respiratory causes (i.e., COPD and asthma exacerbations, respiratory tract infection including 
pneumonia) of hospital admissions. Cause-specific analyses reported a significant increase in  
hospital admissions related to COPD exacerbation and lower respiratory tract infection in elderly 
individuals (Lippmann et al., 2013; Kloog et al., 2014; Bell et al., 2015). A positive association with 
hospital admission for asthma exacerbation was observed in children (Ostro et al., 2009), the elderly 
(Bell et al., 2015) and individuals of all ages (Weber et al., 2016). These associations were further 
supported by a number of systematic review with meta-analysis studies, in which positive and 
significant associations were observed for exacerbation of COPD- and asthma-related hospital 
admissions (Zheng et al., 2015; Li MH et al., 2016; Lim et al., 2016).
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FIGURE 2.10: Point estimates and 95% confidence intervals for all respiratory hospital admissions  
per standardized increment (10 µg/m3 for 24 h) in short-term ambient PM2.5 concentration in  
single-pollutant model in epidemiological studies
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A.	 Vancouver, BC; Chen et al. (2005); aged ≥65; lag 0-1 d;  
24-h mean = 13.3 µg/m3

B.	 Vancouver, BC; Fung et al. (2006); aged ≥65; lag 0 d;  
24-h mean = 13.3 µg/m3 

C.	 Spokane, WA; Slaughter et al. (2005); all ages; lag 3 d;  
24-h mean not reported 

D.	 202 US counties; Bell et al. (2008); aged ≥65; D1 = all-year, lag 2 d,  
D2 = winter, lag 2 d, D3 = winter, lag 0 d; 24-h mean not reported

E.	 6 Californian counties; Ostro et al. (2009); children; E1 = aged 0–18, 
all year, E2 = aged 0–18, cool season, E3 = aged <5, all year,  
E4 = aged <5, cool season; lag 3 d; 24-h mean (all year) = 19.4 µg/m3; 
24-h mean (cold season) = 24.8 µg/m3

F.	 26 US communities; Zanobetti et al. (2009); aged ≥65; lag 0-1 d;  
24-h mean = 15.3 µg/m3 

G.	 148 US cities; Lippmann et al. (2013); aged ≥65; lag 0 d; G1 = all year, 
G2 = warm season, G3 = cold season; 24-h mean not reported

H.	 4 US counties; Bell et al. (2014); aged ≥65; lag 2 d;  
24-h mean = 14.0 µg/m3 

I.	 Mid-Atlantic region (Washington DC and the states of Delaware, 
Maryland, New Jersey, Pennsylvania, Virginia, New York and  
West Virginia); Kloog et al. (2014); all ages; lag 0-1 d;  
24-h mean = 11.92 µg/m3

J.	 New York State; Jones et al. (2015); all ages; lag 0 d;  
24-h mean = 8.03 µg/m3

K.	 100 US urban counties; Powell et al. (2015) (extended analysis  
of Peng et al. (2008)); aged ≥65; lag 0 d; 24-h median = 12.6 µg/m3 

L.	 213 US counties; Bell et al. (2015); aged ≥65; L1 = both sexes,  
L2 = men, L3 = women; lag 0 d; 24-h mean not reported

M.	708 US counties; Bravo et al. (2017); M1=overall, M2 = least urban 
(≤40% of pop. in urban areas), M3 = most urban (>90% of pop. in 
urban areas); age not reported; lag 0 d; 24-h mean = 12.28 µg/m3

N.	 4 single- and multi-city studies from WHO regions;  
Atkinson et al. (2014)

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA 

	{ Published systematic review with meta-analysis studies

CI = confidence interval; CSSA = Canadian Smog Science Assessment; PM2.5 = PM of 2.5 μm or less in median aerodynamic diameter;  
SR-MA = systematic review with meta-analysis; US = United States; WHO = World Health Organization; WHO regions = African Region,  
Eastern Mediterranean Region, European Region, Regions of the Americas, South-East Asian Region, Western Pacific Region

Respiratory emergency room visits
Since the publication of the CSSA, researchers have greatly expanded the study of the relationship 
between short-term PM2.5 exposure and respiratory-related emergency room visits. Multi-city studies 
conducted in Canada and the United States reported positive and mostly significant relationships 
between PM2.5 exposure and all respiratory-related emergency room visits and specific respiratory 
diseases (e.g., pneumonia, COPD, respiratory infections) (Malig et al., 2013; Ostro et al., 2016; 
Weichenthal et al., 2016c). Emergency room visits related to asthma exacerbation have been studied 
more extensively than other outcomes. There is a large dataset in which nearly all Canadian and 
American multi-city studies, across all age groups, have reported positive and significant associations 
between PM2.5 exposure and emergency room visits related to asthma exacerbation (To et al., 2015a; 
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Alhanti et al., 2016; Ostro et al., 2016; Weichenthal et al., 2016c; Xiao et al., 2016). The observation 
was further supported by systematic review with meta-analysis studies that reported significant 
associations between asthma-related emergency room visits and exposure to PM2.5, in both adults 
and children (Zheng et al., 2015; Fan et al., 2016; Lim et al., 2016). In many cases, the magnitude of 
the association for asthma-related emergency room visits was greater than that for all respiratory-
related emergency room visits or other specific respiratory causes (Stieb et al., 2009; Weichenthal 
et al., 2016c). During wildfire events, there was also elevated asthma-related emergency room 
visits associated with exposure to high levels of PM2.5 (Alman et al., 2016; Reid et al., 2016). Together, 
evidence from hospital visits (emergency room visits and hospital admissions) continued to support 
the finding that short-term exposure to PM2.5 was associated with respiratory adverse effects, 
especially exacerbation of COPD and asthma-related events.

Subclinical effects
In panel and cross-sectional studies that examined subclinical outcomes, short-term PM2.5 exposure 
was associated with decreased lung function (Liu et al., 2009; Dales et al., 2013) and increased airway 
inflammation (mostly based on measurement of the fractional exhaled nitric oxide) (Delfino et al., 
2013; Weichenthal et al., 2011). Most studies were conducted in asthmatic children, with a few studies 
looking at either adults with asthma or other chronic respiratory diseases, such as COPD, or healthy 
adults. For other subclinical outcomes, there was less consistent positive association between 
exposure to PM2.5 and respiratory symptoms (i.e., wheeze, cough, shortness of breath, and chest 
tightness) and the use of bronchodilator medications, likely due to a wide range of severity of asthma 
(O’Connor et al., 2008; Patel et al., 2010; Evans et al., 2014). Overall, these epidemiological studies 
indicated that short-term exposure to PM2.5 is associated with some subclinical respiratory effects.

Controlled human exposure studies are usually conducted in healthy individuals or those with  
mild severity level of health conditions (i.e., asthma, COPD) and are limited to short-term exposures 
(i.e., 2 hours). After a 2-hour exposure to PM2.5 CAPs, most studies reported no change in lung 
function parameters, changes in pulmonary and nasal inflammatory markers or diffusing capacity  
in healthy individuals and mild asthmatics (Urch et al., 2010; Huang et al., 2012; Behbod et al., 2013). 
A single study showed that smokers/ ex-smokers exhibited some transient effects, such as reduced 
lung function parameters and diffusing capacity (Hazucha et al., 2013). Thus, controlled exposure  
to PM2.5 CAPs appears to have no effect on relatively healthy individuals at the exposure level and 
duration currently examined.

Updated information—effects in toxicological studies
Acute or subchronic exposure of experimental mice and rats to PM2.5 consistently resulted in lung 
injury and inflammation. In addition, an increase in the number of neutrophils and increased plasma 
levels of the vasoconstrictor endothelin-1 have been observed in the absence of oxidative stress, 
inflammation, or cytotoxicity (Bouthillier et al., 1998; Haberzettl et al., 2016a). This suggests that 
injury and inflammation are likely not the only mechanisms leading to adverse respiratory outcomes. 
Animals were generally exposed either by intratracheal instillation or to concentrations that can be 
representative of human exposure levels by inhalation in chambers. PM2.5 exposure was shown to 
induce acute pulmonary oxidative stress in mice (characterized by increases in expression of the 
antioxidant genes superoxide dismutase and glutathione s-transferase and in extracellular superoxide 
dismutase protein levels). A few studies also showed exposed rodents had alveolar inflammatory foci, 
infiltration of inflammatory and immune cells, alveolitis and bronchiolitis by histopathological 
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examination. In addition to inflammation and oxidative stress, data from toxicological studies suggest 
that mitochondrial abnormalities and the involvement of the kallikrein-kinin system could also be 
involved in the development of adverse respiratory effects. Also, a few studies investigating the role 
of PM2.5 in allergic airway disease using rat ovalbumin-induced allergy models reported exacerbation 
of inflammatory responses on exposure to PM2.5. Overall, the evidence consistently shows that 
exposure to PM2.5 causes respiratory effects in association with oxidative stress, inflammation, 
and other pathways in exposed animals. The data provide mechanistic understanding of how  
PM2.5 could cause adverse respiratory effects consistent with those observed in human studies.

Conclusion for short-term PM2.5 exposure and respiratory effects
In summary, the epidemiological database consistently reported that short-term exposure to PM2.5  
is associated with a significant increased risk of overall respiratory-related premature mortality, 
particularly in individuals with COPD or pneumonia. In terms of morbidity outcomes, multi-city 
epidemiological studies consistently reported that PM2.5 exposure is positively and significantly 
associated with an increased risk of respiratory-related hospital admissions and emergency room 
visits, particularly for asthma, COPD and pneumonia. The increased risk of asthma-related emergency 
room visits was observed in both children and adults in nearly all studies including systematic review 
with meta-analysis. The magnitude of the risk was further increased when PM2.5 levels were elevated 
during wildfire events, thus providing additional evidence of the association. Controlled human studies 
generally did not report any respiratory effects in healthy adults and mild asthmatics exposed to CAPs 
for 2 hours. Certain individuals such as smokers and those prone to allergic conditions seemed to have 
more pronounced respiratory effects, but the number of available studies was small. The robustness  
of the associations was well established in the CSSA, with positive and significant PM2.5 effects usually 
maintained, although slightly attenuated, in co-pollutant analyses (NO2, CO, O3). Multi-pollutant  
or co-pollutant models were rarely conducted in studies reviewed in this update as the causal 
relationship had already been established. Toxicological studies have shown coherence for the 
associations observed in epidemiological studies, with increases in lung inflammation and damage 
and enhanced allergic responses in animals exposed to PM2.5. Moreover, the oxidative stress and 
inflammatory responses, as well as the histopathological changes within the lung tissue, observed in 
experimental animals provide insight on the mechanisms by which PM2.5 may be acting and hence 
provide biological plausibility for the effects observed in epidemiological studies. Thus, the overall 
evidence continued to support causal relationships between short-term exposure to PM2.5 and 
respiratory-related morbidity and mortality.

Long-term exposure to PM2.5

Conclusion from the CSSA
At the time of the CSSA, only a limited number of studies had examined the relationship between 
long-term PM2.5 exposure and respiratory mortality. Therefore, it was concluded that the evidence 
was inadequate to determine a causal relationship between exposure to PM2.5 and respiratory 
mortality. Between PM2.5 exposure and respiratory morbidity, it was determined that the evidence 
was suggestive of a causal relationship. Epidemiological studies had generally focused on children. 
PM2.5 exposure was found to be associated with a reduction in lung function and an increase in 
respiratory symptoms, especially with childhood bronchitis symptoms. Very few chronic toxicological 
studies examining the respiratory effects of PM2.5 in animals had been published, with only some 
evidence of hyperplasia and fibrosis reported at high concentrations. A few chronic studies on 
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experimental allergy or lung function and airway reactivity had been reported, which showing signs 
of increased allergy symptoms; however, these studies were limited in number, particle size was not 
clearly defined and control groups were not always included.

Updated information—respiratory mortality
Studies reviewed in this update have focused on all respiratory-related mortality (typically excluding 
lung cancer) or cause-specific respiratory-related mortality. Most of the Canadian and American studies 
reported positive non-significant associations between long-term exposure to PM2.5 and all respiratory 
mortality, including results from CanCHEC, CCHS and ACS cohort studies (Pinault et al., 2016; Turner  
et al., 2016; Weichenthal et al., 2016a). Studies have also investigated mortality from COPD; most of  
the American studies reported positive and non-significant associations (Hart et al., 2011; Lepeule  
et al., 2012; Turner et al., 2016), while the two Canadian studies showed inconsistent results (Crouse  
et al., 2015; Pinault et al., 2016). Although both studies estimated PM2.5 levels with satellites, an 
important difference is the finer scale of PM2.5 exposure estimates (1 km x 1 km grid) by Pinault  
et al. (2016) reported a positive and significant association. In comparison, no association was observed 
with the 10 km x 10 km grid used by Crouse et al. (2015). Co-pollutant or multi-pollutant analyses with 
adjustment for PM10-2.5, black carbon, O3 and/or NO2 generally did not modify the PM2.5 associations, 
except for the attenuation observed by O3, in studies on all respiratory and COPD mortality (McDonnell 
et al., 2000; Jerrett et al., 2009, 2013; Crouse et al., 2015; Thurston et al., 2016a). Hence, there is some 
evidence to suggest that long-term exposure to PM2.5 is associated with an increase in overall 
respiratory-related mortality as well as specific COPD-related conditions.

Updated information—respiratory morbidity
For morbidity, studies have continued to report associations between exposure to PM2.5 and reduced 
lung function, as measured by forced expiratory volume in 1 second and forced vital capacity. These 
associations have now been observed in adults as well as in children. Cohort and cross-sectional 
studies have reported some significant associations between long-term exposure to PM2.5 and 
reduction in lung function, but the confidence intervals were wide (Rice et al., 2015, 2016; Adar et al., 
2015). In terms of respiratory symptoms, long-term exposure to PM2.5 is associated with significant 
increases in respiratory allergy/ hay fever in children in both single-pollutant and co-pollutant (adjusted 
for SO2, NO2, PM10, summer O3) analyses (Parker et al., 2009). The decline in PM2.5 levels in California 
communities was associated with a reduction in childhood bronchitis symptoms (Berhane et al., 2016). 
A small dataset suggested that in adults, especially those with asthma and/or rhinitis, PM2.5 exposure 
was associated with increased respiratory symptoms, although results were not entirely consistent 
(Balmes et al., 2014; Young et al., 2014; Rice et al., 2015). Taken together, the evidence suggests that 
long-term exposure to PM2.5 is associated with respiratory effects in adults as well as in children.

Researchers have investigated the association between long-term exposure to PM2.5 and the 
development of hospital-related events linked to asthma and other chronic respiratory diseases.  
In women, children and adolescents (men have not yet been studied in Canada or the United States), 
exposure to PM2.5 was associated with a non-significant increase in asthma diagnosis in cohort and 
case-control studies (McConnell et al., 2010; Nishimura et al., 2013; Young et al., 2014; To et al., 
2015b; Tétreault et al., 2016). Moreover, a Canadian study that followed adult women for 17 years 
reported a positive and significant association between exposure to PM2.5 and COPD diagnosis, 
which remained after adjustment for O3 (To et al., 2015b). Asthmatic adults were found to have a 
greater risk of developing asthma-COPD overlap syndrome with exposure to PM2.5 (To et al., 2016). 
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Exposure to PM2.5 during prenatal or childhood time periods was associated with increased risk of 
asthma development in children (Clark et al., 2010; Tétreault et al., 2016b), and a greater risk was 
reported for certain high-risk infants (due to family history) (Carlsten et al., 2011). Moreover, a 
systematic review with meta-analysis study found that early childhood exposure to PM2.5 was 
associated with a non-significant increased risk of asthma incidence (Bowatte et al., 2015). Some 
studies investigated the associations between exposure to PM2.5 and asthma exacerbation, including 
respiratory-related hospital visits (i.e., admissions and emergency room visits) or self-reported asthma 
exacerbation in children (Akinbami et al., 2010; Tétreault et al., 2016). In addition, exposure to PM2.5 
was associated with increased COPD exacerbation-related hospital admissions in adults and the 
elderly (Gan et al., 2013) and increased community-acquired pneumonia hospital admissions in the 
elderly (Neupane et al., 2010). Multi-pollutant adjustment for black carbon and NO2 did not affect  
the non-significant positive association between PM2.5 exposure and COPD hospital admissions (Gan 
et al., 2013). Overall, these studies indicated that long-term exposure to PM2.5 is associated with an 
increased risk of developing chronic respiratory conditions and of respiratory-related hospital visits.

Updated information—effects in toxicological studies 
In toxicological studies, very limited evidence is available on the effects of chronic exposure to  
PM2.5 on the respiratory system. This update identified only one study that exposed mice to PM2.5  
for relatively long periods (6 weeks by oropharyngeal aspiration). Increases in BALF total cell count 
and inflammatory cytokines (TNF-α, IL-6, IL-1β, and monocyte chemoattractant protein-1) and 
macrophage infiltration and in apoptotic cell death in the lung tissue were observed.

Conclusion for long-term PM2.5 exposure and respiratory effects
In summary, there is some consistency in the epidemiological data showing positive associations 
between long-term exposure to PM2.5 and overall respiratory mortality as well as cause-specific 
COPD mortality. Co-pollutant and multi-pollutant analyses generally did not modify the observed 
associations, indicating robustness of the measured associations. Exposure to PM2.5 is associated 
with reduced lung function in both adults and in children. In many cases, the point estimates had  
wide confidence intervals and associations were non-significant. Children were found to have 
increased respiratory allergy symptoms, bronchitis symptoms and, to some extent, wheezing 
symptoms associated with exposure to PM2.5. An increased risk of asthma development, as well as 
asthma exacerbation-related hospital visits (including hospital admissions, emergency room visits), 
were observed with long-term exposure to PM2.5 in both adults and children. There is some evidence 
suggesting that exposure to PM2.5 might also increase the risk of COPD development and of COPD-  
or pneumonia-related hospitalization in adults and the elderly. The respiratory associations observed 
with exposure to PM2.5 persisted in the available multi-pollutant analyses (black carbon, NO2) and 
co-pollutant analysis (O3), but some uncertainty of the robustness of the database for respiratory 
morbidity remain. Children, the elderly, asthmatics and individuals with a family history of asthma have 
increased susceptibility to the respiratory effects of PM2.5. The toxicological database remains limited 
for chronic exposure; however, the few available results were consistent with the epidemiological data, 
as cell infiltration in the lung and inflammation can be considered precursors to respiratory and COPD 
mortality in some individuals. Collectively, the evidence of an increased risk for respiratory mortality 
associated with long-term exposure to PM2.5 is suggestive of, but not sufficient to infer, a causal 
relationship, based on a small but growing epidemiological database suggesting an increased risk  
of overall respiratory and COPD-specific mortality. The dataset exhibits some limitations with  
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respect to the strength and robustness of the association, but consistency, biological plausibility  
and coherence exist to support a likely causal relationship between respiratory morbidity and 
long-term exposure to PM2.5. Exposure to PM2.5 results in increased risk of asthma diagnosis and 
related exacerbations as well as reduced lung functions, especially in children and asthmatics.

2.4.	 CANCER EFFECTS

Conclusion from the CSSA
The CSSA concluded that there is a likely causal relationship between long-term exposure to  
PM2.5 and lung cancer mortality, and the International Agency for Research on Cancer (IARC, 2013) 
classified PM from outdoor air pollution as carcinogenic to humans (IARC Group 1). The few 
epidemiological studies available on the relationship of PM2.5 with cancer reported positive 
associations between PM2.5 exposure and lung cancer mortality. With the exception of the extended 
analysis of the ACS study, that was robust to adjustment to confounders, most of the associations  
in the epidemiological studies were positive and not significant. No toxicological studies examined 
the carcinogenicity of environmentally relevant particles in the CSSA. Some studies using very high 
levels of other particle types (i.e., inhalation of vanadium pentoxide (V2O5) for 2 years, and weekly 
intratracheal instillation of granular dust for 20 weeks) indicated an increase in the incidence of 
tumours in animals. In addition, PM2.5 was reported to cause DNA damage in the form of mutations, 
chromosomal aberrations, micronuclei and DNA strand breaks in many in vitro and in a limited 
number of in vivo inhalation studies. The mutagenicity potential of PM2.5 was shown to vary across 
seasons and sources, with winter PM2.5 and urban sources such as traffic, industrial emission and 
residential heating having a higher mutagenic potential. These results provided support to the 
carcinogenicity and genotoxicity of PM2.5.

Updated information—cancer mortality and morbidity
As shown in Figure 2.11, the majority of studies reported positive associations between PM2.5 
exposure and lung cancer mortality based on large Canadian (CanCHEC and Canadian National 
Breast Screening Study (CNBSS); Crouse et al., 2015; Villeneuve et al., 2015; Pinault et al., 2016; 
Weichenthal et al., 2016a) and American cohort studies (ACS and H6CS; Krewski et al., 2009; Turner 
et al., 2011, 2016; Jerrett et al., 2013; Thurston et al., 2013), as well as smaller American cohort studies 
(Adventist Health Air Pollution Study, Women’s Health Initiative, California Teachers Study, California 
Cancer Registry, and the United States trucking industry; McDonnell et al., 2000; Lipsett et al., 2011; 
Hart et al., 2011). However, most of these associations were non-significant. In these studies, the  
PM2.5 concentrations ranged from 2 to 40 µg/m3 (lower in more recent years and higher in the 1980s). 
In addition, lung cancer incidence was reported to be associated with PM2.5 exposure in two 
Canadian cohort studies (Hystad et al., 2013; Tomczak et al., 2016) and two American cohort studies 
(Puett et al., 2014; Gharibvand et al., 2017), but most of these associations were non-significant.  
The combined risk of lung cancer incidence and mortality was found to be significant in three  
meta-analysis studies, which included the Canadian and American studies cited above (Hamra  
et al., 2014; Chen et al., 2015; Yang et al., 2016). The increase in power resulting from the meta-
analyses can explain the significance of the pooled estimates. The inclusion of European and  
Asian studies from the early 1980s, the exclusion of certain studies, and the high weight given  
to one American study showing positive and significant association can also contribute to  
the significance of the pooled estimates.
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All sub-types of lung cancer (i.e., adenocarcinoma, squamous cell carcinoma, small cell carcinoma,  
and large cell carcinoma) examined in three Canadian and American cohort studies and two European 
studies were found to be positively associated with exposure to PM2.5 to some degree, although most 
associations were non-significant (Hystad et al., 2013; Puett et al., 2014; Hart et al., 2015; Tomczak et 
al., 2016). Only the CNBSS, which examined PM2.5 exposure and lung adenocarcinoma incidence in 
women, reported a significantly positive association between a lung cancer subtype and exposure  
to PM2.5 (Tomczak et al., 2016).

A limited number of Canadian and American studies have examined the relationship between exposure 
to PM2.5 and other cancers. There were four studies on breast cancer (Hu et al., 2013; Reding et al., 2015; 
To et al., 2015b; Hart et al., 2016), and one study for the following outcomes: early childhood cancer 
(Heck et al., 2013), brain (McKean-Cowdin et al., 2009), uterine cancers (Mahalingaiah, 2014), and 
leukemia (Winters et al., 2015). The CNBSS cohort analysis showed positive but non-significant 
association with breast cancer incidence (To et al., 2015b), and the analysis of cancer data from the 
California Surveillance Epidemiology and End Results program showed a positive and statistically 
significant association between early death among female breast cancer patients and mean monthly 
county PM2.5 levels (Hu et al., 2013). However, residual confounding may be possible, as diet, alcohol 
consumption, and socioeconomic status were not uniformly addressed in these studies. In addition, the 
United States Sister Study and Nurses’ Health Study (NHS) II cohort studies showed no association of 
PM2.5 with breast cancer incidence (or with cell receptor subtypes) (Reding et al., 2015; Hart et al., 2016). 
Overall, there may be a weak relationship with other cancers. However, much uncertainty remains 
because of the small size of the database and the inconsistent results.
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FIGURE 2.11: Point estimates and 95% confidence intervals for lung cancer mortality per 
standardized increment (10 µg/m3 for 24 h) in PM2.5 concentration in epidemiological studies 

A.	 CNBSS; Villeneuve et al. (2015); 1980 and 2005; annual mean not reported 

B.	 CanCHEC; Weichenthal et al. (2016); 1991–2009; B1 = PM2.5 alone,  
B2 = PM2.5*OPAA, B3 = PM2.5*OPGSH, annual mean = 9.81 µg/m3 
(1998–2009)

C.	 CanCHEC; Pinault et al. (2016); 2000 and 2008–2011;  
annual mean = 6.3 μg/m3 (1998–2010)

D.	 CanCHEC; Crouse et al. (2015); non-immigrant Canadians;  
D1 = PM2.5 alone, D2 = multi-pollutant analysis adjusted for NO2 and O3; 
1991–2006; annual mean not reported (1984–2006)

E.	 AHSMOG; California, USA; McDonnell et al. (2000); men who lived  
near an airport; 1977–1992; annual mean = 29.5 µg/m3 (1973–1977)

F.	 H6CS-ACS (re-analysis); Krewski et al. (2000); F1 = H6CS, F2 = ACS; 
1974–1991; annual mean not reported

G.	 H6CS (follow-up); Laden et al. (2006); 1974–1998; annual mean  
ranged from 40 to 10 µg/m3 (1979–1988) and (1990–1998)

H.	 H6CS; USA; Dockery et al. (1993); 1974–1991; annual mean = 18.6 µg/m3 
(1979–1988)

I.	 ACS; Los Angeles, CA; Jerrett et al. (2005); I1 = PM2.5 alone,  
I2 = adjusted for O3 and NO2; 1982–2000; annual mean not reported

J.	 ACS; Pope et al. (1995); 1982–1989; annual mean = 18.2 µg/m3  
(1979–1983)

K.	 ACS; Pope et al. (2002); 1982–2000; annual mean = 17.7 µg/m3 
(1979–1983) and (1999–2000)

L.	 Thurston et al. (2013); 1982–2004; annual mean not reported

M.	CTS; Lipsett et al. (2011); 1999–2005; female; annual mean not  
reported (1999–2005)

N.	 US trucking industry; Hart et al. (2011); N1 = including long-haul drivers, 
N2 = excluding long-haul drivers; 1985–2000; annual mean = 14.1 µg/m3 
(2000)

O.	 H6CS-ACS (extended); Pope et al. (2011); O1 = H6CS, O2 = ACS; 
1989–1995; annual mean not reported

P.	 H6CS (follow-up); Lepeule et al. (2012); 1979–2009;  
annual mean = 15.9 µg/m3 (1979–1983) and (1999–2000)

Q.	 ACS; Turner et al. (2016); Q1 = near-source (LUR), Q2 = regional 
(LURBME-LUR); 1982–2004; mean range = 1.4–27.9 µg/m3 (1999–2008)

R.	 ACS (re-analysis); Jerrett et al. (2013); R1 = PM2.5 alone, R2 = adjusted for 
NO2, R3 = adjusted for O3, R4 = adjusted for NO2 and O3; 1982–2000; 
annual mean not reported

S.	 ACS; Turner et al. (2011); 1982–2008; never-smokers;  
annual mean = 17.7 µg/m3

T.	 ACS (extended and re-analysis); Krewski et al. (2009); 1982–2000;  
annual mean not reported

U.	 12 cohort studies from Europe, North America, Japan; Cui et al. (2014) 

	� Studies from the CSSA (Health Canada, 2013)

	z Studies published since the CSSA 

	{ Published systematic review with meta-analysis studies

The SR/MA by Cui et al. (2014) used relative risk (RR) as point estimates and included results from the following primary studies: Pope et al. (1995), 
Pope et al. (2002), Jerrett et al. (2005), Jerrett et al. (2013), Krewski et al. (2009), Turner et al. (2011), Dockery et al. (1993), Laden et al. (2006), 
Lepeule et al. (2012), McDonnell et al. (2000), and Hart et al. (2011).

ACS = American Cancer Society; AHSMOG = Adventist Health Air Pollution Study; CanCHEC = Canadian Census Health and Environment 
Cohort; CI = confidence interval; CSSA = Canadian Smog Science Assessment; CTS = California Teachers Study; HR = hazard ratio;  
H6CS = Harvard Six Cities Study; LUR = land-use regression; LURBME = land-use regression Bayesian maximum entropy; NO2 = nitrogen dioxide; 
O3 = ozone; OPGSH = glutathione-related oxidative potential; OPAA = ascorbate-related oxidative potential; PM2.5 = PM of 2.5 μm  
or less in median aerodynamic diameter; SR-MA = systematic review with meta-analysis



CANADIAN HEALTH SCIENCE ASSESSMENT FOR FINE PARTICULATE MATTER (PM2.5) 51

Updated information—effects in toxicological studies
Animal and in vitro studies have shown that PM2.5 can induce DNA methylation, increase the 
expression of oncogenes, and lower the expression of tumour-suppressor genes. Only one study 
evaluated tumour incidence in female mice, and it observed a slight increase in lung tumour formation 
in the PM2.5 group (17 .7 µg/m3 for 2 months) compared with the group exposed to filtered air (PM2.5 
mean of 4.5 µg/m3 in chambers). However, both groups were pre-treated with urethane (a lung 
carcinogen), suggesting that PM2.5 may play a role in increasing vulnerability to carcinogenic 
substances. The other studies investigated mechanisms involved in tumour formation by measuring 
changes in gene, miRNA and protein translation in cultured cells or in mice following exposure to PM2.5 
(all mice studies used inhalation chambers). For example, one potential mechanism of action involves 
the decrease in specific miRNA such as miRNA-182 and miRNA-185, leading to the overexpression  
of their target oncogenes (SLC30A1, SERPINB2 and AKR1C1). Moreover, the generation of reactive 
oxygen species by PM2.5 was shown to lead to an increase in DNA methyltransferase 3 levels, which  
in turn methylates the p16 gene, and leads to an increase in the p16 protein, a multi-tumour suppressor 
protein in a lung alveolar cell line from mice. Similarly, human bronchial epithelial cells exposed to 
PM2.5 showed an increase in the production of reactive oxygen species, in phosphorylation and 
activation of protein kinase B, in protein levels of DNA methyltransferase 3b, and in methylation of the 
p53 promoter and expression of the p53 tumour suppressor protein. Alveolitis and bronchial dysplasia 
were also observed in lung tissue in a study in mice. Changes in gene expression were found in the 
lungs of the exposed mice.

Conclusion for long-term PM2.5 exposure and cancer effects
In summary, the majority of epidemiological studies have reported positive associations between 
exposure to PM2.5 and increased risk of lung cancer. The epidemiological database for other types of 
cancer was considered to be too limited to derive causality conclusion. Toxicological studies provided 
support to the previous experiments showing oxidative stress, inflammation and genotoxicity induced 
by PM2.5 exposure reported in the CSSA. However, the animal database remains small. No complete, 
high-quality inhalation studies focusing on tumour development in animals were identified. Oxidative 
stress and inflammation, which are known to play a role in cancer development and changes in mRNA, 
miRNA, and proteins involved in tumorigenesis, provide biological plausibility to the associations 
between PM2.5 and lung cancer observed in epidemiological studies. Overall, the database is limited  
in terms of robustness to adjustments and there are too few toxicological studies evaluating cancer 
incidence to provide coherence. However, the consistency in the positive association with lung cancer 
and the biological plausibility of the cancer mechanisms in toxicological studies, including the central 
role inflammation plays in cancer and the activation of various pathways involved in tumour formation 
and progression, support a likely causal relationship between lung cancer morbidity and mortality 
and exposure to PM2.5.
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2.5.	 REPRODUCTIVE AND DEVELOPMENTAL EFFECTS

Conclusion from the CSSA
The CSSA identified associations between various PM fraction sizes (mostly PM10 and in some cases 
PM2.5) and reproductive and developmental endpoints, such as postnatal mortality, preterm birth, 
intrauterine growth restriction, and low birth weight. However, several caveats were identified in  
the database, including inconsistency of the results, uncertainties surrounding critical periods of 
exposure, low number of studies, and unclear role of other co-pollutants and other factors. 
Associations were often stronger with other pollutants, such as CO and NO2, and with roadway-
based exposure metrics than with PM2.5. For PM2.5-specific results, only a few epidemiological studies 
were identified, reporting associations with increased risk of preterm birth and low birth weight-
related outcomes. In terms of toxicological studies, the only reproductive study reported alterations 
in biomarkers of spermatogenesis in male mice exposed to V2O5, which is a laboratory produced 
particle not representative of ambient air. Of the limited number of studies, most evaluated the 
effects of residual oil fly ash or metals. Overall, it was concluded that the evidence was suggestive of, 
but not sufficient to infer, a causal relationship with reproductive and developmental outcomes for all 
PM fraction sizes. Only one conclusion was drawn for these two groups of health effects in the CSSA.

Reproductive effects

Updated information—epidemiological evidence
The literature reviewed in this update examined the potential effect of PM2.5 exposure on fertility.  
A cohort study reported that PM2.5 exposure was associated with increased risk of infertility in 
women, though the causes of infertility (male or female factors or unknown causes) were not 
identified (Mahalingaiah et al., 2016). In males, inconsistent results were observed in two cross-
sectional studies evaluating associations between semen quality and PM2.5 levels (Hammoud  
et al., 2010; Hansen et al., 2010). Exposure to PM2.5 was associated with decreased conception 
success in the case of assisted human reproduction (Legro et al., 2010). Overall, the evidence  
is considered limited due to the small number of studies available.

Researchers have investigated the relationship between PM2.5 exposure and maternal health  
during pregnancy. In a small dataset, there is some evidence that exposure to PM2.5 is associated  
with increased risk of all pregnancy-related hypertensive disorders (preeclampsia, eclampsia and/or 
gestational hypertension conditions) when considering PM2.5 exposure during the entire pregnancy 
and in some cases in the specific trimesters of first trimester (T1) and second trimester (T2)  
(Vinikoor-Imler et al., 2012; Pedersen et al., 2014; Xu et al., 2014). Preeclampsia is a pregnancy 
disorder where the major symptoms are hypertension and elevated protein in urine and eclampsia  
is a more severe form marked by seizures and coma. However, the associations with exposure to  
PM2.5 were less consistent when only evaluating preeclampsia/ eclampsia (Lee et al., 2013; Mendola  
et al., 2016a; Wu et al., 2016) or gestational hypertension (Lee et al., 2012, 2013). Additionally, studies 
investigating the association between PM2.5 exposure during pregnancy and risk of gestational 
diabetes have reported inconsistent findings (Hu et al., 2015; Robledo et al., 2015; Wu et al., 2016).  
A major limitation is that not all studies have properly adjusted for all confounders (i.e., known  
risk factors related to these health conditions). In addition, none of these studies had conducted 
multi-pollutant or co-pollutant analysis to consider the potential influence of other co-pollutants.  
A small number of studies investigated the association between exposure to PM2.5 and biomarkers  



CANADIAN HEALTH SCIENCE ASSESSMENT FOR FINE PARTICULATE MATTER (PM2.5) 53

in maternal blood, including metabolic biomarkers (leptin and adiponectin) in umbilical cord blood, 
intrauterine inflammation and maternal CRP levels and other inflammatory biomarkers (Lee et al., 2011; 
Ashley-Martin et al., 2016; Lavigne et al., 2016a), in which no conclusion can be drawn at this time. 
Together, the epidemiological database suggested some maternal health effects related to PM2.5 
exposure, but the results are not entirely consistent.

Updated information—effects in toxicological studies
A few toxicological studies have reported some evidence of reproductive effects following PM2.5 

exposure. One study reported alterations in sperm quality in male mice following intratracheal 
instillation of high doses of PM2.5, along with higher oxidative stress in testicular tissue, apoptosis  
of Sertoli cells, lower expression of genes involved in the blood-testis barrier, and lower fertility 
compared to controls. Rat dams exposed to high PM2.5 levels were also found to have lower maternal 
weight gains, higher number of absorbed blastocysts, increased oxidation and inflammation, and 
placental alterations (i.e., neutrophilic infiltration, placental thrombus and fibrin deposition). Overall, 
the toxicological database remains limited in size and only investigated some reproductive effects.

Conclusion for reproductive effects
In summary, the epidemiological study dataset remains small but suggests that PM2.5 exposure is 
associated with maternal effects (hypertensive disorders, gestational diabetes) during pregnancy. 
There is insufficient evidence to support that PM2.5 exposure is associated with an increased risk of 
infertility in both males and females. The toxicological database provided evidence of alterations in 
the placenta tissue and sperm quality of mice. Both effects were likely due to increases in oxidative 
stress in reproductive tissues, as well as inflammation in the placenta. However, the small size of the 
toxicological database and a poor characterization of the reproductive effects overall limited the 
possibility to interpret and conclude on these effects. Given that uncertainties regarding the strength, 
robustness, consistency, and coherence of the associations exist, the evidence is inadequate to  
infer a causal relationship between exposure to PM2.5 and reproductive outcomes.

Developmental effects

Updated information—epidemiological evidence

Birth weight outcomes
This update has identified a large database examining the relationship between maternal PM2.5 
exposure and birth outcomes (i.e., birth weight parameters, preterm birth incidence). Babies born 
with low birth weight may have more health problems affecting their survival immediately after birth 
and may have long-term health consequences. Birth weight outcomes were evaluated using three 
approaches: risk of low birth weight, change in birth weight in grams, and risk of small for gestational 
age. Generally, exposure to PM2.5 during the entire pregnancy period was associated with increased 
risk of low birth weight and small for gestational age and a decrease in birth weight in Canadian and 
American cohort studies (Gray et al., 2014; Ha et al., 2014; Hyder et al., 2014; Laurent et al., 2016a; 
Stieb et al., 2016a, b). Similar associations between birth weight outcomes and PM2.5 exposure were 
reported in systematic review with meta-analysis studies that considered Canadian, American and 
European studies (Stieb et al., 2012; Zhu et al., 2015a; Sun et al., 2016; Zhang K et al., 2016). In 
particular, significant associations were observed for decreased birth weight and small for gestational 
age with exposure to PM2.5. When exposure to PM2.5 was limited to specific trimesters of pregnancy, 
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the associations were less consistent for low birth weight and small for gestational age (Rich et al., 
2009; Ha et al., 2014; Hao et al., 2016; Lavigne et al., 2016b). However, consistent associations were 
observed between decreased birth weight and maternal PM2.5 exposure across the three trimesters 
(Bell et al., 2010; Morello-Frosch et al., 2010; Stieb et al., 2016a). Maternal comorbidities, age during 
pregnancy, sex of infant and ethnic group, were not found to modify the association between PM2.5 
exposure and birth weight outcomes (Savitz et al., 2014; Lavigne et al., 2016b; Stieb et al., 2016b). 
Only a few studies had conducted co-pollutant analyses, and it was suggested that NO2 may 
attenuate the association between PM2.5 exposure and birth weight outcomes; however, the PM2.5 
associations were generally not confounded by other pollutants (PM10-2.5, O3, CO) (Rich et al., 2009; 
Salihu et al., 2012; Ha et al., 2014; Savitz et al., 2014; Stieb et al., 2016b). Overall, there is some 
evidence that PM2.5 exposure during pregnancy is associated with reduced birth weight in newborns, 
but uncertainties do exist, especially regarding the effect of other co-pollutants and the timing of 
exposure, as less consistent results were observed using average PM2.5 levels for each trimester.

Preterm birth
Preterm birth is defined as birth at less than 37 weeks of pregnancy. Because they are born 
prematurely, preterm babies may be less developed and may have more immediate or long-term 
health problems. Exposure to PM2.5 during the entire pregnancy period has been associated with 
increased risk of preterm birth in many American cohort and case-control studies, including Wu  
et al. (2009, 2011), Kloog et al. (2012), Ha et al. (2014) and Laurent et al. (2016b). The results of a 
smaller number of Canadian cohort studies are less consistent, where positive and significant 
association was observed for singleton births in Ontario (Lavigne et al., 2016b), but no association 
was observed for singleton births across Canada (Stieb et al., 2016a, b). This inconsistency might be 
due to availability of individual-level data of potential confounding by maternal cigarette smoking in 
Lavigne et al. (2016b), but not available in the other two studies. In addition, positive (significant or 
non-significant) associations were observed in all systematic review with meta-analysis studies 
(Sapkota et al., 2012; Stieb et al., 2012; Lamichhane et al., 2015; Sun et al., 2016; Zhu et al., 2015a). 
These reviews pooled four to six primary studies (mostly cohort and case-control primary studies) 
covering Canadian, American, European and Australian studies. When PM2.5 exposure is stratified by 
trimester, the evidence was not as consistent across trimesters, as the database is still relatively small. 
For exposure to PM2.5 at T1, studies generally reported positive associations with risk of preterm birth 
in American cohort and case-control studies conducted in specific states (Lee et al., 2013; Ha et  
al., 2014; Pereira et al., 2014), but no association was observed in the only Canadian nationwide  
study (Stieb et al., 2016a). For PM2.5 exposure during T2 and T3, a mix of null and positive associations 
were reported, with some positive associations being significant (Kloog et al., 2012; Ha et al., 2014;  
Hao et al., 2016; Pereira et al., 2016). In the systematic review with meta-analysis studies evaluating 
associations during the specific trimesters, the pooled results were inconsistent, with null associations 
or positive, non-significant associations being reported (Stieb et al., 2012; Zhu et al., 2015a; Sun  
et al., 2016). Certain maternal health conditions (pre-existing diabetes mellitus, heart disease and 
hypertension, or pregnancy-associated preeclampsia) increased the risk of preterm birth associated 
with PM2.5 exposure (Lavigne et al., 2016b). However, maternal asthma did not modify the association 
between PM2.5 and risk of preterm birth (Mendola et al., 2016b). Co-pollutant analyses, often based 
on a single study, did not find that exposure to other air pollutants (O3, NO2, CO) confounded  
the association between PM2.5 exposure and risk of preterm birth, except for PM10-2.5, which may 
attenuate this association (Huynh et al., 2006; Salihu et al., 2012; Ha et al., 2014; Laurent et al., 2016b; 
Stieb et al., 2016b). The evidence suggests that exposure to PM2.5 during pregnancy is associated 
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with increased risk of preterm birth. Additional co-pollutant or multi-pollutant analyses are needed to 
confirm that the observation is due to PM2.5 exposure. There is also uncertainty regarding the timing of 
exposure, as less consistent results were observed when analyzed by trimester compared to average 
PM2.5 level over the entire pregnancy. Hence, the critical exposure window(s) remains to be identified.

Birth defects
Some researchers have examined the association between PM2.5 exposure during the first 8 to  
12 weeks of pregnancy and the risk of birth defects. This time period is crucial for the development 
of body structure and organ system. The major categories of malformations considered were 
congenital heart defects, orofacial clefts and spina bifida. The results were generally inconsistent, 
with positive but non-significant associations and null/negative, non-significant associations being 
reported (Padula et al. 2013a, b; Vinikoor-Imler et al. 2013, 2015; Stingone et al. 2014; Tanner et  
al. 2015; Zhu et al. 2015b; Girguis et al. 2016). Given that birth defects are uncommon and that 
organogenesis occurs during narrow time periods, only large sample-size studies with precise 
exposure measurements could theoretically observe positive and significant associations, if they were 
to exist. Thus, it remains unclear whether PM2.5 exposure can lead to developmental malformations.

Stillbirth and infant mortality
Apart from birth defects, three studies reported positive associations between PM2.5 exposure during 
pregnancy (entire gestation period, T1, T2, T3, days before delivery) and increased risk of stillbirth  
(Faiz et al., 2012; Defranco et al., 2015; Green et al., 2015). In addition, PM2.5 exposure in the first  
2 months of life was associated with increased risk of post-neonatal infant mortality (Woodruff  
et al., 2008).

Overall, most epidemiological studies focused on birth outcomes, with some evidence that maternal 
PM2.5 exposure is associated with reduced birth weight and preterm birth. The associations between 
PM2.5 exposure and other developmental effects, such as birth defects, stillbirth and infant mortality, 
are more challenging to determine since these outcomes are either less common or the database  
is small. As described in an earlier section of this chapter, prenatal and/or postnatal exposure to  
PM2.5 in children increases the risk of respiratory effects, including reduced lung growth, increase in 
respiratory symptoms and asthma development (section 2.3). Moreover, some studies have found 
that autistic children had higher risk of increased prenatal exposure to PM2.5 compared with control 
children (section 2.6).

Updated information—effects in toxicological studies
Toxicological studies have reported increases in cardiac fibrosis and cardiac malformations in mice 
and rats exposed in utero and during the suckling period to PM2.5 (36 to 51 µg/m3). Additionally, 
decreases in weight and reductions in lung and erythrocyte anti-oxidative enzyme activities were 
observed in two studies in mice exposed to PM2.5 in utero and during the suckling period (17 to  
27 µg/m3). Exposure to ambient air containing PM2.5 (4-month parental exposure, including both  
male and female F0, followed by 3-month exposure of the first generation offspring) was also 
demonstrated to decrease the alveolarization process (i.e., surface-to-volume ratios measured 
morphometrically which reflect decreased development of alveolar sacs) in the offspring of the 
exposed pregnant female mice (17 µg/m3). Rat dams exposed to PM2.5 (gestational day 1 to 18)  
gave birth to offspring with altered lung histopathology (measured at post-natal day 28). This was 
characterized by increases in multiple biomarkers of pulmonary dysfunction (increased expression  
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of mesenchymal and transforming growth factor-β proteins and decreased expression of the 
epithelial marker E-cadherin protein and mRNA in lung tissue). These are indicative of an increase  
in scar tissue formation, potentially leading to decreases in respiratory function, as decreases in lung 
function parameters were reported. Finally, alterations in the expression of miRNA associated with 
mental development, astrocyte migration, learning ability and motor coordination were reported in 
the cortex and hippocampus of fetuses of pregnant rats exposed to PM2.5, suggesting that exposure 
to PM2.5 during pregnancy may alter neurological development of the fetus.

Conclusion for developmental effects
In summary, the database investigating the associations between maternal PM2.5 exposure during 
pregnancy and birth outcomes has expanded greatly since the publication of the CSSA. In 
epidemiological studies, PM2.5 exposure during the entire length of the pregnancy was often 
associated with increased risk of adverse birth outcomes in infants (reduced birth weight, increased 
risk of low birth weight, small for gestational age, preterm birth). Some of these associations were 
significant, including those reported in systematic review with meta-analysis studies. However, the 
association observed during specific trimesters or by week of gestation was less consistent. Additional 
studies are needed to clarify the impact of the exposure period on the observed associations and  
to identify any period(s) of susceptibility or critical window(s) of exposure. There is some evidence of 
robustness in the database, as some of the associations with PM2.5 were not impacted in co-pollutant 
analyses with CO and O3, but some attenuation was observed when including NO2 or PM10-2.5.  
The associations between birth defects and maternal exposure to PM2.5 during pregnancy were 
inconsistent. The exposure metric in these studies was the average PM2.5 level over the first 1 to  
12 weeks of gestation, which covers the critical organogenesis period. In the case of stillbirth, all  
three studies reported positive associations with PM2.5 exposure covering the entire pregnancy and 
specific trimesters of T1, T2, and T3. Additionally, PM2.5 exposure during the first 2 months of life was 
associated with increased risk of post-neonatal infant mortality in one study. Toxicological studies 
demonstrate coherence in the association between PM2.5 exposure and the reduced fetal weight 
observed in epidemiological studies and support for biological plausibility of an association with 
increases in oxidative stress and inflammation. In addition, a few toxicological studies have shown 
adverse effects of PM2.5 exposure during pregnancy on the brain, heart, and lungs of the offspring  
of the exposed pregnant female. However, the toxicological database remains small, there are 
uncertainties pertaining to exposure level, and the database remains incomplete as some outcomes 
have not been thoroughly assessed. Hence, the overall evidence is suggestive of, but not sufficient 
to infer, a causal relationship between PM2.5 exposure and developmental effects. Uncertainties 
regarding the strength, robustness and consistency of the database remain.
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2.6.	 NEUROLOGICAL EFFECTS

Conclusion from the CSSA
No causality conclusion was drawn on the relationship between short- or long-term exposure to  
PM2.5 and neurological effects in the CSSA. Also, no epidemiological studies were identified on  
the risk of neurological outcomes following exposure to PM2.5 in the CSSA. Only a few toxicological 
studies were presented. Amongst these, a reduction in dopaminergic neuron density and in 
astrocytes in the substantia nigra nucleus were observed in mice (apolipoprotein E deficient or 
ApoE-/-) exposed chronically to PM2.5 CAPs. Since the publication of the CSSA, more studies have 
begun to investigate the potential associations between PM2.5 exposure and neurological effects.

Short-term exposure to PM2.5

Updated information—epidemiological evidence
Only one short-term study examining neurological effects was published. A multi-city, time-stratified 
case-crossover study found an increase in the risk of hospital admission for Parkinson’s disease, 
dementia, and Alzheimer’s disease with PM2.5 exposure in elderly subjects enrolled in Medicare in  
the northeastern United States (Zanobetti et al., 2014b). Specifically, a significant increase (3.23%; 
95% CI 1.08, 5.43; per 10 µg/m3) in hospital admissions due to Parkinson’s disease was observed  
per 10 µg/m3 increment in PM2.5 at lag 0-1 d. Positive and non-significant associations, probably due 
to the small number of cases in some cities, were observed with Alzheimer’s disease and dementia. 
When the analysis was stratified by age, a positive and significant association (3.48%; 95% CI 0.83, 
6.19; per 10 µg/m3) was, however, observed with Alzheimer’s disease in subjects aged 65–75 
compared with subjects over 75 years old.

Updated information—effects in toxicological studies
Mechanisms of PM2.5 toxicity were studied; however, many findings were not repeated in different 
studies, even if many studies were reporting results of toxicity. In a study in mice, inflammatory-
related gene expression in the brain was enhanced following exposure to an average of 55.1 μg/m3 
for 5 days. In a study in rats, three- to four-day repeated exposure to PM2.5 CAPs increased the levels 
of the stress-related neurotransmitters norepinephrine, corticotrophin-releasing hormone, and 
5-hydroxyindole acetic acid (main metabolite of serotonin) levels in the hypothalamic paraventricular 
nucleus of JCR/LA and BN rats, respectively. Another acute exposure study reported alterations in 
the expression of genes controlling inflammation (e.g., cyclooxygenase 1 and 2) in the hippocampus 
and in the olfactory bulb of mice exposed to ambient air containing high levels of PM2.5. An in vitro 
study showed that human neuroblastoma cell line acutely exposed to PM2.5 had oxidative stress and 
diminished antioxidant defences. Reductions in protein expression of genes involved in synaptic 
signal transmission were also observed. Although the database is small, available studies have shown 
different mechanisms of action of PM2.5 toxicity, such as alterations in brain neurotransmitters levels, 
impacts on the hypothalamic-pituitary-adrenal stress axis, changes in circulating levels of 
corticosterone, and lowered brain-derived neurotrophic factor transcript levels.
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Long-term exposure to PM2.5

Updated information—epidemiological evidence
Three American studies have observed positive associations between long-term exposure to PM2.5 
and the diagnosis of Parkinson’s disease, although the relationships were not statistically significant 
(cohort study by Palacios et al., 2014; cohort study by Kioumourtzoglou et al., 2016b; case-control 
study by Liu et al., 2016). Associations with other neurological outcomes, such as anxiety, smaller 
white matter volumes in the brain, alterations in sensory processes (e.g., smell), and cognitive 
impairment, have also been reported (Power et al., 2015; Ajmani et al., 2016). Two American cohort 
studies have examined the association between PM2.5 exposure and cognitive function, but only  
the NHS cognitive cohort (composed of elderly American women) reported a positive association 
(significant) (Weuve et al., 2012; Loop et al., 2013). Two American studies (one cohort including 
women from the NHS and one cross-sectional in children) investigated behavioural outcomes in 
association with PM2.5 exposure. The cohort study (Power et al., 2015) reported a significant increase 
in the risk of anxiety in women exposed to increasing levels of PM2.5, whereas the cross-sectional 
study (Harris et al., 2016) reported no association between PM2.5 exposure and a higher risk of 
behavioural problems in children (higher childhood exposure to black carbon component of PM2.5  

was positively associated with higher behavioural problems).

Two American cohort studies investigated the association between morphological changes in the 
brain with PM2.5 exposure. Both cohorts (Chen et al., 2015; Casanova et al., 2016) used data from  
older women (71–89 years old) enrolled in the Women’s Health Initiative Memory Study (WHIMS). 
Associations between PM2.5 exposure and smaller white matter volumes were found in both studies, 
and associations between PM2.5 exposure and cortical grey matter was found in one study. Also, the 
three cross-sectional studies investigating cognition reported significant associations with at least  
one form of cognitive decline (i.e., lower visual motor skills, cognitive function and episodic memory 
declines, and verbal learning declines) (Ailshire and Crimmins 2014; Gatto et al., 2014; Harris  
et al., 2015).

The association between autism and prenatal exposure to PM2.5 was assessed in four American 
case-control studies (Becerra et al., 2013; Volk et al., 2013; Raz et al., 2015; Talbott et al., 2015).  
All four studies found that autistic children had higher risk of prenatal exposure to PM2.5 compared 
with control children, but the conclusions are that confounders (e.g., other pollutants, nutritional 
factors, and lifestyle) were not appropriately addressed.

Overall, there is a growing database showing that PM2.5 is associated with adverse effects ranging 
from cognitive, behavioural, and morphological changes in the brain to autism and dementia 
outcomes. However, the epidemiological database remains small.
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Updated information—effects in toxicological studies
Two mouse studies reported neurobehavioural changes in response to repeated exposures to PM2.5 
(for up to 10 months), with increases in depressive-like behaviours, impairment in spatial learning and 
memory, and morphological changes in the hippocampus. One of these two studies also reported 
decreases in apical dendritic length, apical and basilar spine densities, and cell body area of the CA1 
region of the hippocampus after 4 weeks of PM2.5 CAPs exposure. Additional studies have reported 
potential explanatory PM2.5 mechanisms of toxicity associated with these effects. The majority of 
toxicological studies have reported increases in oxidative stress and inflammation (increases in the 
expression of proteins and genes, such as cytokines like TNF-α and IL-6) in the central nervous system 
of rats and mice in response to PM2.5 exposure. One mice study also reported an abnormal activation 
of the hypothalamic-pituitary-adrenal stress axis in parallel to the inflammation response in the 
hypothalamus after a 6-month exposure to PM2.5. Also, inflammatory-related cyclooxygenase-1  
and cyclooxygenase-2 enzymes (protein levels) and cytokine levels were reported to be elevated in 
mice exposed to PM2.5 for 9 months. This study also observed an increase in Alzheimer’s disease-like 
amyloid-beta 1-40 biomarker peptide.

Conclusion for Short- and Long-Term Exposure to PM2.5 and Neurological Effects
In summary, there is a limited but growing number of studies investigating the relationship  
between PM2.5 exposure and neurological effects. One epidemiological study has reported a  
positive association between short-term exposure to PM2.5 and the risk of hospital admission  
for neurodegenerative diseases (i.e., Parkinson’s disease, Alzheimer’s disease and dementia). 
Additionally, a few toxicological studies showed increases in inflammatory and stress-related 
biomarkers in the brain of mice that could potentially lead to more serious neurological conditions. 
Because the database is small, it is not possible to assess the consistency, robustness, coherence,  
or strength of the results. Overall, the short-term exposure evidence to PM2.5 is inadequate to infer  
a causal relationship for neurological effects.

With respect to long-term exposure to PM2.5, a number of American epidemiological studies have 
reported positive associations with neurodegenerative diseases (i.e., Parkinson’s disease, Alzheimer’s 
disease and dementia), autism, cognitive functions (e.g., cognitive impairment, visual-motor skills, 
verbal learning), and morphological changes in the brain (i.e., smaller white and grey matter and total 
cerebral brain volume). The toxicological database provided some coherence to the epidemiological 
findings by reporting changes in behaviour (small increases in anxiety- and depressive-like behaviours 
and impaired learning and memory) following exposure to PM2.5. The toxicological studies also 
provided biological plausibility by presenting mechanisms of toxicity. Changes in brain morphology 
(decreases in hippocampus apical dendritic length, apical and basilar spine densities and cell body 
area), increases in oxidative stress, inflammatory and amyloid-beta biomarkers, as well as activation  
of astrocytes were reported in the hippocampus and cortex of mice exposed to PM2.5. These effects 
can potentially lead to more serious neurological conditions. However, the database on the outcomes 
observed in epidemiological and toxicological studies remains small. The positive associations 
observed in epidemiological studies had large confidence intervals, and the models used in these 
studies did not always adjust for co-pollutants. Overall, the evidence for long-term exposure to  
PM2.5 is suggestive of, but not sufficient to infer, a causal relationship for neurological effects.
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2.7.	 OTHER HEALTH EFFECTS

In addition to the health effects described above, epidemiological studies have begun to investigate 
the association between exposure to PM2.5 and other health outcomes, such as autoimmune diseases, 
dermatitis, and alterations in renal functions. Additionally, toxicological studies have mainly focused 
on the major health outcomes presented in the earlier sections of this document, other health effects 
have also been reported. For example, inflammation and immune cell infiltration have been observed 
in other animal organs, such as the liver (steatosis, fibrosis), spleen, and thymus, after short- and 
long-term exposures to PM2.5. Markers of kidney damage and reduced kidney function were also 
reported in a study in rats exposed for 3 days to 8 weeks. Another study in female mice showed  
an increase in a biomarker of skin aging after exposure to high levels of PM2.5 for 3 days. The 
examination of other health effects is a rapidly growing field. Although these results were observed 
in only a few studies, they are biologically plausible given the roles of the kidneys, liver, and skin as 
defence or detoxifying systems and the oxidative and inflammatory mechanisms of toxicity presented 
in other systems.
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Chapter 3:	  
POPULATION SUBGROUPS AT  
HIGHER RISK OF HEALTH EFFECTS

This chapter focuses on the susceptibility factors, i.e., factors that increase the risk of adverse 
outcomes. Available evidence indicates that a variety of factors can affect an individual’s responses  
to ambient PM2.5 exposure, increasing the risk of adverse health outcomes in certain population 
subgroups. A national analysis estimated the percentage of the total Canadian population 
(representative sample of over 120,000 participants in 110 administrative health regions) that has at 
least one risk factor, which is how susceptibility is defined by Stieb et al. (2019). The results indicated 
that the percentage of the population with at least one risk factor (i.e., less than 10, or 75 years old and 
older, individuals with heart diseases, asthma, COPD, or diabetes, or pregnant women) was 32.0% 
(95% CI: 24.4 to 41.2%). The percentage increased to 69.2% (95% CI: 61.2 to 87.0%) when a broader 
range of potential susceptibility factors (i.e., less than 20, or 65 years old and older, outdoor workers, 
less than high school education, low vitamin C intake) was considered.

In the sections below, risk factors are classified as either high or low confidence in terms of conferring 
susceptibility to a group of individuals based on the findings reported in the epidemiological and 
toxicological databases used to derive the causality conclusions (chapter 2). High confidence is given 
to factors that have a large database and have been shown to increase the risk of adverse health 
outcomes in comparison with individuals who do not have this risk factor within a single study. 
Stratification of risk factors in subgroup analyses highlights the differences in susceptibility between 
groups. Studies including only one population subgroup can also be informative about susceptibility 
if the factor is specific to that group (e.g., preeclampsia in pregnant women). High confidence is also 
given to factors that do not have a direct comparison with another population subgroup, but have 
strong supporting toxicological evidence for biological plausibility. Low confidence was given to 
factors that have been shown to be associated with adverse health outcomes based on a limited 
database. The change in risk of having these factors is not always compared within a single study.

The weight of evidence suggests with high confidence that genetic variants, young age, pre-existing 
health conditions, and smoking are factors increasing the risk of adverse effects from exposure to 
PM2.5. The weight of evidence suggests with low confidence that sex, older age, dietary factors, 
ethnicity, socioeconomic status, and other health conditions are factors increasing the risk of  
adverse effects from exposure to PM2.5.
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3.1.	 RISK FACTORS CONFERRING SUSCEPTIBILITY:  
HIGH CONFIDENCE

Genetic factors
The CSSA suggested that having certain genetic variants could enhance the risk of health outcomes 
compared with individuals that did not have these genetic variants. Limited evidence was presented 
suggesting that certain polymorphisms of genes involved in oxidative stress (e.g., glutathione-s-
transferase mu 1 (GSTM1) and hemochromatosis genes) might lead to greater sensitivity to the 
effects of PM2.5 (i.e., HRV measurements in cross-sectional study). This was supported by toxicological 
evidence also showing that genetics (e.g., ApoE−/− mice as an animal model of atherosclerosis) could 
have a role in inter-individual variability and susceptibility to PM2.5.

Since the publication of the CSSA, epidemiological studies have supported previous results by 
reporting that individuals with impaired responses to oxidative stress, such as polymorphisms of the 
GSTM1 or glutathione s-transferase genes, had greater magnitude of associations between exposure 
to PM2.5 and arrhythmia (individual with the null compared with individuals with the positive allele  
of GSTM1, and in those with the theta-1 variants of the glutathione s-transferase) in panel and  
cross-sectional studies (Schneider et al., 2010; Zanobetti et al., 2014a). Individuals possessing the  
null genotype for GSTM1 also reported greater associations with levels of circulating inflammatory 
cytokine IL-6 compared with those with the positive genotype (Schneider et al., 2010). Also, wild-type 
carriers of variants of APOE and lipoprotein lipase, as well as vascular endothelial growth factor, were 
reported to have greater HRV fluctuations compared with those carrying the homo- or heterozygous 
types (Ren et al., 2010).

In terms of toxicological studies, pulmonary oxidative stress induced by acute exposure to PM2.5  
was blocked in transgenic (i.e., genetically-modified) mice expressing higher levels of superoxide 
dismutase compared with the wild-type. Also, transgenic mice deficient in a protein that regulates a 
pathway involved in the protection against oxidative stress had enhanced systemic and hypothalamic 
oxidative stress and inflammation following PM2.5 exposure (Xu et al., 2016).

In summary, the greater magnitude of the associations observed in individuals with certain genetic 
profiles, supported by evidence from transgenic animal models, indicates that certain groups of 
individuals carrying specific gene variants are susceptible to the adverse effects of PM2.5. The evidence 
in this update suggests with a high degree of confidence that people carrying variants of genes 
involved in oxidative stress have greater risk of adverse outcomes, such as cardiovascular diseases.

Young age
Some studies included in the CSSA reported that children may be more susceptible to the health 
effects of PM2.5 exposure. Throughout childhood, the lungs continue to mature and increase in 
volume, and the physiology and airway size of developing children are thought to contribute 
indirectly to their susceptibility. The number of particles per lung surface was also reported to  
be higher in children compared with adults for the same exposure.

Since the publication of the CSSA, a comprehensive review of epidemiological studies (also evaluated 
controlled human studies and toxicological studies as supportive evidence) indicated that children 
are generally more susceptible to the respiratory effects of PM2.5 (Sacks et al., 2011). The authors 
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indicated that was due to their greater amount of time spent outdoors, activity level, and volume  
per unit body weight, all of which increasing the dose per lung area. Moreover, they indicated that 
epidemiological studies support increased respiratory effects in children compared with adults. 
Those results are supported by toxicological studies showing altered lung development in young 
mice exposed to urban air. Moreover, epidemiological studies show a significant increase in the risk 
of asthma-related emergency room visits in children exposed to PM2.5. However, the reviewed studies 
included only children (no direct comparison with other age groups).

A toxicological study also showed altered lung development and function (altered alveolarization  
and respiratory volumes) in young mice exposed prenatally and postnatally to urban PM2.5 (4-month 
parental exposure followed by 3-month exposure of offspring) (Mauad et al., 2008).

The evidence in this update suggests with a high degree of confidence that children, due to their 
inherent sensitivities, physiological characteristics, or activity patterns, are at increased risk of asthma 
development and exacerbation and function (as reported in animals) from exposure to PM2.5 
compared with other age groups.

Smoking
Smoking has been shown to be associated with health effects that overlap with those of PM2.5, 
including adverse cardiovascular and respiratory effects and lung cancer incidence. In the CSSA, 
smoking was mostly referred to as a confounder; it was not determined whether smoking could also 
be an effect modifier, with smokers having an enhanced risk of health effects. However, the association 
between PM2.5 exposure and mortality was positive and significant only when restricted to current 
smokers in one study (Pope et al., 2004).

Since then, a Canadian cohort showed that former or current smokers were at higher risk of non-
accidental mortality compared with those who never smoked (Pinault et al., 2016). Cross-sectional 
American studies have also found that positive associations of short-term PM2.5 exposure level  
with ectopy (Liao et al., 2009) as well as with von Willebrand factor (a coagulation marker) and 
homocysteine levels (O’Neill et al., 2007) were stronger in smokers or ex-smokers than in non-smokers.

In the case of controlled human exposure studies, smokers or ex-smokers were found to have  
greater decreases in HDL levels, lung function indices and lung diffusion parameters after exposure 
to PM2.5 CAPs compared to non-smokers (Hazucha et al., 2013).

Also, evidence of increased risk of lung cancer incidence with PM2.5 exposure has emerged in  
some studies looking at people with a history of smoking. A higher risk of lung cancer incidence 
among current and former smokers following PM2.5 exposure has been reported (Hystad et al., 2013; 
Valavanidis et al., 2013; Tomczak et al., 2016). Although the overall evidence is showing a trend 
towards an increase in risk of lung cancer in smokers with PM2.5 exposure, some lung cancer studies 
(Puett et al., 2014; Gharibvand et al., 2017) have not reported an interaction with smoking.

The evidence in this update suggests with a high degree of confidence that, compared to non-
smokers, current or former smokers have a higher risk of adverse outcomes, such as lung cancer  
and premature mortality, lower HDL levels, decreased lung function and lung diffusing capacity,  
and higher levels of coagulation biomarker and homocysteine levels.
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Pre-existing health conditions

Cardiovascular pre-existing conditions
In the CSSA, individuals with pre-existing respiratory diseases (asthma, COPD), cardiovascular diseases 
and diabetes were reported to have higher risk of hospital admissions and premature mortality 
following exposure to PM (all fractions) compared with healthy individuals. Moreover, some studies 
reported a decrease in HRV (indicator of cardiovascular morbidity and mortality) in association with 
exposure to PM2.5 in individuals with hypertension and ischemic conditions (Park et al., 2005;  
Schwartz et al., 2005; Lipsett et al., 2006; Luttmann-Gibson et al., 2006; Wheeler et al., 2006).

Since then, studies in people with pre-existing cardiovascular conditions continue to report higher risk 
estimates for cardiovascular-related hospital admissions and all-cause mortality from short-term and 
long-term PM2.5 exposure, respectively, compared with the general population (Schneider et al., 2010; 
Krishnan et al., 2012; Ostro et al., 2014). In a multi-city study, the magnitude of the association between 
PM2.5 exposure and smaller white matter volume was stronger in women with a history of cardiovascular 
disease, compared to those with no history of cardiovascular conditions (Chen et al., 2015).

In toxicological studies, greater increases in circulatory biomarkers of inflammation, plaque 
progression and cholesterol have been observed in ApoE−/− mice exposed to PM2.5 compared  
with those exposed to filtered air (Quan et al., 2010; Chen and Lippman, 2013; Chen LC et al., 2013;  
Wan et al., 2014). Another animal study reported an increase in inflammation biomarkers in the 
hypothalamus of spontaneously hypertensive rats following PM2.5 exposure compared with those 
exposed to filtered air (Ying et al., 2015). Also, PM2.5 exposure further decreased mobility and the 
increase in astrocyte activation in the midbrain (a pathological feature of ischemic stroke) of rats with 
induced ischemic stroke compared with those with ischemic stroke but no exposure to PM2.5 (Zhang 
C et al., 2016). Another study found a further increase in IL-6 and fibrinogen levels in the blood and 
higher percentage of glomerulosclerosis and tubular damage index in chemically-induced diabetic 
rats exposed to PM2.5 compared with those exposed to filtered air (Yan et al., 2014).

Metabolic-related pre-existing conditions
In the CSSA, people with diabetes (specific types not distinguished) were reported to be more 
susceptible to the effects of PM (all size fractions). Diabetics were concluded to have increased 
mortality compared to those without diabetes with exposure to PM.

In this update, diabetics were also reported to have a greater risk of developing hypertension 
compared with non-diabetics in association with long-term PM2.5 levels in a Canadian study (Chen  
et al., 2014). Also, a prolongation of heart-rate corrected QT interval duration (a marker for ventricular 
arrhythmias) was observed with black carbon exposure in diabetics compared with non-diabetics in  
an American study (Baja et al., 2010). In addition, a small panel study reported a stronger association 
between PM2.5 and IL-6 in type 2 diabetes subjects with higher body mass index (BMI), elevated levels 
of glycated hemoglobin A1c (a biomarker of high blood glucose levels) and lower levels of adiponectin 
(a protein that plays an important role in the regulation of circulating glucose and lipids), which are 
indicators of metabolic effects (Schneider et al., 2010).
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As for toxicological studies, metabolic disorder and type 2 diabetes were exacerbated in animal 
model systems of metabolic disorder and type 2 diabetes by PM2.5 exposure for short- and long-term 
durations (Sun et al., 2009; Kampfrath et al., 2011; Tomino, 2012; Liu et al., 2014b, c; Goettems-Fiorin 
et al., 2016).

Asthma and COPD pre-existing conditions 
In the CSSA, short-term exposure to PM2.5 was reported to exacerbate asthma-related (especially  
in asthmatic children) and COPD-related emergency room visits/hospitalization. Short-term PM2.5 
exposure was also associated with increased mortality in patients with COPD. In general, children 
were at risk of more severe asthma exacerbation in response to exposure to PM2.5 than adults 
(Slaughter et al., 2003).

In this update, the evidence has generally continued to indicate that individuals with pre-existing 
respiratory diseases (i.e., asthma, COPD) are at increased risk of respiratory hospital admissions from 
short-term exposure to PM2.5 (Mirabelli et al., 2015; Reid et al., 2016). In the study by Mirabelli et al. 
(2015), participants with asthma had worse respiratory health measures 3 hours after being exposed 
to PM2.5 during commute compared with participants without asthma (this was even worse for those 
with more severe asthma). Different responses were also observed between participant groups. For 
example, systolic blood pressure increased in healthy subjects, but decreased in asthmatics following 
controlled exposure to PM2.5 CAPs (Gong et al., 2003). However, one study reported no differences  
in respiratory function between asthmatics and non-asthmatics exposed to PM2.5 (Urch et al., 2010).

Evidence from toxicological studies further supported the epidemiological observations. Exposure  
to PM2.5 was found to enhance the allergic airway responsiveness and antigen-induced immune 
responses in ovalbumin-challenged rats, an animal model of allergic response (Harkema et al., 2009; 
Heidenfelder et al., 2009; Wagner et al., 2012).

Overall, the evidence in this update suggests with a high degree of confidence that persons with 
cardiovascular disease, diabetes, asthma, and COPD are at greater risk of hospital visits and 
premature mortality due to their impaired physiological functions.

3.2.	 RISK FACTORS CONFERRING SUSCEPTIBILITY:  
LOW CONFIDENCE

Older age
In the CSSA, older adults (over 65 years old) were reported to be more susceptible to the  
health effects of PM2.5 exposure.

In this update, older adults (over 65 years old) represent the age group where the majority of the 
pre-existing health conditions are most common. However, the reviewed studies mainly included 
elderly participants and did not stratify risk by age group. Many large population-based cohort 
studies were conducted in older adults where short-term PM2.5 exposure was associated with an 
increased risk of premature all-cause mortality and cardiovascular-related or respiratory-related 
hospital admissions (e.g., asthma-related emergency room visits). In a Canadian study that also 
conducted cardiac monitoring, slight differences in changes in cardiac rhythm were observed 
between participants above and below the age of 50 that were exposed to PM2.5 (based on daily 
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3-hour concentrations monitored at central stations) (Cakmak et al., 2014a). Another study showed that 
Californians under 20 years old had a lower risk of emergency room visits for asthma and pneumonia 
and of hospitalization for asthma compared with adults of 20–64 years old when exposed to wildfire 
PM2.5 (Reid et al., 2016). During wildfire, individuals aged 20–64 years old had a higher risk of hospital 
visit for COPD compared with those over 65 years old. Controlled human exposure studies conducted 
in the elderly also observed HRV changes after transient exposure to concentrated PM2.5; the 
observation was generally more pronounced in those with pre-existing health conditions.

Only a few toxicological studies investigated the interaction between PM2.5 exposure and animal age. 
PM2.5 exposure seemed to pose a greater risk of health effects to young and older animals, but most 
studies did not compare responses across age groups. One study showed that senescent mice were 
more susceptible to inflammatory responses and cardiac contractility reduction than adult mice in 
response to acute exposure to PM2.5 (Tankersley et al., 2008). 

Although many lines of evidence show increased risk of health effects in the elderly exposed to  
PM2.5, very few studies actually compared the risk with younger age groups, and those that did 
showed inconsistent results. The evidence in this update suggests, albeit with a low degree of 
confidence, that elderly people are at increased risk of premature mortality and hospital visits for 
cardiovascular and respiratory outcomes from exposure to PM2.5 compared with other age groups.

Sex
In the CSSA, sex was mostly referred to as a confounder. No statement on whether a particular  
sex could increase the risk of PM2.5 effects was presented.

In this update, a few subgroup analyses showed that women tended to be more susceptible to the 
health effects of PM2.5 than men. For example, one study reported a higher risk of respiratory and 
hypertension-related hospital admissions in women following exposure to short-term wildfire PM2.5 
levels than in men exposed to the same levels (Reid et al., 2016). A Canadian study found that women 
tended to have greater changes in cardiac rhythm parameters with short-term PM2.5 exposure (based 
on daily PM2.5 3-hour concentrations) than men (Cakmak et al., 2014a). Regarding long-term PM2.5 
exposure, women had higher risk of developing IHD, CHF and stroke, whereas men had higher risk of 
developing MI. In the case of mortality, there was a higher risk of IHD mortality in women than in men.

At this time, it is unclear whether these observations were due to any biological differences  
between sexes or if they were the result of behavioural differences in seeking medical assistance.  
The emerging evidence suggests, albeit with a low degree of confidence, that there are sex-specific 
differences in the response to PM2.5 exposure.

Dietary factors
In the CSSA, diet was mostly referred to as a confounder, and no effect information on modification 
was presented.

Since then, there has been a growing interest in assessing the impact of the diet on the effects of 
exposure to PM2.5. While a cohort reported a lower risk of non-accidental mortality in Canadians 
having 5 or more servings of fruits and vegetables per day compared to those having less than 5 
servings (Pinault et al., 2016), other studies did not find differences in mortality according to diet  
and fruits and vegetables consumption (Turner et al., 2011; Pope et al., 2015). Also, a controlled 
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human exposure study showed that middle-aged healthy adults that received a fish oil supplement or 
olive oil had lower circulating vasoconstrictor protein levels following exposure to PM2.5 compared to 
those without supplementation, showing protection against endothelial dysfunction (Tong et al., 2015).

In toxicological studies, PM2.5-exposed animals fed certain diets (e.g., high-fat or high-fructose diets) 
were found to have more health effects than those not fed these diets. For example, rats exposed to 
PM2.5 and fed a high-fructose diet had greater increases in inflammation in epicardial, lung, liver, and 
perirenal adipose tissues compared with those fed a normal diet (Sun et al., 2013; Wagner et al., 2014; 
Zheng et al., 2015; Li et al., 2017). Alterations in glucose and lipid metabolism (hepatic lipogenesis, 
fasting hyperglycemia, insulin resistance) caused by high PM2.5 levels were also increased in animals 
fed high-fat diets (Haberzettl et al., 2016a). Exposure to PM2.5 enhanced the changes in blood pressure 
(e.g., vasoconstriction) in young mice fed a high-fat diet compared with mice fed a normal diet (Xu et 
al., 2010; Li et al., 2017). In addition, there was a greater increase in markers of non-alcoholic fatty liver 
disease (hepatic inflammation grade and fibrosis stage, increase in macrophages, cytokines and 
collagen-1) in PM2.5-exposed mice that were fed a high-fat diet compared with mice fed a high-fat  
diet and exposed to filtered air (Tan et al., 2009; Zheng et al., 2015).

Given that fruits and vegetables and certain diets (e.g., high-fat or high-fructose diets) can influence 
antioxidants and anti-inflammatory responses, it can be expected that a diet rich in fruits and 
vegetables (and possibly fish oil) could lower the risk of adverse effects of PM2.5 (and possibly  
the opposite for high-fat or high-fructose diets, for example). The preliminary evidence suggests, 
albeit with a low degree of confidence, that a diet rich in fruits and vegetables can potentially have  
a protective effect for the risk of mortality, inflammation, and high blood pressure associated with 
PM2.5 exposure.

Ethnicity
In the CSSA, ethnicity was mostly referred to as a confounder, and no information on effect 
modification was presented.

Since then, non-Hispanic and Black Americans were reported to have higher risk of asthma 
exacerbation with exposure to PM2.5. Also, the risk of left-ventricular mass index (marker of long-term 
cardiac overload) associated with PM2.5 exposure was found to be greater in Black compared to  
White Americans in another study (Hicken et al., 2016). Other studies have reported that the risk of 
myocardial infarction after exposure to PM2.5 was higher in non-Hispanic Whites. A comprehensive 
review (Sacks et al., 2011) presented a study (Ostro et al., 2006) published before the CSSA showing 
an increased risk of cardiovascular mortality in American Hispanics compared with American White 
ethnic groups.

Overall, the preliminary evidence suggests, albeit with a low degree of confidence, that differences  
in risk of health outcomes exist between ethnic groups with exposure to PM2.5.

Socioeconomic status
In the CSSA, socioeconomic status was mostly referred to as a confounder, and no information on 
effect modification was presented.
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As part of this assessment, education income and status of employment influenced non-accidental 
mortality. For example, a Canadian cohort study showed that individuals with a high school diploma 
or higher, with a higher income or who are employed were at a lower risk of non-accidental mortality 
than those who do not have a high school diploma, who have a lower income or who are unemployed 
(Pinault et al., 2016). The income was based on income adequacy, a measure of the proportion of 
the income spent on food, shelter and clothing. A study in California showed that the higher-income 
tertile was associated with a lower risk of emergency room visits for asthma, COPD, pneumonia, and 
all-cause respiratory compared with the lower-income tertile with exposure to wildfire PM2.5 (Reid et 
al., 2016). The relationship was significant for COPD and respiratory emergency room visits.

In terms of toxicological studies, a model of chronic social stress showed that PM2.5-exposed rats 
exhibited enhanced changes in respiratory functions (i.e., respiratory frequency, decreases in peak 
inspiratory and expiratory flows, and decreases in tidal and minute volumes) indicative of a rapid, 
shallow breathing pattern compared with non-stressed rats (Clougherty et al. (2010)).

The emerging evidence suggests, albeit with a low degree of confidence, that individuals with lower 
socioeconomic status have a higher risk of mortality and respiratory-related hospital visits associated 
with exposure to PM2.5 than individuals with higher socioeconomic status.

Pregnant women with pre-existing health conditions
This particular group was not assessed for increased health risk from exposure to PM2.5 in the CSSA.

In this update, one study reported that pregnant women with asthma had a slightly increased risk 
of preeclampsia in association with PM2.5 measured in the whole pregnancy. However, the estimates 
were non-significant (Mendola et al., 2016a). Another study by the same author (Mendola et al., 
2016b) reported that the risk estimate of preterm birth was higher in asthmatic mothers than in 
non-asthmatic mothers with PM2.5 exposure for various gestational weeks (significant for gestational 
weeks 26 and 29). The author also indicated that there was a significant interaction with asthma for 
PM2.5 exposure during the last six weeks of pregnancy and risk of preterm birth. Likewise, Lavigne 
et al. (2016b) reported that maternal conditions (i.e., existing diabetes mellitus, preeclampsia, heart 
disease and hypertension) also increased the risk of having a premature birth associated with 
exposure to PM2.5 during pregnancy.

The emerging evidence suggests, albeit with a low degree of confidence, that pregnant women 
with pre-existing health conditions may have higher risk of preeclampsia and preterm birth.

Neurological conditions and mental health
Having a neurological condition was not assessed for increased health risk from exposure to PM2.5 
in the CSSA.

In this update, the risk of brain microbleeds associated with increasing long-term exposure to PM2.5 
was higher in individuals with a diagnosis of probable Alzheimer’s disease than in participants with 
other diagnoses (unspecified: all participants were from a clinic for mild cognitive complaints or early 
dementia) in a cross-sectional study of the Framingham Offspring Study cohort (Wilker et al., 2015).
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A slightly higher risk for all-cause mortality was also observed with increasing short-term PM2.5 
exposure in individuals with a previous hospital admission for Parkinson’s disease, dementia, or 
Alzheimer’s disease compared with those who had never been hospitalized in an American cohort  
of Medicare enrolees (Zanobetti et al., 2014b).

Compared with Canadian children (6–17 years old) who self-reported as ‘happy’, children who self-
reported as ‘other’ had a greater decrease in forced expiratory volume with short-term PM2.5 exposure 
in a cross-sectional epidemiological study. Also, there was a greater decrease in forced vital capacity 
and increase in heart rate in children reporting at least some emotional symptoms than those 
reporting none with short-term PM2.5 exposure (Dales and Cakmak, 2016). In toxicological studies,  
the neurobehavioural alterations induced by PM2.5 exposure for 7 days were found to be more 
pronounced in rats having suffered from ischemic stroke (Zhang C et al., 2016).

The emerging evidence suggests, albeit with a low degree of confidence, that PM2.5 exposure can 
increase the risk of brain microbleeds and all-cause mortality in individuals with a dementia diagnosis, 
and increase the heart rate and the risk of higher blood pressure and more reduction in lung function 
in those with less than “ideal” mental health.

Body weight status
In the CSSA, body weight status was mostly referred to as a confounder, and no information on  
effect modification was presented.

Since then, some studies have shown that higher body mass index, obesity or overweight status  
may increase susceptibility to the health effects associated with PM2.5 exposure. Individuals with these 
conditions tend to have increased inflammation, endothelial dysfunction, nervous system alteration 
and a greater risk of developing cardiovascular-related conditions such as hypertension and 
atherosclerosis. In one study, obese women participating in the prospective United States nationwide 
NHS had a higher risk of developing hypertension with increases in PM2.5 exposure (per 10 µg/m3)  
than non-obese women (Zhang Z et al., 2016). Obese (BMI over 35) and underweight (BMI below 18.5) 
subjects were also found to be at increased risk of non-accidental mortality compared with those  
with a normal body weight (BMI of 18.5 to 25) in a Canadian cohort study (Pinault et al., 2016). In a 
multi-city study, obese (BMI>30) American women enrolled in the WHIMS had a more pronounced 
reduction in the smaller frontal white matter volume (possibly affecting various cognitive functions)  
in association with long-term PM2.5 exposure compared with women with a BMI below 25 (normal to 
low) (the association with long-term PM2.5 exposure was of lower magnitude in the overweight group 
compared with those with a BMI>30) (Chen et al., 2015). The study also reported that the magnitude 
of the association between PM2.5 exposure and smaller white matter volume was stronger in women 
with a history of cardiovascular disease than in those with no history of cardiovascular conditions.

In toxicological studies, repeated PM2.5 exposures were shown to increase stress (increase in 
norepinephrine levels in the paraventricular nucleus) in obese, but not in lean rats (Balasubramanian 
et al., 2013).

The emerging evidence suggests, albeit with a low degree of confidence, that underweight and 
obese individuals have increased risk of adverse health outcomes.
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3.3.	 SUMMARY

Overall, the body of literature on PM2.5 has continued to report differences in the susceptibility to 
health effects across population subgroups. Children, smokers, people with cardiovascular diseases, 
diabetes, asthma, and COPD, and individuals carrying oxidative stress-related genetic variants were 
found to have an increased risk of adverse health outcomes with exposure to PM2.5. Adverse effects 
include increases in cardiovascular outcomes, hospital visits, premature mortality, and asthma 
exacerbation. Other factors have also been shown to modify the relationship with PM2.5 exposure, 
but the evidence remains limited to date as the number of studies is small and the studies do not 
always stratify their analysis by risk factor.
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Chapter 4:	  
SHAPE OF THE CONCENTRATION-
RESPONSE RELATIONSHIP

The shape of the relationship relating PM2.5 concentrations to various health outcomes has implications 
for the setting of ambient air quality standards, as well as for estimating the health impacts and 
developing the risk management strategies to address these impacts. This aspect of the association 
between PM2.5 exposure and health effects, including the potential for the existence of threshold 
levels below which health effects are not observed, has been investigated in a number of studies.

The CSSA revealed no evidence of a clear threshold for short-term PM2.5 exposure related to all-cause 
and cardiovascular mortality. Generally, mortality increased in a quasi-linear manner with PM2.5 levels, 
even at the relatively low ambient PM levels experienced in the United States and Europe. A linear 
concentration-response relationship refers to a straight line where there is a constant rate of 
increase in response as the concentration increases (Figure 4.1). A near linear concentration-response 
relationship down to very low concentrations was also observed between short-term PM2.5 exposure 
and cardiovascular hospital admissions. One study examined the shape of the concentration-response 
relationship for long-term PM2.5 exposure and all-cause mortality. It reported a quasi-linear shape with 
the association being stronger in the lower range of concentrations (9.0 to 16 µg/m3) than in the upper 
range of levels (up to 33.5 µg/m3) (Abrahamowicz et al., 2003).

4.1.	 SHORT-TERM EXPOSURE

In this update, few epidemiological studies have specifically discussed the shape of the 
concentration-response between PM2.5 exposure and health outcomes. The number of studies 
discussing this particular aspect is small, likely due to the inclusion criteria described in detail in 
section 1.2. In particular, only multi-city time-series and case-crossover epidemiological studies 
that examined mortality, hospital admissions and emergency room visits outcomes were included.

A population-based study has investigated the concentration-response relationship between short-
term PM2.5 exposure and all-cause mortality using the Medicare population (aged over 65) in six New 
England states (Shi et al., 2016). The exposure information was based on a hybrid method combining 
satellite-retrieved aerosol optical depth measurements with ground monitoring and incorporated 
land-use regression spatial variations and meteorological variables. A linear shape from 3 to 30 µg/m3 
was observed for the association between short-term PM2.5 exposure and all-cause mortality, across 
the exposure distribution restricted to below 30 µg/m3. There was high uncertainty in the shape 
below 3 µg/m3 due to the small number of individuals exposed to such low levels of PM2.5.

Other than mortality, shape of the concentration-response relationship between short-term PM2.5 
exposure and risk of respiratory-related emergency room visits (asthma and/or wheeze, COPD) were 
examined (Reid et al., 2016; Weichenthal et al., 2016c). Weichenthal et al. (2016c) reported evidence 
of near linear relationships for increase in risk of emergency room visits for asthma and COPD 
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associated with PM2.5 exposure (range: 0 to 10 µg/m3) in Ontario, Canada. A subgroup analysis for 
asthma emergency room visits among children (< 9 year of age) was conducted, as asthma patients 
tended to be younger than patients with COPD- or respiratory-related emergency room visits as a 
whole. Compared to asthma emergency room visits for all ages, the shape of the relationship among 
children had a narrower confidence interval with a supralinear shape. The supralinear shape refers to 
a concentration-response relationship that is steeper in the lower concentrations than in the upper 
range of concentrations (Figure 4.1). In another study, Reid et al. (2016) evaluated the shape of the 
concentration-response relationship based on PM2.5 exposure levels during a large wildfire period in 
California. Exposure levels were classified into four categories: ≤12 µg/m3, 12.1 to 35.4 µg/m3, 35.5 to 
55.4 µg/m3, and ≥ 55.5 µg/m3. A linear concentration-response relationship for asthma emergency 
room visits was found. The study is limited, however, due to the use of discrete exposure categories 
rather than continuous exposure levels.

Although this update included only a limited number of studies, due to the restrictive nature of the 
inclusion criteria, studies reviewed in this update continued to observe a near linear relationship 
between short-term exposure to PM2.5 and health outcomes. This near linear relationship is also 
present at relatively low ambient PM2.5 levels in Canada.

FIGURE 4.1: Linear and supralinear PM2.5 concentration-health effect (morbidity or mortality) shapes
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4.2.	 LONG-TERM EXPOSURE

More studies have focused on the shape of the concentration-response relationship between health 
outcomes and long-term PM2.5 exposure, compared to short-term exposure. In Canadian studies, the 
shape of the concentration-response relationship between long-term PM2.5 exposure and all-cause 
mortality was near linear at low PM2.5 levels (1 to 18 µg/m3) without clear evidence of a threshold 
(Crouse et al., 2012, 2015; Chen H et al., 2016; Pinault et al., 2016). In most cases, it was found that 
linear models fit better than other models such as natural cubic spline function. In general, the 
confidence intervals were wider at very low concentrations (≤ 3 µg/m3) due to the small number  
of individuals exposed to these levels. As the concentration increases above 3 µg/m3, Crouse et al. 
(2015) noted that the shape of the relationship may be supralinear (Figure 4.1), with a steeper slope 
between 3.9 to 8.6 µg/m3 and a less steep slope up to 14.4 µg/m3. American studies also examined 
the shape of the concentration-response relationship between PM2.5 exposure and all-cause mortality 
(Lepeule et al., 2012; Shi et al., 2016; Thurston et al., 2016a). Analysis of the H6CS demonstrated a 
linear shape in the 8 to 40 µg/m3 range of PM2.5 levels (Lepeule et al., 2012). In a population-based 
study of the elderly in six New England states, researchers conducted a full analysis (PM2.5 levels 
ranged from 0 to 20 µg/m3) and a restricted exposure analysis (PM2.5 levels below the cut-off of  
10 µg/m3) (Shi et al., 2016). When comparing the risk estimates of the full analysis and the restricted 
exposure subgroup, the risk estimate was lower in the full analysis group compared to the subgroup, 
which suggested a larger effect in the low concentration range. The shape of the concentration-
response relationship was only analyzed in the restricted exposure subgroup, where the curve shape 
appeared to be linear between 6 to 10 µg/m3, with high uncertainty of the shape below 6 µg/m3.  

The data is limited at very low concentrations (i.e., < 6 µg/m3), since relatively few individuals live in 
areas with such low ambient levels. Thurston et al. (2016a) observed a monotonically increasing and 
significant relationship between all-cause mortality and PM2.5 exposure in the annual concentration 
range from 2.9 to 28 µg/m3. However, the shape of the relationship was not conclusively defined, 
since most of the sampled population was exposed in the 10.7 to 15.9 µg/m3 range. The lowest  
and highest quantiles covered 2.9 to 10.7 µg/m3 and 15.9 to 28.0 µg/m3, respectively.

Some studies examined the shape of the concentration-response relationship for mortality  
from specific causes. Using the CanCHEC data, Crouse et al. (2012) investigated the concentration-
response relationships for cardiovascular, CEB and IHD-related mortality in the range of PM2.5 (1.9  
to 19.2 µg/m3) typically observed in Canada. As with all-cause mortality, a linear model fitted well  
for cardiovascular mortality. In the case of IHD-related mortality, a log-linear shape with higher risk 
estimates at lower concentrations was observed. The shape for CEB mortality was not as clearly 
defined, as the relationship was not found to be linear and the association was non-significant 
compared to strong significant associations for all-cause or cardiovascular mortality. Brook et al. 
(2013b) analyzed the concentration-response relationship for diabetes mortality in relation to PM2.5 
exposure. A near linear relationship, with a monotonic increased in mortality risk associated with 
exposure to PM2.5, was observed across the range of PM2.5 in Canada (up to 20 µg/m3).

In the American H6CS analysis, near linear shapes were observed for cardiovascular mortality and 
lung cancer mortality, where annual average PM2.5 ranged from 8 to 40 µg/m3 (Lepeule et al., 2012). 
Similarly, a linear shape between PM2.5 exposure and cardiovascular mortality risk was observed by 
Thurston et al. (2016a) in the annual concentration range of 2.9 to 28 µg/m3.
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When considering a wider range of PM2.5 levels from ambient air pollution and higher levels 
from active and second-hand cigarette smoke, the concentration-response relationship between 
cardiovascular mortality (all cardiovascular, IHD, cardiopulmonary combined) and PM2.5 exposure was 
found to be supralinear (Pope et al., 2009, 2011). This is based on the ACS prospective cohort data 
collected from 1.2 million adults. The PM2.5 levels in the range of ambient air (5 to 35 µg/m3) was 
found to have a steeper slope (larger effects), whereas the slope at higher PM2.5 levels due to 
cigarette smoke tended to plateau (less effects), suggesting a log-linear fit in the lower range of 
exposure levels. Similar observations were observed for both men and women. In comparison, the 
same research group found a near linear shape of the concentration-response relationship for lung 
cancer mortality throughout the full range of PM2.5 levels from ambient air pollution, and from higher 
levels from active and second-hand cigarette smoke, suggesting that the shape of the relationship 
might be endpoint-specific.

Studies have also begun to evaluate the shape of the concentration-response relationship for PM2.5 
exposure and morbidity outcomes. Two studies examined the shape of the relationship for CAC,  
a marker of atherosclerosis. In the American Multi-Ethnic Study of Atherosclerosis cohort, the shape 
of the concentration-response relationship between PM2.5 (ranged from 9.2 to 22.6 µg/m3) and CAC 
progression was near linear at the lower PM2.5 levels, with an attenuation at higher levels (Kaufman  
et al., 2016). In contrast, a non-linear relationship (a positive association at lower levels followed by  
a negative association at higher levels with wide confidence intervals overall) was found between 
PM2.5 exposure and log-transformed CAC measurements from the American Framingham Heart 
Study (Dorans et al., 2016). One study evaluated the shape of the concentration-response relationship 
between PM2.5 exposure and incidence of hypertension in Ontario, Canada (Chen et al., 2014).  
PM2.5 levels ranged from 2.9 to 19.2 µg/m3, and a near linear relationship was observed. A nationwide 
Canadian cohort study identified a supralinear relationship between PM2.5 exposure and lung cancer 
incidence, with a steeper slope between 1.3 to 12 µg/m3, and a less steep sleep up to 17.6 µg/m3 
(Tomczak et al. 2016).

To summarize, there is an extensive database on the shape of the concentration-response relationship 
between long-term PM2.5 exposure and mortality. In many cases, a near linear relationship was 
observed in the range of ambient PM2.5 levels experienced in Canada. In the few studies that covered 
a wider range of exposure levels, preliminary evidence suggests an attenuation of effects or flattening 
in the shape of the relationship at higher PM2.5 levels. The database examining the shape of the 
relationship for long-term PM2.5 exposure and morbidity outcomes is small at this moment.
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4.3.	 IMPLICATIONS OF THE SHAPE OF THE  
CONCENTRATION-RESPONSE RELATIONSHIP

Compared to the CSSA, there is a better understanding of the shape of the concentration-response 
relationship in the lower ambient concentration range of PM2.5. This is due to a combination of 
advancement of exposure estimation methods and the declining trend of ambient PM2.5 levels in 
Canada and the United States. Many studies have found a near linear relationship between short-  
and long-term exposure to PM2.5 and mortality (all-cause and specific causes) in population-based 
epidemiological studies. A near linear relationship was also observed between short-term PM2.5 
exposure and morbidity (respiratory effects). In some cases, especially in Canadian studies, the 
analyses covered ambient concentrations below established CAAQS for PM2.5, in the 3 to 6 µg/m3 
PM2.5 range, supporting the notion that no identifiable threshold exists between PM2.5 exposure  
and various health endpoints at concentrations close to background. The characterization of the 
lower portion of the concentration-response relationship remains a challenge at a population level, 
given the low data density in the lower concentration range of ambient PM2.5 (i.e., small number of 
individuals exposed at these levels) and measurement error associated with using surrogates of 
exposure that may not reflect realistic personal exposure. Nevertheless, the lack of an identifiable 
threshold at the population level is consistent with the wide range of increased susceptibility to  
the effects of PM2.5 among individuals and between susceptible groups, as discussed in Chapter 3. 
Due to large heterogeneity in susceptibility within the general population, a common threshold  
may not be observed at a population level in epidemiological studies.

Most studies that specifically analyse the shape of the concentration-response relationship focused  
on important or major outcomes such as mortality or hospital admissions, which are well characterized; 
however, since PM2.5 is a non-threshold pollutant, other morbidity effects are expected at all 
concentrations when considering population as a whole. Few studies have started examining the shape 
of the relationship for other health outcomes (i.e., hypertension, atherosclerosis marker). In addition, 
some evidence suggested a supralinear shape in which a steeper slope at PM2.5 in the relatively low 
concentration range compared to a less steep slope at higher PM2.5 concentrations for certain health 
outcomes. Given that no apparent population threshold has been identified and there is evidence of 
health effects being observed at current ambient levels in Canada, this further implies that reductions 
of already low ambient levels of PM2.5 can have a significant health benefit to the Canadian population.
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Chapter 5:	  
TOXICITY OF PM2.5 AS A FUNCTION  
OF COMPOSITION AND SOURCE

PM2.5 is a complex mixture consisting of various organic and inorganic components. Some 
components have been studied, including black carbon, sulphate (SO4

2-), nitrate (NO3
-), organic 

carbon, elemental carbon, non-metal elements (e.g., chlorine, sulphur), metals (e.g., aluminum, 
beryllium, calcium, copper, iron, potassium, sodium, nickel, manganese, silicon, titanium, vanadium, 
and zinc) and bioaerosols (e.g., endotoxin, β-1,3-d-glucan). Some major sources of PM2.5 in Canada 
include fossil fuel combustion (e.g., vehicular emissions), industrial activity, biomass burning  
(e.g., wood smoke), and soil dust. The composition of PM2.5 can vary extensively depending on  
the source, formation pathway, climate and season. Multiple epidemiological studies, including 
population-based, panel and cross-sectional studies, have investigated the associations of  
specific PM2.5 components and emission sources with various health outcomes (e.g., cardiovascular, 
respiratory, cancer, neurological, developmental and mortality). Some researchers have also 
examined the relationship between PM2.5 oxidative potential (the ability of PM2.5 filter extracts  
to deplete antioxidant levels) and health outcomes (Delfino et al., 2013; Maikawa et al., 2016; 
Weichenthal et al., 2016 a, b; Zhang X et al., 2016), since oxidative stress has been shown to be  
an important mechanism of PM2.5 toxicity. PM2.5 oxidative potential can be assessed by measuring  
the depletion of antioxidants (i.e., glutathione [GSH], ascorbate) in the body, reflecting oxidative 
stress. Other than environmental epidemiological studies, few controlled human exposure studies 
have analyzed the composition of PM2.5 CAPs. Concentrations of the components of PM2.5 CAPs were 
measured and correlated with subclinical outcomes that were observed in participants exposed to 
PM2.5 CAPs. These associations have also been studied in experimental animal and in vitro studies.

The scientific literature of PM2.5 composition and sources has expanded. Many PM2.5 components 
were found to be associated with health effects in epidemiological and toxicological studies. Short-
term and long-term exposure to elemental carbon, black carbon, SO4

2-, NO3
-, and organic carbon are 

the most studied components and tended to have similar associations with all-cause mortality and 
health outcomes (i.e., mortality, hospital visits) in the cardiovascular and respiratory systems as those 
for PM2.5 mass (Ostro et al., 2007, 2008, 2010, 2011, 2015, 2016; Zanobetti et al., 2009; Peng et al., 
2009; Gan et al., 2011, 2013; Levy et al., 2012; Krall et al., 2013; Lippmann et al., 2013; Vedal et al., 
2013; Bell et al., 2014; Chung et al., 2015; Jones et al., 2015; Crouse et al., 2016; Thurston et al., 2013, 
2016b; Xiao et al., 2016). This is likely because these are the components that dominate PM2.5 mass. 
There are various challenges in identifying which components can be responsible for some of the 
health effects. A single emission source emits a mixture of many PM2.5 components and different 
emission sources emit a number of common PM2.5 components in different proportion. Hence, it is 
difficult to find the independent effects of each components (Mostofsky et al., 2012). The association 
reported with a component could be from the component itself, from another component varying 
with the component (a confounder), or from the positive or multiplicative interaction between the 
component and other components of PM2.5. Given that components having the same emission source 
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are likely to be correlated with each other and with PM2.5 mass, it is challenging to find specific 
components responsible for the association with health effects (Krall et al., 2015). In some cases, levels 
of PM2.5 mass were highly correlated with the components. The PM2.5 GSH oxidative potential was 
associated with a number of health outcomes, while the ascorbate oxidative potential was not. Studies 
have begun to identify key components that can represent markers of specific sources of PM2.5.

In summary, current evidence continues to report strong and consistent associations with PM2.5 mass, 
with some studies showing that composition, in addition to mass, is a driver of the toxic potency of 
PM2.5. Given the wide qualitative and quantitative variations in the composition of PM2.5 in ambient  
air across various regions, air sheds, emission sources and formation pathways, it is not yet possible 
to formulate overall comprehensive conclusions on the specific contribution of each individual 
component, or even combinations of individual species, to the health effects of PM2.5. Nevertheless, 
while the evidence continues to report strong and consistent associations of health outcomes with 
PM2.5 mass, evidence related to associations with individual components and sources of PM2.5 
continues to emerge, and this remains an important research priority.
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Chapter 6:	  
CONFOUNDING AND EFFECT 
MODIFICATION BY OTHER POLLUTANTS

In addition to PM2.5, the ambient air contains a complex mixture of air pollutants, which may modify  
or confound the association between PM2.5 and the observed health effects. Confounding refers to  
the distortion of an association by a third variable associated with both PM2.5 and the health outcome 
(e.g., smoking is associated with ambient PM2.5 exposure and can cause adverse health outcomes, 
leading to inaccurate effect estimates if not accounted for). Effect modification refers to changes in the 
magnitude of the effect estimate across levels of a third variable (e.g., the magnitude of the association 
between PM2.5 and a health outcome changes in the population subgroups in which it is measured).

6.1.	 CONFOUNDING

The CSSA reported that co-pollutants are often correlated with PM (all size fractions) and can be 
associated with similar adverse health outcomes. Adjusting for these co-pollutants can decrease  
the accuracy of the associations because of collinearity with PM2.5. Despite this limitation, the CSSA 
indicated that the associations with PM2.5 are generally robust to adjustment to other pollutants. 
Since the publication of the CSSA, it has been common practice in epidemiological studies to 
conduct single-pollutant analysis, evaluating associations between individual pollutants with specific 
health outcomes, despite ambient exposure to multiple pollutants. Researchers also conduct  
co-pollutant or multi-pollutant regressions to assess potential confounding from exposure to other 
pollutants, these analyses generally include no more than 3 pollutants to reduce collinearity, as air 
pollutants are often correlated, and to ensure more stable statistical models. The issue of adjustment 
for co-pollutants due to limits in statistical modelling can limit the ability to conclude on causality 
(Bateson et al. 2007). Adjustment for one or more other pollutants (e.g., PM10-2.5, SO2, NO2, O3, BC, 
CO) generally does not affect the statistical significance of the associations between the health 
outcomes and PM2.5, as described in chapter 3. In some cases, the associations with PM2.5 were 
attenuated when accounting for NO2 exposure.
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6.2.	 EFFECT MODIFICATION

The CSSA reported an enhancement of lung injury, airway responsiveness, and altered lung 
endothelin system gene expression of PM2.5 by O3 in a few toxicological studies. It concluded that  
the evidence for interactive effects was limited and inconclusive. Contrary to confounding, which  
can be considered a type of bias that needs to be controlled and eliminated, effect modification is  
an important aspect of air pollution, as additive and multiplicative interactions between pollutants 
are likely to affect the health effects of PM2.5.

To date, the co-exposure epidemiological database remains small and inconclusive. A few studies 
showed that the co-exposure with O3 enhanced the magnitude of the association between certain 
health endpoints such as HRV parameters, vascular function, and pulmonary outcomes and PM2.5,  
in comparison with PM2.5 alone (Brook et al., 2002; Urch et al., 2004; Sivagangabalan et al., 2011; 
Huang et al., 2012).

Toxicological studies have shown interactions between PM2.5 and O3, often leading to an enhancement 
of the effect of PM2.5. For example, enhanced cardiovascular function alterations such as lower blood 
pressure and higher heart rate were observed when animals were co-exposed to PM2.5 and O3 
(Kurhanewicz et al., 2014; Wagner et al., 2014a; Farraj et al., 2015). There are also some indications  
that the source and chemical composition of PM2.5 and the season of sampling can influence the 
magnitude of the effects on the cardiovascular system (Farraj et al., 2015; Gordon et al., 2013). 
Considering the complexity of the interactions, which depend on the specific chemical composition  
of PM2.5 and health outcome, as well as the levels of various co-pollutants, the database remains too 
limited to make general conclusions.
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Chapter 7:	  
EMERGING HEALTH EFFECTS  
AND RESEARCH NEEDS

7.1.	 EMERGING HEALTH EFFECTS

In this update, emerging research on PM2.5 exposure outcomes that has contributed to the weight  
of evidence used in determining the causality conclusions to be drawn has been reported. Various 
positive associations with metabolic effects, including diabetes, were reported in epidemiological and 
experimental studies, as discussed in section 2.2. In addition, a limited number of studies suggested 
positive associations between PM2.5 exposure and maternal hypertensive disorders, gestational 
diabetes during pregnancy, as well as decreased birth weight, small for gestational age, and preterm 
birth with PM2.5 exposure levels measured during the entire pregnancy period (section 2.5). Some 
epidemiological and experimental studies have also reported that short- and long-term exposure  
to PM2.5 was associated with increases in inflammatory and stress-related biomarkers in the brain of 
animals and with adverse neurological outcomes, such as increases in the risk of neurodegenerative 
diseases and cognitive impairment (section 2.6). In addition, associations with the immune system  
(i.e., autoimmune diseases, dermatitis), reduction in renal glomerular filtration rate, and acceleration  
of biological aging progression at the molecular level were reported in a few studies (section 2.7).

In the toxicological database, an effect on the cardiac immune system (i.e., susceptibility to  
viral myocarditis) was also reported. Effects in the spleen, thymus, and liver are also possible,  
as inflammation (e.g., infiltration of macrophages, neutrophils and T lymphocytes) was observed  
in these organs in association with oxidative stress.

Given that the mechanistic and toxicological evidence shows that exposure to PM2.5 can induce 
oxidative stress and inflammation and can alter epigenetic and gene expression at the molecular  
and tissue level, PM2.5 is likely to affect many systems and organs in the body, such as the 
neurological, metabolic, and immune systems. In addition, the progression of various diseases  
and health conditions may be impacted by PM2.5 exposure.

7.2.	 RESEARCH NEEDS

The section below lists some key areas in which more research is needed in order to confirm or 
strengthen the causality conclusions presented in Chapter 2. Research in these areas would provide  
a better understanding of the public health implications of exposure to PM2.5.
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Relationship with cerebrovascular outcomes
The relationship between exposure to PM2.5 and specific cardiovascular outcomes has been 
consistent for CHF and MI, as shown in various multi-city epidemiological studies (Bell et al., 2008, 
2015; Kloog et al., 2014; Powell et al., 2015). However, the relationship with CEB-related outcomes, 
such as stroke, has been inconsistent. It remains unclear why the associations with CEB-related 
outcomes are equivocal. Hypotheses for the inconsistent findings include:

•	 a low total number of patients with CEB-related outcomes and a low number of studies 
examining CEB-related outcomes;

•	 a high rate of exposure misclassification for CEB disease patients;

•	 CEB-related symptoms not initially detected when they start, leading to less hospitalized 
patients compared with other cardiovascular outcomes;

•	 Onset of CEB symptoms immediately after short spikes in PM2.5 exposure; these spikes are  
not necessarily well characterized in cohort studies that average the PM2.5 exposure over  
longer periods;

•	 PM2.5 exposure is not associated with CEB-related outcomes, possibly because brain blood 
vessels are partially protected by the blood brain barrier and are likely exposed to a different 
environment than the rest of the body.

Relationship with respiratory mortality
It remains unclear why the associations reported in the PM2.5 epidemiological database between 
long-term PM2.5 exposure and the two main mortality outcomes–cardiovascular- and respiratory-related 
mortality–are different. With various large cohort studies consistently showing robust positive 
associations, cardiovascular-related mortality was concluded to have a causal relationship with exposure 
to PM2.5. However, the evidence on respiratory-related mortality was inconsistent, and it was concluded 
to be suggestive of, but not sufficient to infer, a causal relationship. The following hypotheses may 
explain why the associations with respiratory mortality are inconsistent:

•	 the respiratory mortality database is relatively small and the associations were not always  
robust to adjustments for other pollutants;

•	 the cause of death for respiratory-related mortality may not always be diagnosed and registered 
accurately (leading to an underrepresentation of respiratory-related mortality cases, lowering 
the risk estimates);

•	 respiratory-related mortality could occur more readily after sudden increases in PM2.5 exposure 
compared with cardiovascular-related mortality (biasing respiratory-related mortality risk 
estimates towards the null).

Despite similarities in the biological plausibility of the two major cause-specific mortality outcomes,  
it is possible that the risk of cardiovascular mortality is, in reality, higher than the risk of respiratory 
mortality following PM2.5 exposure. One mechanistic explanation for this is that the cardiovascular 
system is under additional stress as a result of lung signalling factors, secreted in response to  
PM2.5. For example, increases in the pulmonary expression of molecular messengers involved in  
the kallikrein-kinin endocrine system (regulates inflammation and blood pressure processes) were 
observed in animal exposed to PM2.5 (Aztatzi-Aguilar et al., 2015). This can lead to higher circulating 
levels of these molecules in the blood where they can act as secondary mediators and cause 
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additional stress on the cardiovascular system. In addition, increases in brain signalling, with 
activation of the sympathetic nervous system, were reported in toxicological studies. This could  
also put additional stress on the cardiovascular system.

Shape of concentration-response relationships
Another area of uncertainty in the PM2.5 concentration-response relationship is whether the shape  
of the relationship differs across health outcomes. The CSSA concluded that there was no evidence 
of a threshold for short-term exposure to PM2.5 and cardiovascular and total mortality and 
cardiovascular hospital admissions. Since then, research has provided support for a linear or  
near linear concentration-response relationship between short-term PM2.5 exposure and all-cause 
mortality and emergency room visits for respiratory-related causes (Reid et al., 2016; Shi et al., 2016; 
Weichenthal et al., 2016a). However, these studies have relatively large confidence intervals at the  
low range of the exposure concentrations close to background concentrations of PM2.5. Also, linear  
or supralinear relationships between long-term PM2.5 exposure and all-cause mortality were reported 
in American and Canadian studies (Crouse et al., 2012, 2015; Chen H et al., 2016; Pinault et al., 2016). 
However, confidence intervals were large for the lower concentration range. This could be due to  
the small sample sizes in the lower concentration of exposure range, resulting in lower precision.  
It also remains unclear whether the shapes of the relationships for long-term exposure to PM2.5  
and all-cause and cardiovascular mortality differ.

Population subgroups at higher risk of health effects
Some factors are suspected to increase the risk of adverse health outcomes despite a relatively  
small database. For example, only a few studies compared the risk of adverse health outcomes  
across sexes, socioeconomic status, and ethnicity. More studies of this type are needed for a better 
characterization of which groups have a higher risk of health effects in response to PM2.5 exposure. 
There is also growing evidence that the age group, sex, pregnancy, mental health and neurological 
conditions, certain diets, and socioeconomic status are factors changing the risk of adverse health 
outcomes following exposure to PM2.5.

Contribution of components and sources to the health effects of PM2.5

Short- and long-term exposure to various organic and inorganic components of PM2.5 have been 
associated with adverse health outcomes. Although the associations between health outcomes  
(e.g., cardiovascular, respiratory, and all-cause mortality) with particular components (e.g., black 
carbon, organic carbon, elemental carbon and NO3

-) were found to be comparable with the 
association of PM2.5 mass in Canadian and American studies, it remains unclear which particular 
component, if any, could be responsible for the observed associations between health outcomes  
and exposure to PM2.5. For example, respiratory mortality and all-cause mortality were associated 
with some components, however no particular components were found to be responsible for the 
positive associations. Overall, the results vary in terms of the actual components being analyzed and 
their association with health outcomes, which was also shown to vary with sources of PM2.5. Hence, 
the actual contribution of each component to the associations remains to be determined, especially 
since the correlation between PM2.5 mass and the components can be high. The oxidative potential  
of PM2.5 was also found to modify the relationship between PM2.5 and health effects, with greater risk 
of cardiovascular and respiratory outcomes with higher oxidative potential. The proportion of the 
oxidative potential of PM2.5 to the total effect and how the oxidative potential is dependent on PM2.5 
composition or source need further investigation.



CANADIAN HEALTH SCIENCE ASSESSMENT FOR FINE PARTICULATE MATTER (PM2.5) 83

The risk and intensity of wildfires, which can influence ambient PM2.5 concentrations, is expected to 
increase with a warmer climate in the future in Canada (Bush and Lemmen, 2019). The contribution  
of this source of PM2.5 to the relationship with health outcomes has not been studied extensively, with 
only a few epidemiological studies reporting associations with wood burning or wildfires. Despite 
some studies reporting associations with PM2.5 from wildfires (short-term exposure associated with 
respiratory outcomes, but not with cardiovascular outcomes, from Alman et al., 2016; Reid et al., 
2016), the database remains too small to draw conclusions on the specific contribution of this source 
to the effect observed with ambient PM2.5.
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Chapter 8:	  
CONCLUSIONS

8.1.	 STRENGTH OF EVIDENCE AND CAUSALITY  
RELATIONSHIP CONCLUSIONS

The collective weight of evidence continues to support the overall conclusion that exposure  
to ambient PM2.5 is detrimental to human health for a wide range of outcomes. The evidence is 
extensive and indicative of the wide and various impacts caused directly by PM2.5 exposure. The 
presented results are largely robust to adjustment for other co-pollutants, coherent across different 
study types, consistent across different locations, and at concentrations of exposure that are relevant 
to what Canadians are exposed to in ambient air. In addition, the basis of most of the health effects 
observed is linked to non-specific mechanisms of toxicity involving oxidative stress and inflammation.

The causality relationship between health outcomes and exposure to PM2.5 are summarized in  
Table 8.1. This table shows the causality conclusions for the relationships between PM2.5 exposure  
and health outcomes that were drawn in the CSSA and in this update. The evidence continues to 
support the causal relationship between short- and long-term exposure to PM2.5 and all-cause 
mortality, as these conclusions were re-established in this update. The causality relationship 
conclusions for long-term PM2.5 exposure and cardiovascular and respiratory morbidity effects have 
changed from suggestive of a causal relationship to a likely causal relationship. The likely causal 
relationship between PM2.5 exposure and lung cancer was re-affirmed, and now includes morbidity  
in addition to only mortality in the CSSA. The database examining the relationship between PM2.5 
exposure and reproductive and developmental effects has expanded, resulting in separate causality 
relationship conclusions for these two categories of outcomes. The causality conclusion was 
suggestive of a causal relationship for the combined reproductive and developmental effects in  
the CSSA. In this update, the causality conclusions are now inadequate to conclude on causality  
for reproductive outcomes, and suggestive of a causal relationship for developmental effects.  
No causality conclusion for neurological effect was drawn in the CSSA. The conclusions are now 
inadequate to conclude on causality for short-term exposure to PM2.5 and neurological outcomes,  
and suggestive of a causal relationship for long-term exposure to PM2.5 and neurological effects.

The extensive weight of evidence demonstrates that under current levels of exposure in ambient  
air, Canadians are at risk of adverse health effects from PM2.5 exposure, which include premature 
mortality and cardiovascular and respiratory outcomes that require hospital visits. Overall, the 
database on the adverse health effects of PM2.5 is large, composed of diverse high quality human  
and toxicological studies that show robust, consistent, biologically plausible and coherent results  
in many organs and systems. This gives high confidence to the conclusion that PM2.5 exposure  
causes a variety of adverse health effects.
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TABLE 8.1: Past and updated conclusions on causality relationship between health outcomes  
and short- and long-term exposure to ambient PM2.5

Health outcome
PM2.5 exposure 
duration 

Causality relationship  
conclusion of the CSSA

Causality relationship 
updated conclusion

All-cause mortality
Short-term Causal Causal

Long-term Causal Causal

Cardiovascular effects

Short-term
Mortality: Causal;
Morbidity: Causal

Mortality: Causal;
Morbidity: Causal

Long-term
Mortality: Causal;
Morbidity: Suggestive

Mortality: Causal;
Morbidity: Likely Causal*

Respiratory effects

Short-term
Mortality: Causal;
Morbidity: Causal

Mortality: Causal;
Morbidity: Causal

Long-term
Mortality: Inadequate;
Morbidity: Suggestive

Mortality: Suggestive*;
Morbidity: Likely Causal*

Cancer effects Long-term
Lung cancer mortality:  
Likely causal 

Lung cancer morbidity and mortality: 
Likely causal

Neurological effects
Short-term No conclusion drawn Inadequate*

Long-term No conclusion drawn Suggestive*

Reproductive and 
developmental effects

Long-term Combined outcome: Suggestive
Reproductive: Inadequate*; 
Developmental: Suggestive

*	represents a change in causality conclusion from the CSSA (Canadian Smog Science Assessment) (Health Canada, 2013)

Other considerations
PM2.5 acts through non-specific mechanisms of toxicity, including the generation of oxidative  
stress and inflammation in many tissues, thus increasing the risk of adverse health outcomes for  
the general population.

Certain population subgroups, such as those with pre-existing health conditions (e.g., cardiovascular 
diseases, and obesity) and children, are at increased risk of PM2.5-related health effects.

Despite the relatively low PM2.5 concentrations found in Canada, evidence has reconfirmed the 
apparent non-threshold and linear concentration-response relationship shape characterizing the 
relationships between PM2.5 and mortality. In some Canadian epidemiological studies, the analyses 
covered annual ambient levels below established CAAQS for PM2.5, in the 3 to 6 µg/m3 PM2.5 range 
levels, supporting the notion that no identifiable threshold exists between PM2.5 exposure and various 
health endpoints at levels close to background.
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Epidemiological and toxicological studies published since the CSSA have provided more details  
on the associations of PM2.5 components with adverse effects, with some components (i.e., elemental 
carbon, black carbon, SO4

2-, NO3
-, and organic carbon) having similar associations with health 

outcomes as PM2.5 mass. However, no comprehensive conclusion on the specific contribution of  
each individual component to the health effects of PM2.5 can be formulated at this time and the 
current evidence continues to support regulations to focus on PM2.5 mass.

Uncertainties remain with respect to the association between PM2.5 exposure and adverse 
reproductive, developmental, metabolic and neurological health outcomes. Emerging results  
are raising concern given the severity of these health outcomes.
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APPENDIX A

Additional inclusion criteria specific to the study categories included in this assessment are  
described below:

Primary environmental epidemiological studies 
Primary environmental epidemiological studies were restricted to populations within Canada and the 
United States. Epidemiological studies from the two countries are considered to be the most relevant 
for this report, with respect to exposure levels, composition of PM2.5 and population characteristics. 
There are considerable similarities between these two countries in terms of their standard of living 
and, in some regions, climate. The two countries have many similar sources of air emissions (e.g.,  
the automobile industry is integrated on a North American basis), and in urban settings, vehicle 
emissions are a major source of PM2.5 and co-emitted pollutants. Moreover, large parts of Canada 
share a common airshed with the United States and are impacted by transboundary air pollution. 

Epidemiological studies allow the examination of the possible health effects of air pollution  
at a human population level, based on the associations between ambient levels of PM2.5 and 
particular health endpoints. The quantitative relationships are often of relatively small magnitude, 
and rigorous statistical analyses adjusting for various confounding factors such as seasonal variations, 
co-pollutants, socioeconomic characteristics and individual and ecological covariates are necessary 
in order to avoid drawing conclusion based on spurious relationships. 

Six major environmental epidemiological study designs can be identified that focus on either the 
short-term or the long-term effects of airborne pollution:

Time-series studies, which investigate the short-term effects of PM2.5—i.e., temporal associations 
between the daily variation in PM2.5 levels and daily counts of mortality, hospital admissions and 
emergency room visits.

Case-control studies, which compare the odds of elevated exposure to PM2.5 in people with a certain 
health outcome (cases) to the odds of elevated exposure in those without the health outcome (controls). 
One limitation is its inability to support a temporal relationship between exposure and an outcome.

Case-crossover studies, a variant of case-control studies, which compare individual health outcomes 
and the PM2.5 level at the time of the event to conditions that prevailed before the health problem 
occurrence. The participants serve as their own controls. This design is often used to evaluate 
transient changes in health outcomes. 

Panel studies, which investigate the association between variation in PM2.5 levels and repeated 
measurements of health outcomes in a defined group of subjects.

Cohort studies, which explore the development of chronic effects over time by following a large 
groups of individuals either prospectively or retrospectively —i.e., the association between long-term 
or cumulative exposure of PM2.5 and incidence mortality or morbidity endpoints, such as the 
development of chronic diseases.
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Cross-sectional studies, which focus on the association between current exposure and health 
endpoints at a particular point in time. One of its major limitations is the inability to support a 
temporal relationship between exposure and an outcome.

For short-term exposure to PM2.5, studies examining the associations with mortality, hospital 
admissions and emergency room visits analyzed with time-series and case-crossover epidemiological 
studies that include participants from multiple cities (multi-city) were included. In terms of other 
morbidity outcomes, panel studies, crossover studies and cross-sectional studies conducted in 
single-city were also reviewed. For long-term exposure to PM2.5, cohort and case-control studies 
of mortality were included. Since morbidity outcomes covered a variety of health endpoints, 
various epidemiological designs, including cross-sectional, case-control, panel and cohort studies 
were reviewed. 

Systematic review and meta-analysis studies
Systematic reviews use systematic and reproducible methods to identify, select and critically appraise 
all relevant research pertaining to a clearly formulated research question, and to collect and analyse 
data from the studies that are included in the review. Information is assessed in a transparent and 
reproducible way. Meta-analyses (which can be included in systematic reviews) are the pooling of 
the findings from the selected studies to provide a statistical quantitative estimate of the assessed 
relationship. Developments in meta-analytical methods (e.g., assessments of the risk of bias, 
reporting guidance, and control of confounding) have improved the quality of systematic review with 
meta-analysis studies. These are powerful analyses as they provide a thorough method of gathering 
the evidence on a specific question, reducing issues of sample size. Results from systematic review 
with meta-analysis studies can sometimes include studies performed in different countries. In this 
report, systematic review with meta-analysis studies are reviewed in order to capture the strengths 
of this type of analysis, as well as to support results observed in the Canadian and American studies. 
Given that systematic review with meta-analysis studies can include estimates from multi-city and 
single-city studies in the amalgamation of results, no restrictions were imposed on the number of 
cities in the study or the geographical locations.

Controlled epidemiological studies
Primary controlled human exposure studies that involve human volunteers in controlled laboratory 
settings are also known as clinical studies. These studies are conducted in highly controlled 
environments to regulate exposure levels and durations. Since controlled human exposure studies 
are conducted in controlled experimental environments, the location of the study was not limited 
to particular countries. 

Toxicological studies
Toxicological studies are conducted in animals or cell lines that are exposed to predetermined levels 
of PM2.5 in a controlled setting. Toxicological studies described in this report are those that shed light 
on new aspects and results that remained unclear when the CSSA was published, such as the toxicity 
mechanisms, susceptibility, or specificity of PM2.5 components. Since experimental toxicological 
studies are conducted in controlled experimental environments, the location of the study was not 
limited to particular countries.
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