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Abstract 

Background: Air pollution is a growing public health issue related to global morbidity and 

mortality and more than half of deaths attributable to exposure to air pollutants are from 

cardiovascular diseases. However, there are many gaps in the understanding of the links 

between air pollution and cardiovascular diseases. These include detailed characterisation of 

the underlying mechanisms and pathways linking air pollution and cardiovascular outcomes; 

the impacts on long-term cardiovascular development of children who have been exposed to a 

high-level pollution episode in early life; and short-term associations between ambient air 

pollution and cardiovascular outcomes such as out-of-hospital cardiac arrest (OHCA) , 

especially in less polluted settings. 

Aims: The studies contained in this thesis aimed to research the following: 1) to identify the 

relationship between air pollution and telomere length (TL) as a possible mediator in linking 

air pollution with cardiovascular disease risk; 2) to investigate the feasibility of conducting 

non-invasive vascular assessments and provide normal ranges for very young children at 2 

years of age for cardiovascular risk screening; 3) to examine the subsequent vascular health of 

a group of Australian children who were exposed to coal mine fire emissions during the first 

two years of life or whose mothers were pregnant at the time of the fire; 4) to assess the 

association between short-term exposure to ambient air pollution and acute cardiac events in 

Gunma, Japan; 5) to identify the associations between short-term exposure to ambient 

particulate matter (PM) and gaseous pollutants and the incidence of OHCA, and to characterise 

susceptible population groups in a nationwide study in Japan, a country with generally low 

levels of air pollution. 

Methods: A systematic review of published manuscripts was conducted firstly (Chapter 2) to 

identify the association between air pollution and telomere length. Next, the Latrobe Early Life 
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Follow-up (ELF) study was established to examine the health and development of children 

following the Hazelwood coal mine fire in Victoria, Australia. Chapter 3 summarised the 

intima-media thickness (IMT), pulse wave velocity (PWV), vascular stiffness index and 

distensibility among 2-year-old children in the Latrobe ELF study. In Chapter 4, possible 

associations between exposure to coal mine fire and vascular health of children three years 

after the fire were assessed. Exposures for each participant were the mean and peak 24-hourly 

particulate matter with aerodynamic diameter of < 2.5 µm (PM2.5) concentrations during the 

fire. Outcome measures were carotid IMT and PWV. Chapters 5 and 6 used case-crossover 

design to determine the association between ambient air pollution and acute cardiovascular 

events in Japan. 

Results: First, 80% of published papers indicated air pollution was associated with shorter TL. 

Uniform reporting protocol is warranted to estimate the effect size of the influences of air 

pollution on TL. Second, noninvasive vascular assessments were feasible for cardiovascular 

risk screening in 2-year-old children and carotid IMT is a preferable option to aortic IMT in 

this age group. Third, in the postnatal exposure group and the subgroup of children whose 

mothers smoked during pregnancy or had environmental tobacco smoke (ETS) exposure, there 

were associations between PM2.5 exposure during coal mine fire and higher vascular stiffness. 

No associations were found between mine fire exposure and vascular health in the in-utero 

exposure group. Fourth, short-term exposure to sulfur dioxide (SO2) and nitric oxide (NO) were 

associated with the increased risk of OHCA but not with other pollutants in Gunma, Japan. 

Fifth, in the nationwide case-crossover study in Japan, short-term exposure to PM2.5 that is 

below the current WHO (World Health Organization) or Japanese air quality standards was 

independently associated with the increased risk of OHCA and patients older than 65 years are 

more susceptible than younger age groups. Carbon monoxide (CO), photochemical oxidants 

(Ox) and SO2 were also associated with OHCA in single pollutant models. Nitrogen dioxide 
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(NO2) did not show a positive association with OHCA with lower concentrations in the study 

setting. 

Conclusions: Air pollution plays an important role in the pathogenesis of cardiovascular 

diseases with some impacts detectable very early in life. As there is an increasing burden of 

cardiovascular outcomes due to air pollution globally. Effective mitigation, education, 

preventive and management strategies in communities are warranted, and could lead to 

important public health benefits even in relatively low pollution settings. 
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Chapter 1. Introduction 

1.1 Air pollution and human health 

1.1.1 The magnitude of air pollution 

Globally, pollution is a leading cause of premature death, disease and disability related to the 

environment.1 In 2015, it is estimated that 9 million premature deaths were caused by 

pollution.2 When examining the global burden of disease, the health influences of pollution are 

likely underestimated; this is a consequence of inadequate attention to the problem. As such, 

the impact of pollution-related disease is worsening.3  

Air pollution is the most important environmental risk factor. In 2015, air pollution (both 

ambient and household) was responsible for 6.4 million deaths globally. This is greater than 

the number of deaths caused by other pollution categories such as water, soil, chemical, heavy 

metal and occupational pollutions.4 The health effects of air pollution also bring substantial 

economic and social costs. In 2015, welfare damage as a result of air pollution totalled more 

than US $3.7 trillion, which was 5% of the gross national income.1 In 2013, the health care 

costs of diseases attributable to air pollution accounted for 3.5% of the total health care 

expenditures in high-income countries, totalling US $100 billion.1 Furthermore, air pollution 

threatens ecosystem health and is intricately linked with climate change.1,2 

1.1.2 The history of air pollution 

Air pollution has primarily evolved from the combustion of anthropogenic and natural sources. 

Solid fuels, including wood, coal and others, have been widely used throughout human history, 

providing energy for heating, cooking and manufacturing; burning of solid fuels inevitably 

produces smoke. Air pollution is not a new phenomenon and was documented in ancient time. 

Increasing smoke emissions during the industrial revolution, from the 18th to 19th centuries, 

was first regarded as a symbol of economic prosperity, associated with growing employment 
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opportunities from the boom in factories.5 The heavy smoke attracted people’s attention, 

resulting in the launch of the environmental movement and a series of regulations.  

Modern industry led to urbanization and increased population; as a result, air pollution became 

obvious. There are five infamous air pollution disasters in the history of the 20th century. In 

1930, a dense fog affected the Meuse Valley in Belgium, which was the most industrialised 

area of Europe at the time. The fog killed more than 60 people aged between 20 to 89 years as 

well as many animals.6 The 1948 Donora smog killed 20 people and affected 43% of the 

population in Donora, Pennsylvania.7 Relative to nearby communities, higher incidences of 

cardiovascular disease and cancer were observed among this population even 10 years after the 

smog, and the event still has an impact today.7 This event encouraged scientists to investigate 

the health effects of air pollution and led to the environmental protection act in the United 

States. The Great smog of 1952 in London also changed the face of scientific research and 

government legislation in the United Kingdom, with 4000 extra deaths and increased hospital 

admissions during the smog.5,8 In 1979, the leak of an aerosol of anthrax pathogen from a 

military research facility in Sverdlovsk, Russia, resulted in an accidental anthrax epidemic.9 In 

1984, another disaster due to slack management involved a poisonous gas leak at a pesticide 

plant in Bhopal, India. This was the world’s worst industrial crisis and resulted in the deaths of 

nearly 20,000 people.10 These historical disasters raised public awareness of the link between 

air pollution and health. 

Following these disasters, effective strategies were introduced to reduce air pollution and air 

quality standards were published to guide emissions levels. Unlike the deaths in the above 

historical disasters as a result of the accumulation of high concentrations of air pollutants, 

epidemiological studies by the mid-1990s reported an association between low-level ambient 

air pollutants and risk of mortality.11 Furthermore, many regions of the world are undergoing 

industrialisation and the levels of air pollutants in these areas are estimated to be as high as 
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those in the above environmental crises years ago.7 Today, air quality has deteriorated around 

the world with the development of technologies, the increased use of fossil fuels and the 

expansion of urban areas.1 The standards for air pollutants vary across different countries due 

to multiple factors, such as political influences. Thus, legally enforced guideline values with 

international cooperation are needed. 

Early on, research on the health effects of air pollution was primarily focused on the respiratory 

system, with visible impacts such as coughing, dyspnoea and other respiratory signs commonly 

observed following air pollution crises. Later in the 1990s, scientists began to investigate the 

cardiovascular effects of air pollution;12,13 these effects were previously unrecognized. Air 

pollution has been linked to other adverse impacts such as cancers, impaired neurological 

function, diabetes and obesity.2 Further evidence for impacts beyond respiratory diseases is 

required. 

1.1.3 Air pollution definition, composition and sources 

Air pollution involves a complex mixture of various substances, including particles, gases and 

liquids.2,14 Particulate matter (PM) is a common constituent of air pollution suspended in the 

atmosphere and consists of solid and/or liquid particles; thousands of chemicals have been 

detected in PM under different circumstances,15 including mineral dust, nitrates, sulfates, 

organic carbon species, polycyclic aromatic hydrocarbon (PAH), metals, cell fragments and 

endotoxin.15 Particles directly emitted into the atmosphere are primary particles and those that 

result from transformation of gases are termed secondary particles.15 Due to the complexity of 

PM compositions and the fact that particle size affects the deposition of PM in the human body, 

PM is defined according to its measured aerodynamic diameter.2,16 PM10 refers to particles with 

an aerodynamic diameter less than 10 µm (thoracic particles), PM2.5 refers to particles with an 

aerodynamic diameter <2.5 µm (fine particles), PM0.1 refers to those with an aerodynamic 

diameter <0.1 µm (ultrafine particles) and PM2.5-10 refers to those with an aerodynamic 
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diameter between 2.5 and 10 µm (coarse particles).16 Figure 1 shows the relative size of PM. 

The sum of the diameters of the 30 largest fine particles (PM2.5) is roughly equal to the width 

of human hair, as the average diameter of human hair is 70 µm. Particles of this size (<2.5 µm) 

can be drawn deep into the lungs and the circulation. As such, they have received the most 

attention by researchers and are associated with the largest burden on public health. Larger 

particles tend to be trapped in the nose, mouth or throat. 

 

 
 

Figure 1 Particulate matter air pollution size distribution.  

Figure adopted from Brook et al. Circulation 2004; 109(21): 2655-71. 
 

 

The categorisation of PM by size is a simple approach that facilitates practical research and 

regulations; however, the evidence for this approach is lacking. In particular, the toxicity of air 

pollution is determined by the sum of the characteristics of the pollutant, such as its size, shape, 
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composition, concentration and surface area.14 Moreover, the air we breathe is a mixture and 

over 98% of air pollutants in the urban setting are from gases or vapor-phase compounds, 

including carbon monoxide (CO), nitric oxide (NO), nitrogen dioxide (NO2), sulfur dioxide 

(SO2), nonmethane hydrocarbons, volatile organic carbons (VOCs) and photochemical 

oxidants (Ox) like ozone (O3).
16 Multiple air pollutants such as PM, gaseous pollutants, and 

inorganic and organic compounds can act alone or interact with each other in the atmosphere, 

thus exerting a collective effect.14 However, the details of these interactions are lacking and 

extensive evidence of the health effects of multi-pollutants is warranted. Chapter 5 and 

Chapter 6 describe the investigation of ambient PM2.5 and other gaseous pollutants. 

Natural and anthropogenic sources are the two main categories from which air pollution is 

derived.17 As the mixture of air pollutants emitted from different sources varies in toxicity and 

behaviour, it is crucial to identify the specific source and related diseases in order to achieve 

effective air quality management.1,14 There are seven emission sources in urban and rural 

environments that must be considered when examining the relationship between air pollution 

source and global burden of disease: residential and commercial energy use, agriculture, power 

generation, industry, biomass burning, land traffic and natural sources.18 These emissions are 

inextricably related to fuel combustion. As the most polluting fuel worldwide, coal combustion 

accounts for the majority of ambient air pollution and climate change.1 A study of nationwide 

data in America indicated that long-term PM2.5 exposure from coal combustion was 

significantly associated with all causes of cardiovascular and lung cancer mortality; the 

association was not consistent for other source categories.19 However, little is known about the 

impacts of time-limited exposure to air pollution, such as that from a severe coal mine fire, 

during early life. The study described in Chapter 4 follows up on the wellbeing of children 

that were exposed to a severe smoke episode: the Hazelwood coal mine fire of 2014 in Victoria, 
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Australia. This unfortunate event provides a natural experimental condition to study source-

specific effects of air pollution. 

1.2 Cardiovascular effects of air pollution 

1.2.1 Epidemiological evidence of air pollution and cardiovascular diseases 

A growing body of epidemiological studies have highlighted the relationship between air 

pollution and human health, especially cardiovascular morbidity and mortality. Figure 2 shows 

the global DALYs (disability-adjusted life-years) attributable to risk factors in 2016. Air 

pollution was among the top ten risk factors and cardiovascular consequences due to air 

pollution exceeded those attributable to respiratory diseases.14,20  

 

 

 

Figure 2 Assessment of risk factors exposure and attributable DALYs at the global level 

in 2016. 

DALYs from causes attributable to each risk factor are shown in different colours. 
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DALYs, disability-adjusted life-years. 

Figure adopted from Global Burden of Disease 2016 Risk Factors Collaborators. Lancet 

2017; 390: 1345-422. 
 

Both long-term and short-term exposure to air pollutants are associated with cardiovascular 

diseases. A meta-analysis of 11 European prospective cohorts examining long-term exposure 

to ambient air pollution found that each 5 µg/m3 increment in PM2.5 was associated with a 13% 

increase in the incidence of coronary events; importantly, exposure levels were below the 

European limit values.21 Another national cohort in Canada reported that long-term exposure 

to lower levels of PM2.5 was related to risk of mortality from nonaccidental causes and ischemic 

heart disease.22 There are also many studies evaluating the acute effects of air pollution. A 

systematic review and meta-analysis of 34 studies indicated that short-term exposure to air 

pollutants such as PM2.5, CO, NO2 and SO2 was significantly associated with increased risk of 

myocardial infarction.23 Time-series studies are commonly used to study short-term effects and 

have revealed that a 10 µg/m3 increase in PM2.5 levels increases the daily cardiovascular 

mortality from 0.4% to 1%.24  

1.2.2 Mechanism linking air pollution and cardiovascular diseases 

Although the underlying mechanisms are yet to be fully understood, there are three main 

pathways that involve the inhalation of PM and the consequent triggering of cardiovascular 

events: one is a disturbance in the balance of the autonomic nervous system; the second is 

pulmonary oxidative stress and inflammation as a result of increased reactive oxygen species 

(ROS) in the lung alveoli and promotion of the inflammatory reaction; and the third is 

transmission of PM and its constituents into the blood. Each of these pathways can eventually 

lead to systemic inflammation and oxidative stress14,25 (Figure 3). 

Telomere length (TL) has been associated with inflammatory status and oxidative stress 

levels.26 TL is a marker of biological aging and is related to cardiovascular disease.27 TL 
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dynamics may be a new approach to linking air pollution and age-related diseases. However, 

studies on the relationship between air pollution and TL are conflicting. Chapter 2 describes 

a systematic review of air pollution and TL. 

 

Figure 3 Biological pathways linking PM exposure and cardiovascular events. 

Figure adopted from Brook et al. American journal of hypertension 2017; 31(1): 1-10. 
 

 

1.2.3 Specific cardiovascular outcomes 

Epidemiological evidence linking air pollution to ischemic heart disease is more robust than 

evidence for associations between air pollution and other cardiovascular outcomes.14 Ischemic 

heart disease mortality was associated with long-term PM2.5 exposure from fossil fuel 

combustion in a US nationwide cohort.28 Similar findings were reported among 2.1 million 

people in Canada; the risk of ischemic heart disease increased by 31% per 10 μg/m3 increase 
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in PM2.5 exposure.22 A time-series study in China found that each 10 μg/m3 increase in short-

term PM2.5 exposure was associated with an increase in ischemic heart disease morbidity by 

0.27% and mortality by 0.25%.29 Growing evidence also shows a relationship for 

cerebrovascular disease and heart failure.2,4 However, the studies evaluating the relationship 

between pollution and cardiac arrest have produced inconsistent findings. Cardiac arrest 

occurring outside of the hospital setting is a leading cause of mortality globally.30 Identification 

of a clear association between air pollution and cardiac arrest may provide new insight for 

prevention strategies, as both cardiac arrest and air pollution are severe public health issues. 

The short-term effects of exposure to PM and other gaseous pollutants on the incidence of out-

of-hospital cardiac arrest (OHCA) are investigated in Chapter 5 and Chapter 6. 

1.2.4 Sub-groups at risk 

Adverse effects of air pollution can occur throughout an individual’s lifetime, from in utero to 

old age.31 Studies suggest that cardiovascular problems caused by air pollution likely threaten 

susceptible and vulnerable populations.14,25 Children, elderly and individuals of low 

socioeconomic status or with pre-existing health problems are at greater risk in some studies; 

however, the evidence is not always consistent.2,31 A better understanding is required to clarify 

the link between source-specific or multi-level air pollution and health effects among sub-

groups of the population.  

Globally, 93% of children younger than age 15 face polluted air at levels higher than the World 

Health Organization (WHO) guidelines.32 Children are a uniquely vulnerable population to air 

pollution and impacts can be felt from conception through to childhood via direct or indirect 

toxicity with epigenetic interactions; in particular, children are especially vulnerable to effects 

on heart and lung growth.31 Furthermore, poor air quality poses a greater threat to children in 

low and middle income areas.32 The study subjects in Chapter 3 and Chapter 4 are children 

living in the Latrobe Valley of Victoria, Australia, who experienced a coal mine fire disaster 
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and were exposed to smoke from this disaster in 2014. Long-term follow up of children with 

source-specific air pollution exposure has not been fully appreciated before. The Latrobe 

Valley has had poverty and unemployment problems over the decades. Our study explored the 

effects of smoke from the coal mine fire on the development of cardiovascular health of 

children over the years following the fire.  

Epidemiological studies suggest that elderly people exposed to air pollution are also at high 

risk.2,31 Further, stronger associations between air pollution and cardiovascular effects have 

been found in females compared to males.33-35 Findings from specific subgroups of the 

population will have implications for environmental policies. Moreover, urban areas are of 

great interest since generally, air quality does not meet the imposed standards, particularly 

compared to rural areas.36 Few studies have focused on rural areas, which have distinct 

characteristics.37 Sex and age differences in the associations between exposure to ambient air 

pollution and the incidence of OHCA in a nationwide study will be discussed in Chapter 6. 

1.3 Research aims of the thesis 

Based on the issues described above, the overall aims of this thesis were to address the 

mechanism underlying the association between air pollution and cardiovascular diseases with 

respect to telomere dynamics in order to establish a potential biomarker; to evaluate the 

cardiovascular health of children exposed to severe coal mine fire smoke; and to evaluate the 

relationship between short-term PM and gaseous pollutant exposure and the incidence of 

OHCA. Conclusions provided in this thesis may aid in establishing recommendations to protect 

against the adverse cardiovascular effects of air pollution. 

The following are the specific aims of this thesis: 
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1. To conduct a systematic review of published studies to assess the association between 

TL and air pollution; the systematic review will be guided by the Preferred Reporting 

Items for Systematic Reviews and Meta-analysis (PRISMA) guidelines. 

2. To summarise the vascular data collected from 2-year-old children in the Latrobe Early 

Life Follow-up (ELF) study in order to determine the feasibility of conducting non-

invasive vascular assessments and to establish normal ranges of arterial intima-media 

thickness (IMT) and stiffness in this age group. 

3. To examine possible associations between exposure to coal mine fire emissions and 

vascular health three years after the fire among children in the Latrobe ELF cohort.  

4. To analyse the association between exposure to short-term ambient air pollutants and 

the incidence of acute cardiac events, including OHCA and heart failure onset, in 

Gunma, Japan. 

5. To identify the association between exposure to ambient PM and gaseous pollutants 

and the incidence of OHCA in a nationwide case-crossover study in Japan, and to detect 

susceptible populations with respect to age and sex differences. 

1.4 Structure of the thesis 

• Chapter 1. Introduction 

• Chapter 2. Air pollution and telomere length - A systematic review of 12,058 subjects 

• Chapter 3. Feasibility and normal ranges of arterial intima-media thickness and 

stiffness in 2-year-old children 

• Chapter 4. Early life exposure to coal mine fire smoke and subclinical vascular 

function: Vascular assessment in the Latrobe ELF study 

• Chapter 5. A case-crossover study of short-term effects of air pollutants on 

cardiovascular health in Gunma, Japan 
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• Chapter 6. Short-term effects of exposure to ambient air pollution on out-of-hospital 

cardiac arrest: A nationwide case-crossover study in Japan 

• Chapter 7. Conclusion and future directions 

Chapter 2 has been published in Cardiovascular Diagnosis and Therapy 2018;8(4):480-492. 

Chapter 3 has been published in Pediatric Cardiology 2019;40(5):914-920. doi: 

10.1007/s00246-019-02088-1. Chapter 4 has been accepted for publication in Archives of 

Disease in Childhood. The texts in Chapter 6 has been accepted for publication in The Lancet 

Planetary Health. 

1.5 Concluding remarks 

This chapter has briefly described the most important environmental risk factor, air pollution, 

and has reviewed the current literature on the impact of PM and gaseous pollutants on 

cardiovascular outcomes. This global public health issue has become a growing concern over 

the past few decades and is likely underestimated. The underlying biological mechanisms are 

not fully elucidated. Research described in this thesis will assist in filling the evidence gaps to 

inform comprehensive assessment and effective preventions. 

The following chapter describes a systematic review of the relationship between air pollution 

and TL. 
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Chapter 2. Air pollution and telomere length 

Preface 

The previous chapter provided a general overview of the impact of air pollution on 

cardiovascular health. The mechanisms underlying the association between air pollution and 

cardiovascular risk are still under exploration. Several biological pathways are 

interdependently involved in mediation of local or systemic oxidative stress and inflammation,2 

which can also accelerate telomere shortening. TL represents the cellular aging process and 

plays a role in common age-related diseases.38 The present chapter evaluates the relationship 

between air pollution and TL to provide new evidence regarding the role of this cellular aging 

clock in the mechanism underpinning the association between air pollution and cardiovascular 

health. 

The following text has been published in Cardiovascular Diagnosis and Therapy 

2018;8(4):480-492. 

Abstract 

Background: Over recent decades, adverse effects of ambient air pollution on the 

cardiovascular system have been clearly demonstrated. However, the underlying mechanisms 

are not fully elucidated. Air pollution may accelerate biological aging and thereby the 

susceptibility to cardiovascular diseases (CVDs). Telomeres are tandem repetitive DNA 

complexes that play a critical role in maintaining chromosome stability. There are, however, 

heterogeneities among the reported effects of air pollution on telomere. This study sought to 

evaluate the existing literature on the association between air pollution and telomere length 

(TL). 
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Methods: Two reviewers independently searched on electronic databases including PUBMED, 

EMBASE, SCOPUS, WEB OF SCIENCE and Ovid. The key terms were “air pollution” and 

“telomere” without language restriction. Articles relating to tobacco smoke were excluded. 

Results: A total of 12,058 subjects from 25 articles remained for final review. All were 

observational studies: 14 cross-sectional, 6 cohort and 5 case-control studies. Nineteen (76%) 

assessed leukocyte telomere length (LTL) of which 15 found associations between air pollution 

and shorter TL, 2 with longer TL, 1 had mixed results, and a study of patients with type 2 

diabetes found non-significant associations with TL. One found longer TL from saliva. The 

remaining studies were of placental cells, buccal cells or sperm and all reported shorter TL 

associated with air pollution. Particulate matter (PM) was investigated in 8 articles, and the 

remainder assessed black carbon (BC), benzene, lead, cadmium and polycyclic aromatic 

hydrocarbon (PAH). Geographically, 11 studies were conducted in Europe, with 10 in Asia 

and 4 in North America. While all followed Cawthon’s protocol for TL assessment, 

discordance in the reporting formats did not allow us to perform a quantitative meta-analysis. 

Conclusions: Most of the studies support the association of shorter TL with air pollution. 

Uniform reporting format would be warranted for future studies to estimate true effect size of 

air pollution on TL. 

2.1 Introduction 

Air pollution is a ubiquitous public health issue. Indoor and outdoor air pollution are the 3rd 

and 9th risk factors for worldwide mortality and morbidity.39 It is estimated that 4.3 million 

urban people will die prematurely due to outdoor air pollution in 2050, which accounts for 65% 

of the total death all over the world.18 Although air pollutants has long been understood to 

affect the respiratory system, the adverse effects on the cardiovascular system cause mortality 

impacts that exceed those from lung diseases and cancers.14,40 The impact of both short and 
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long term exposure to air pollution on the cardiovascular system has been confirmed by 

epidemiological studies.14 Long term exposure to air pollutants contributes to the risk of both 

ischemic and non-ischemic cardiovascular disease (CVD).15 Acute effects of elevated ambient 

particulate matter (PM) levels are more likely to occur on people who are elderly or already 

have CVD, even if this has not been recognized.14 The length of the chromosomal telomere is 

a biological clock, reflecting the biological aging process of cells. CVD is known clearly as 

age-related disease and researchers have been working on identifying a biomarker to reflect 

aging, as people with same chronological age may have different health status.26 Studies have 

demonstrated that individuals with shorter leukocyte telomere length (LTL) have an increased 

risk of myocardial infarction,41,42 coronary heart disease,43 heart failure,44 hypertension45 and 

stroke.42 One study using Mendelian randomization approach proved causal effect of shorter 

genetically determined Telomere length (TL) on CVD and cancer.46 TL can be a cardiovascular 

biomarker for biological aging. Until now, inflammatory reactions and oxidative stress are 

understood as critical mechanisms linking air pollution with related morbidity and mortality.47 

These processes also accelerate telomere shortening.26 However, the reported relationships 

between air pollution and telomeres are inconsistent. Therefore, the aims of this study were to 

summarize the effects of air pollution on TL through a systematic review of literature, and to 

identify possible issues, including the factors hampering the quantification of the pooled 

estimates. 

2.2 Methods 

We followed the Preferred Reporting Items for systematic reviews and meta-analysis 

(PRISMA) guideline when performing our systematic review and meta-analysis.48 Electronic 

databases including PubMed, Embase, Scopus, Web of Science as well as Ovid (with all 

resources) were searched for articles that had examined the association between air pollution 

and TL. There was no restriction to language and study type. “Telomere”, “air pollution”, “air 
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pollutant”, “particulate matter” and related free text terms were used for the search. Search 

hedges created are listed in the online supplementary material (Supplementary file). The first 

search was performed on 18 January 2016, and the last search was performed on 16 August 

2017.  

We followed the US Environmental Protection Agency criteria for ambient air pollutants, such 

as PM, nitrogen oxides (NOx), carbon monoxide (CO), sulfur dioxide (SO2), and ozone (O3). 

There was no restriction to language and no time limit on publication date. We excluded studies 

of tobacco smoke, animal, cell-line, and genetic studies. Published conference abstracts, 

reviews, editorials and duplicates were also excluded. The most extensive article was chosen 

when more than one publication included the same content. When information was insufficient 

to make a judgment on the eligibility of a study, efforts were made to contact its corresponding 

author to obtain further information. 

Two reviewers (Bing Zhao and Kazuaki Negishi), independently searched for studies and 

reviewed full-text through screening title and abstract using inclusion and exclusion criteria. A 

standard protocol was used to extract data from appropriate articles. The information collected 

included location, publication year, study design, samples size, tissue source, age, sex, 

participant characteristics, air pollutants and levels, monitoring methods, mean and standard 

deviation of TL, the outcome of association, and the characteristics of control group. 

The Newcastle-Ottawa Quality Assessment Scale for cohort studies49 was used as a unified 

standard to assess the quality of included studies. This tool contains eight items with three main 

components: selection, comparability, and outcome. The number of stars the study obtained 

represents the assessment results. A maximum of nine stars can be given for each study. 

2.3 Results 

The systematic search identified 2,151 titles (Figure 4). After removing 425 duplicates, 1,726 

records were screened. After title and abstract review, a further 1,665 records were excluded. 
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After full text screening of the 61 remaining articles, 25 articles that examined the relationship 

between air pollution and TL were finally included in this systematic review.  
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Figure 4 PRISMA flow chart.  

This flow chart illustrates the selection process for identified articles. 
 

 

Table 1 summarizes the characteristics from the 25 articles (n=12,058 subjects) included in 

qualitative analysis.27,50-73 The sample sizes ranged from 1457 to 6,79673. All were observational 

studies: 14 cross-sectional,50-52,55-57,59,60,65-68,71,73 6 cohort27,62,63,69,70,72 and 5 case-control 

studies.53,54,58,61,64 All applied Cawthon’s protocol based on polymerase chain reaction (PCR) 

analysis method to measure TL: 19 studies (n=10,568 subjects) assessed LTL,27,50,52,53,55-60,63-

66,69-73 2 studies with placenta TL,51,61 2 for buccal cell telomere 54,67 and 2 from sperm62 and 

saliva68 respectively (Figure 5). Among two versions of Cawthon’s protocols, 6 

studies50,51,60,66,68,71 followed Cawthon’s newer version published in 2009,74 while remaining 

articles applied the original Cawthon’s method.75 Geographically, 11 studies were conducted 

in Europe,27,51,53,56,58,59,64-66,68,69 with 10 in Asia50,52,54,55,60-62,67,71,72 and 4 in North 
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America.57,63,70,73 Multiple ethnicities were included: 7,023 Americans, 3,254 Europeans and 

1,781 Asians. The comparative groups were those who exposed to filtered air or clean air; and 

those not exposed to air pollution. 
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Table 1 Summary of included studies 

Author Year Study design Location Air pollutants Sample Population (sample size) TL assay 

Bassig et al.50 2012 Cross-

sectional 

China Benzene Leukocyte Worker (n=43); unexposed 

workers (n=43) 

MMqPCR with T/S ratio; 

Cawthon 2009 

Bijnens et al.51 2015 Cross-

sectional 

Belgium Traffic Placenta Twins’ mother (n=130) MMqPCR with T/S ratio; 

Cawthon 2009 

Bin et al.52 2010 Cross-

sectional 

China PAHs Leukocyte Coke oven worker (n=145); 

medical staff (n=68) 

qPCR with T/S ratio; 

Cawthon 2002 

De Felice  

et al.53 

2012 Case-control Italy Atmospheric 

pollution 

Leukocyte Pregnant women (n=50); 

controls (n=50) 

qPCR with T/S ratio; 

Cawthon 2002 

Dioni et al.27 2011 Panel Italy PM10; PM1 Leukocyte Male steel workers (n=57) qPCR with T/S ratio; 

Cawthon 2002 

Eshkoor et al.54 2011 Case-control Malaysia Occupational Buccal cell Car repair workers (n=120); 

controls (n=120) 

qPCR with T/S ratio; 

Cawthon 2002 

Hou et al.55 2012 Cross-

sectional 

China PM2.5; EC; PM10 Leukocyte Truck driver (n=60); indoor 

office worker (n=60) 

qPCR with T/S ratio; 

Cawthon 2002 

Hoxha et al.56 2009 Cross-

sectional 

Italy Benzene; Toluene Leukocyte Traffic officer (n=77); office 

worker(n=57) 

qPCR with T/S ratio; 

Cawthon 2002 

Lee et al.57 2017 Cross-

sectional 

US PAHs Leukocyte 11–18 years children (n=14) qPCR with T/S ratio; 

Cawthon 2002 

Li et al.58 2015 Case-control Sweden Welding fumes Leukocyte Welders (n=101); controls 

(n=127) 

qPCR with T/S ratio 

Cawthon 2002 

Li et al.59 2011 Cross-

Sectional 

Sweden N-nitrosamine; PAH; 

CS2; toluidines 

Leukocyte Workers in the rubber industry 

(n=157) 

qPCR with T/S ratio; 

Cawthon 2002 

Lin et al.60 2017 Cross-

sectional 

China  Household fuel 

combustion 

Leukocyte  Cancer-free non-smoking 

participants (n=137) 

MMqPCR with T/S ratio; 

Cawthon 2009 

Lin et al.61 2013 Case-control China Cadmium; Lead Placenta Puerpera (n=227); control 

(n=93) 

qPCR with T/S ratio; 

Cawthon 2002 

Ling et al.62 2016 Cohort China PAHs Sperm  Male college students (n=444) qPCR with T/S ratio; 

Cawthon 2002 

McCracken  

et al.63 

2010 Panel US BC Leukocyte Never-smoking veteran (n=165) qPCR with T/S ratio; 

Cawthon 2002 

Pavanello  

et al.64 

2010 Case-Control Poland PAHs Leukocyte Coke oven worker (n=48); 

controls (n=44) 

qPCR with T/S ratio 

Cawthon 2002 

Pawlas et al.65 2015 Cross-

sectional 

Poland Lead Leukocyte Children (n=99) qPCR with T/S ratio; 

Cawthon 2002 

Table 1 (continued)       
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Table 1 (continued)       

Pieters et al.66 2015 Cross-

sectional 

Belgium PM2.5 Leukocyte Elderly (n=166) MMqPCR with T/S ratio; 

Cawthon 2009 

Shan et al.67 2014 Cross-

Sectional 

China PM2.5; BC Buccal cell Women (n=23) qPCR with T/S ratio; 

Cawthon 2002 

Walton et al.68 2016 Cross-

sectional 

UK NOx; NO2; PM10; 

PM2.5 

Saliva  8–9 years children (n=333) MMqPCR with T/S ratio; 

Cawthon 2009 

Ward-Caviness  

et al.69 

2016 Cohort Germany PM10; PM2.5; BC; 

NOx 

Leukocyte Participants from KORA F4 

(n=1,777) 

qPCR with T/S ratio; 

Cawthon 2002 

Wong et al.70 2014 Cohort US PM2.5 Leukocyte Male boilermaker (n=48) qPCR with T/S ratio; 

Cawthon 2002 

Wu et al.71 2012 Cross-

sectional 

China Lead Leukocyte Battery plant workers (n=144) MMqPCR with T/S ratio 

Cawthon 2009 

Xia et al.72 2015 Panel China PM (0.25 to 10), 

other 

Leukocyte Type 2 diabetes (n=35) qPCR with T/S ratio; 

Cawthon 2002 

Zota et al.73 2015 Cross-

sectional 

US Lead; Cadmium Leukocyte Participants from NHANES by 

CDC (n=6,796) 

qPCR with T/S ratio; 

Cawthon 2002 

BC, black carbon; CDC, centers for disease control; CS2, carbon disulphide; EC, elemental carbon; KORA F4, 4th follow-up of the Cooperation for Health Research in the 

Region of Augsburg; MMqPCR, Monochrome Multiplex Quantitative Polymerase Chain Reaction; NHANES, National Health and Nutrition Examination Survey; NOx, 

nitrogen oxides; PAHs, polycyclic aromatic hydrocarbons; PM, particulate matter; qPCR, quantitative real-time polymerase chain reaction; T/S ratio, the ratio of telomere 

repeat copy number to single copy gene copy number. 
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Figure 5 Sources of telomere length assessment.  
(A) Based on the number of articles. 76% of studies evaluated leukocyte TL, while buccal cell, placenta, 

sperm and saliva are the other resources. (B) Based on the number of participants. Among these studies, 

leukocyte was used for 87.6% of population, placenta for 3.7%, sperm for 3.7%, saliva for 2.8% and 

buccal cell for 2.2%. TL, telomere length. 

 

 

The concentration of airborne PM was investigated in 8 articles.27,55,66-70,72 Seven55,66-70,72 of 

these examined the association between PM <2.5 μm in aerodynamic diameter (PM2.5) and TL, 

and PM <10 μm in aerodynamic diameter (PM10) were reported in 5 articles.27,55,68,69,72 Dioni 

et al.27 and Wong et al.70 used PM data from multiple sites in factories to calculate the personal 

exposures. One study included both personal and ambient air pollutants. Small-sized 

gravimetric samplers were carried by study subjects to measure personal PM2.5 exposure and 

ambient PM10 data were obtained from the local environmental agency.55 Personal exposure 

monitors (PEMs) were used in a pilot study.67 Pieters et al.,66 Walton et al.68 and Ward-

Caviness et al.69 estimated PM level from fixed monitoring sites. Xia et al.72 measured real-

time ambient PM level using an Environmental Dust Monitor, and data for other gaseous 

pollutants were obtained from governmental monitoring stations. 

Urinary metabolite for polycyclic aromatic hydrocarbons (PAHs) of workers were measured 

as a marker of personal exposure in 4 studies,52,59,62,64 while Lee et al.57 calculated individual 

exposure to PAHs via monitoring site and outdoor residential samples. Occupational air 

pollutants studied included benzene,50,56 toluene56,59 and welding fumes.58 A study focused on 

traffic pollutants used the distance from major road and traffic density to estimate the exposure 
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data. Exposure to lead and cadmium was assessed through blood65,71,73 and placental 

measurements.61 McCracken et al.63 estimated the annual ambient black carbon (BC) exposure 

on elderly veterans based on a spatiotemporal model. One study examined long term effect of 

indoor air pollution from household fuel combustion on LTL via related questions to assess the 

pollution level.60 

Of 19 articles examined the association between LTL and air pollution, 15 found shorter LTL 

with air pollution,52,53,56-60,63-66,69-71,73 2 longer27,50 and 1 mixed result55 (Table 2). The one 

remaining study showed non-significant association between LTL and short-term exposure to 

PM or other gaseous pollutants in type 2 diabetes patients.72 TL from saliva was found to be 

longer after pollution in children.68 The remaining five studies of placenta,51,61 buccal cells54,67 

or sperm62 reported shorter TL with air pollution (Figure 6). 
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Table 2 Main findings of included studies 

Author Year Findings Changes 

Bassig et al.50 2014 Longer TL in workers exposed >31 ppm of benzene (1.37±0.23 vs. 1.26±0.17, P=0.03) Longer 

Bijnens et al.51 2015 Doubling the distance to the nearest major road was associated with a 5.32% (95% CI: 1.90 to 8.86%, P=0.003) longer 

placental TL at birth 

An interquartile increase (22%) in maternal residential surrounding greenness (5 km buffer) was associated with an 

increase of 3.62% (95% CI: 0.20 to 7.15%, P=0.04) in placental TL. 

Shorter 

Bin et al.52 2010 Coke-oven workers had shorter LTL [1.10±0.75 vs. 1.43±1.06, P=0.026, P (adjust) =0.020] 

Stratification analysis found shorter LTL in male (1.08±0.73 vs. 1.51±1.10, F=9.212, P=0.003) and non-drinking groups 

(0.96±0.38 vs. 1.26±0.46, F=6.484, P=0.012).  

Shorter 

De Felice et al.53 2012 TL was shorter in exposed pregnant women (1.27 vs. 3.11, P<0.001) 

hTERT mRNA 28% lower in exposed group (1.123 vs. 1.401, P<0.001) 

TL decreased with increasing the proximity from polluted area (P=0.004) 

Shorter 

Dioni et al.27 2011 LTL was longer after exposure (1.43 ± 0.51) compared with baseline (1.23±0.28, P<0.001) 

Post exposure LTL was positively associated with PM10 (β=0.30, P=0.002) and PM1 (β=0.29, P=0.042) 

hTERT expression was lower (1.31 ± 0.75 vs. 1.68 ± 0.86, P<0.001), but the decrease in hTERT expression did not show a 

dose-response relationship with PM 

Longer 

Eshkoor et al.54 2011 Workers with the mutated genotype (Ile-Val, Val-Val) had shorter TL (0.23±0.35 vs. 1.93±4.53, P=0.008), as well as the 

workers with wild genotype Ile-Ile (0.30±0.67 vs. 2.65±7.94, P=0.019) 

Shorter 

Hou et al.55 2012 TL was longer in drivers (0.87, 95% CI: 0.74 to 1.03) than office workers (0.79, 95% CI: 0.67 to 0.93, P=0.001) 

TL increased in association with personal PM2.5 (+5.2%, 95% CI: 1.5 to 9.1; P=0.007), personal EC (+4.9%, 95% CI: 1.2 

to 8.8, P=0.01), and ambient PM10 (+7.7%, 95%CI: 3.7 to 11.9; P<0.001) on examination days 

PM10 over the 14 days was associated with shorter TL (−9.9%, 95%CI: −17.6 to −1.5, P=0.02) 

Mixed  

Hoxha et al.56 2009 Adjusted mean LTL was 1.10 (95% CI: 1.04 to 1.16) in traffic officers and 1.27 in referents (95%CI: 1.20 to 1.35) 

(P<0.001) 

Traffic officers had shorter LTL within each age category. 

Among traffic officers, adjusted mean relative LTL was shorter in individuals working in high (n =45, LTL = 1.02, 95%CI 

0.96-1.09) compared to low traffic intensity (n=32, LTL =1.22, 95% CI: 1.13 to 1.31) (P<0.001) 

LTL decreased with increasing levels of personal exposure to benzene (P=0.004) and toluene (P=0.008) 

Shorter  

Lee et al.57 2017 Inverse linear relationship was found between ambient PAHs exposure and TL. Each 1 ng/m3 increase in PAH456 with a 

decrease of −0.14 units (95% CI: −0.25 to −0.11, P=0.01) in TL 

Shorter 

Table 2 (continued) 
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Table 2 (continued)   

Li et al.58 2015 Welders and controls did not differ in RTL (P=0.090) 

Every working year as a welder was associated with 0.0066 units shorter TL (95% CI: −0.013 to −0.00053, P=0.033) 

Shorter  

Li et al.59 2011 N-nitrosamines exposure lead to telomere shortening [measured (N=60) N-nitrosamines β-coefficient= −10 (95% CI: −17 

to Ȓ1.9) P=0.016; estimated (N=157) N-nitrosamines β-coefficient =−5.3, (95% CI: −9.5 to −0.97) P=0.016] 

Shorter 

Lin et al.60 2017 Shortest LTL (0.70±0.17) was found in participants who were exposed to combusted solid fuel for three decades. 

Accumulative effect of cooking fuel usage was inversely correlated with LTL (β=−0.07 95%CI: −0.13 to −0.02, P=0.01) 

Shorter  

Lin et al.61 2013 Placental cadmium concentration was negatively correlated with placental TL (r=20.138, P=0.013) 

No significant correlation between placental lead concentration and placental TL (r=0.027, P=0.639) 

Shorter  

Ling et al.62 2016 Urinary 1-OHPyr (β=−0.385, 95% CI: −0.749 to −0.021, P=0.038) and 1-OHNap (β=−0.079, 95% CI: −0.146 to −0.011, 

P=0.023) were inversely associated with STL which remained after adjusting for confounders. 

Shorter  

McCracken et al.63 2010 IQR increase in annual BC (0.25 µg/m3) was associated with 7.6% decrease (95% CI: –12.8 to –2.1) in LTL Shorter 

Pavanello et al.64 2010 Coke-oven workers had shorter TL (P=0.038) 

Years of work in cokery (P=0.008) and p53 hypomethylation (P=0.001) were the principal determinants of shorter TL 

Shorter 

Pawlas et al.65 2015 Relative TL shorter in higher Pb group [0.99 (0.63–2.09) vs. 1.18 (0.49–2.06), P=0.008] 

B-Pb was significantly inversely associated with rTL in the children 

Shorter  

Pieters et al.66 2015 5 µg/m3 increasing in annual PM2.5 was associated with a decrease of 16.8% (95% CI: −26.0% to −7.4%, P=0.0005) in 

TL 

Shorter  

Shan et al.67 2014 High exposed women had 43% shorter TL (95% CI: −113, 28); high 3.3±2.3 vs. low 5.4±−4.5, P=0.19. Shorter 

Walton et al.68 2016 Increase in annual NOx [model coefficient 0.003, (95% CI: 0.001 to 0.005), P<0.001], NO2 [0.009 (0.004, 0.015), 

P<0.001], PM2.5 [0.041, (0.020, 0.063), P<0.001] and PM10 [0.096 (0.044, 0.149), P<0.001] were associated with 

increased TL. 

Longer  

Ward-Caviness  

et al.69 

2016 BC was inversely associated with TL in men (β=−0.28, 95%CI: −0.47, −0.08, P=0.005) Shorter  

Wong et al.70 2014 Each 1 mg/m3/h increase in cumulative PM2.5 with a decrease in relative TL of –0.04 units Shorter 

Wu et al.71 2012 Shorter LTL in workers with abnormal BLL and/or ULL (1.66±0.63 vs. 1.91±0.46, P=0.010) 

LTL was in negative correlation with BLL, ULL, working length and body mass index 

LTL has strong inverse correlation with BLB (r=−0.70, P<0.0001) in those with abnormal BLL and ULL 

Shorter 

Xia et al.72 2015 Non-significant association between short-term PM exposure with TL in type 2 diabetes patients No change 

Zota et al.73 2015 The highest and lowest quartiles of blood and urine cadmium were associated with −5.54% (95% CI: −8.70, −2.37) and 

−4.50% (95% CI: −8.79, −0.20) shorter LTLs, with dose-response relationship (P for trend <0.05). There was no 

association between blood lead and LTL 

Shorter  

1-OHNap, 1-hydroxynapthalene; 1-OHPyr, 1-hydroxypyrene; 95% CI, 95% confidence intervals; BC, black carbon; BLB, body lead burden; BLL, lead levels in blood; EC, 

elemental carbon; hTERT, Human Telomerase Reverse Transcriptase; IQR, interquartile range; LTL, leukocyte telomere length; mtDNA, mitochondrial DNA; PAHs, 

polycyclic aromatic hydrocarbons; Pb, Lead; PM, particulate matter; STL, sperm telomere length; TL, telomere length; ULL, lead levels in urine. 
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Figure 6 Outcome of telomere length.  
(A) Based on the number of articles. 20 of 25 studies found association between shorter telomere with 

air pollution, with 3 longer and 1 mixed result. Remaining one study did not demonstrate significant 

association between LTL and short-term exposure to PM or other gaseous pollutants in type 2 diabetes 

patients. (B) Based on the number of participants. 94.8% of population in these studies demonstrated 

the association between air pollution with shorter telomere length. LTL, leukocyte telomere length; PM, 

particulate matter. 

 

Traffic pollutants appear to be associated with shorter LTL56,57 and placental TL.51 The length 

of telomeres was reduced with the increase in traffic exposure in these three cross-sectional 

studies. One used airborne benzene and toluene to indicate the degree of pollution, one study 

selected ambient PAHs for vehicle exhaust, and the other used the distance to main road and 

residential surrounding greenness to estimate exposure. However, inconsistent result was 

demonstrated in a study where workers were used products containing benzene.50 Similarly, 

Hou et al.55 found that truck drivers had increasing TL with personal exposure to PM2.5, 

elemental carbon and ambient PM10 on the inspection day, while their TL became shorter after 

14 days. Interestingly, children from London exposed to traffic pollution had longer TL in 

salivary cells.68 

Coke oven workers showed shorter TL in both China52 and Poland,64 where people are widely 

exposed to PAHs. People who worked in rubber,59 battery,71 boiler,70 welding58 and car repair54 

environments all showed shorter TL. However, a group of male steel worker had longer TL 

after three consecutive working days.27 

In contrast to short-term exposure, the dynamic change of TL tends to be different when 

focusing on annual exposure to air pollutants. Pieters et al.66 demonstrated that annual 5 μg/m3 
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PM2.5 enhancement was related to 16.8% decreasing in TL of elderly people. Similarly, the TL 

of elderly men was decreased by 7.6% with increasing in the interquartile range of annual BC 

(0.25 μg/m3),63 and this association was stronger among men more than 75 years old. This 

inverse association between annual BC and TL in male was replicated by another study.69 

Pawlas et al.65 found that children with higher blood lead levels had shorter telomeres. In 

another study lead was not associated with placenta TL, while placental cadmium concentration 

was correlated with shorter placental TL.61 Similarly, participants in a US national survey also 

displayed associations between cadmium and shorter TL while the result was not significant 

for lead.73 Another study showed that pregnant women who lived near waste landfill sites 

highly exposed to atmospheric pollution from garbage burning had shorter TL.53 The rubbish 

in this region has mismanaged involving illegal industrial waste as well as household waste. 

Women exposed to biomass smoke from cooking which contain PM2.5 and BC had TL 

measured from buccal cells. More heavily exposed women had 43% shorter TL compared with 

the low exposure group.67 This was corresponding to another finding between exposure to 

cooking solid fuel and shorter LTL.60 A study of people with type 2 diabetes did not find 

significant relationship between TL and short term ambient PM or other gaseous pollutants.72 

Ten studies53,62,63,65,67-70,72,73 were awarded more than seven stars and remaining 15 studies27,50-

52,54-61,64,66,71 were graded stars with the number from four to six (Table 3). 
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Table 3 Quality assessment of included study 

Author Year Selection Comparability Outcome Number of stars 

Bassig et al.50 2014    6 

Bijnens et al.51 2015    5 

Bin et al.52 2010    5 

De Felice et al.53 2012    7 

Dioni et al.27 2011    4 

Eshkoor et al.54 2011    4 

Hou et al.55 2012    5 

Hoxha et al.56 2009    5 

Lee et al.57 2017    6 

Li et al.58 2015    5 

Li et al.59 2011    5 

Lin et al.60 2017    6 

Lin et al.61 2013    5 

Ling et al.62 2016    7 

McCracken et al.63 2010    7 

Pavanello et al.64 2010    5 

Pawlas et al.65 2015    7 

Pieters et al.66 2015    5 

Shan et al.67 2014    7 

Walton et al.68 2016    8 

Ward-Caviness et al.69 2016    8 

Wong et al.70 2014    7 

Wu et al.71 2012    5 

Xia et al.72 2015    8 

Zota et al.73 2015    7 

The scale contains eight items which has three main aspects: selection, comparability and outcome. Assessment 

result is demonstrated by the number of stars () the study obtained. A maximum of nine stars can be given for 

each study. 

 

 

2.4 Discussion 

This is the first systematic review of studies assessing the association between air pollution and 

TL. The dominant findings (80% of articles and 94.8% of subjects) were that that air pollution 

was associated with shorter TL. While results of studies of leukocyte TL and salivary TL had 

diverse outcomes, telomeres from buccal cells, placental tissue and sperm all became shorter 

after exposure. Although all reports used Cawthon’s protocol for TL measurements and most 
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evaluated chromosomes from leukocytes, discordant reporting formats did not allow a 

quantitative meta-analysis.  

The telomere is a region of tandem repetitive DNA and protein complexes that cap the ends of 

chromosome, playing a critical role in maintaining chromosome stability.76 Due to the 

requirement of 5’ to 3’ replication and RNA primer, DNA polymerase cannot fully duplicate 

the end of the chromosome in somatic cells, which leads the telomere shortened after each 

cycle of the DNA replication.77 TL is approximately 30–100 bp shorter during each cell 

division process and can act as a senescent marker.78 The components of human telomeres are 

thousands of TTAGGG nucleotide repeats and protein.79 This special sequence TTAGGG 

makes telomeres have high content of guanine and are sensitive to oxidative stress.80 The 

damage caused by oxidative stress can be accumulated and lead to telomere erosion during the 

lifetime of cell. The shortening of telomere gradually progresses after each DNA replication 

cycle and accelerate the cell aging. The most important oxidative stress substance is reactive 

oxygen species (ROS). ROS easily reacts with nucleic acids, protein and lipids. If the cells do 

not have enough ability to detoxify these ROS, telomere erosion will happen. Interestingly, 

telomere shortening is not an irreversible process. For example, a study of lifestyle intervention 

demonstrated lengthening of telomeres in the intervention group that persisted 5 years post 

intervention.81 

In studies included in this review, shorter leucocyte TL was common in people with polluted 

working or living conditions. Long-term accumulation of air pollution seems to lead to attrition 

of TL. A cross-sectional study of workers in a battery plant found that body lead burden, 

measured from 24 h urine, had stronger inverse association with leucocyte TL than blood lead 

levels.71 Lead can deposit in bone which act as an effective body barrier to decrease the lead in 

bioavailable blood. There was only one study that did not find an association between short-

term PM exposure and leucocyte TL.72 The subjects included in this study were all patients 
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with type 2 diabetes and their telomere dynamics in response to acute stressors such as air 

pollution may not be generalizable to the wider population. 

Every article, identified through our systematic review, used Cawthon’s protocol. This 

technique was first proposed in 2002 and requires tiny amount of DNA to perform PCR for TL 

assessment.75 Smaller amounts of DNA requirement make this method easily applied to 

epidemiological studies that usually have large sample size.82 In 2009, Cawthon revised the 

original version of the method to avoid the methodological shortcoming and named it 

monochrome multiplex quantitative PCR.74 Due to this development of the method over time, 

6 of 20 studies in this systematic review followed Cawthon’s 2009 version method,50,51,60,66,68,71 

while remaining articles still measured TL through Cawthon’s initial method. It seems these 

two versions of protocol are similar for identified articles in this systematic review and the 

results are rarely affected by the version they used. 

Five types of human tissues were used for TL measurements. A total of 10,568 people in these 

studies were examined using leukocyte TL, 450 with placenta TL, 444 with sperm TL, 333 

with salivary TL and 263 with buccal cell TL. Although TLs in different tissue resources are 

inconsistent, the attrition rates of TL are similar for adult somatic tissue.83 Leucocytes are 

widely used for TL measurement because they are easy to extract from blood samples. 

However, buccal or salivary cells are easier to obtain, the technique is not as invasive, or 

expensive. The use of placental tissue is limited to research focusing on pregnant women and 

their offspring. Sperm TL is targeted to investigate male reproductive health. 

Air pollutants have various forms including PM, liquids and gases.17,84 The composition and 

duration of the exposure to air pollutants influences the potential mechanism of action in 

affecting TL. Many different sources of PM have been shown to induce oxidative stress,85-87 

including ambient PM0.25, PM2.5, BC, particle-bound metals and PAHs. Two studies66,70 found 

the inverse relationship between PM2.5 and LTL: one reported with each increase of 1 mg/m3 
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per hour for cumulative PM2.5 exposure in the past month, TL decreased 0.04 units relatively, 

while the other found associations with annual average PM2.5 concentrations. 

Metals can contribute to telomere disorders in multiple ways. Cadmium can accelerate the 

production of ROS and disturb the antioxidative response.88 It also prevents the function of 

DNA mismatch repair systems.89 Other metals provoke the release of inflammatory 

cytokines.90 One study found longer TL in steel workers exposed to metal-rich PM for 3 

working days compared with their TL on the first day before working.27 

Five papers reported the relationship between PAHs exposure and TL of which 3 indicated 

shorter LTL and 1 with shorter sperm TL. PAHs are a group of organic compounds comprised 

of multiple benzene rings which can be produced by incomplete combustion.91 Among the 

studies focused on LTL, Lee et al.57 chose the level of ambient PAHs with 4, 5 or 6 benzene 

rings as exposure estimate, while the other two measured urinary metabolite 1-hydroxypyrene 

(1-OHPyr) to reflect PAHs level. Although 1-OHPyr is regarded as a reliable biomarker,91 it is 

difficult to determine the specific species of PAHs exposure in these articles and we can’t make 

a quantitative analysis. 

Two reports demonstrated longer TL in acute phases after exposure to pollutants. Workers 

exposed to benzene for 5 separate days during a two week period,50 and truck drivers with 

short-term ambient PM pollution55 both had longer TL compared with control groups. Little is 

known about the underlying mechanisms of longer TL in those exposed. Because of the 

discrepancy to other reports and of uncertainty, further researches are warranted to determine 

true effect size of air pollution on TL. One of the potential reasons for the opposite association 

(i.e. longer TL) would be the sample size of the studies. TL has significant person-to-person 

variabilities so that sample sizes of at least a few thousands are recommended when assessing 

TL. In other words, a reverse relationship could be observed when the sample sizes are small. 
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Other potential reasons are the differences in study design, exposure assessment, and air 

pollutant levels, as well as potential confounding factors. 

Recently, another study has been published after we finished this systematic review.92 It 

examined the TL from cord blood of newborns and also found shorter TL was associated with 

prenatal exposure to PAH. The comparison was between two groups of neonates born before 

and after the closure of the coal burning power plant, which indicated the benefits of reducing 

air pollution on children’s health. 

We followed the PRISMA guideline when performing this systematic review, but prospective 

register with the PROSPERO database of systematic reviews was not successful during data 

extraction stage. Despite different sources of TL and various air pollutants were obtained 

through comprehensive search in multiple databases, the heterogeneity among these studies 

did not allow us to do meta-analysis to make a quantitative inference. All studies were 

observational and thus have an inherent risk of selection bias. 

2.5 Conclusions 

Most of the studies support the association between air pollution exposure and shortened TL. 

Uniform reporting format would be required to enable combined estimates of the magnitude of 

the effect size of the impacts of air pollution on TL.  

Postscript 

Findings from this chapter suggest that TL may be a biological marker linking air pollution and 

cardiovascular diseases. Biological responses such as inflammation and oxidative stress after 

exposure to air pollution may pose health risks over a long period. Exposure to air pollution 

within hours or days stochastically triggers cardiovascular events.14 The next two chapters will 

describe the results from the first evaluation of vascular function in children from the Latrobe 

ELF cohort. The Latrobe ELF Cohort Study is one of the streams of the Hazelwood Health 

Study (HHS). The HHS aims to identify the potential health outcomes of people who may have 
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been affected by the mine fire smoke.93 We also collected data from children who were not 

exposed to the coal mine fire, which will be discussed in the next chapter. 
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Supplementary 

Search criteria 

PUBMED 

(telomer*) AND ((((particulate AND matter*)) OR (air AND pollution*)) OR (air AND 

pollutant*)) 

Results: 62 articles 

 

 

SCOPUS 

( ( ( ALL ( particulate )  AND  ALL ( matter* ) ) )  OR  ( ( ALL ( air )  AND  ALL ( pollution

* ) ) )  OR ( ( ALL ( air )  AND  ALL ( pollutant* ) ) ) )  AND  ( ALL ( telomer* ) )  

Results: 1426 articles 

 

 

EMBASE 

1 telomer*   

2 ('air'/exp OR air AND pollution*) OR ('air'/exp OR air AND pollutant*) OR 

(particulate AND matter*)  

3 #1 AND #2    

Results: 81 articles 

 

 

WEB OF SCIENCE 

1 # 1  

TOPIC: (particulate) AND TOPIC: (matter*) 

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, 

IC Timespan=All years 

2 # 2  

TOPIC: (air) AND TOPIC: (pollution*) 

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, 

IC Timespan=All years 

3 # 3  

TOPIC: (air) AND TOPIC: (pollutant*) 

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, 

IC Timespan=All years 

4 # 4  

#3 OR #2 OR #1 

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, 

IC Timespan=All years 

5 # 5  
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TOPIC: (telomere*) 

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, 

IC Timespan=All years 

6 # 6 

#5 AND #4 

Indexes=SCI-EXPANDED, SSCI, A&HCI, CPCI-S, CPCI-SSH, ESCI, CCR-EXPANDED, 

IC Timespan=All years 

Results: 45 articles 

 

 

OVID 

1 (pollutant* and air).af. 

2 (pollution* and air).af. 

3 (matter* and particulate).af. 

4 1 or 2 or 3 

5 telomer*.af. 

6 4 and 5 

Results: 537 articles 

Last search: 16 August 2017 
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Feasibility and normal ranges of arterial 

intima-media thickness and stiffness in 2-

year-old children 

 

 

Article “Feasibility and Normal Ranges of Arterial Intima-Media Thickness and Stiffness in 

2-Year-Old Children: A Pilot Study” was published in 

Pediatric Cardiology 2019. https://doi.org/10.1007/s00246-019-02088-1 

Bing Zhao, Fay H. Johnston, Marita Dalton, Kazuaki Negishi 
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Chapter 3. Feasibility and normal ranges of arterial intima-media 

thickness and stiffness in 2-year-old children 
 

Preface 

In this chapter, the feasibility of conducting noninvasive vascular assessments and normal 

ranges of arterial IMT and stiffness among normal children will be discussed. Eligible 

participants in the Latrobe ELF cohort were divided into a maternal exposure group, an infant 

exposure group and a control group. The participants in the control group were conceived in 

the post-fire period, and thus, had no exposure to ambient coal mine fire smoke. These healthy 

children were 2 years old at the time of first clinical assessment.  

The following text in this chapter has been published in Pediatric Cardiology 2019;40(5):914-

920. doi: 10.1007/s00246-019-02088-1. 

Abstract 

Introduction In adults, noninvasive assessments of vascular function have been established. 

However, little is known about the applicability and reference values of these techniques 

among children < 6 years old and none ≤ 2. We aimed to determine the feasibility of conducting 

noninvasive vascular assessments in 2-year-old children and the normal range of results in this 

age group. 

Methods Carotid intima-media thickness (cIMT) and abdominal aorta IMT (aaIMT), pulse 

wave velocity (PWV), arterial diameter change, stiffness index (β), and distensibility were 

assessed in 2-year-old children. IMT was assessed using an automatic contour detection. 

Results The proportion of successful measurements was 72% (42/58) with cIMT 64%, aaIMT 

67%, and PWV 43%. Average far wall cIMT was 0.51 mm and 0.40 for aaIMT. Mean PWV 

was 4.15 m/s, with relatively wider range in stiffness index and distensibility. Common carotid 
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arteries had a higher mean distensibility of 4.58%/10 mmHg compared with 2.98%/10 mmHg 

for the abdominal aorta. The number of data points automatically detected at far wall cIMT 

was higher than that in aaIMT (left cIMT: 244 ± 13 and right: 240 ± 23 vs. abdominal 185 ± 

63, p < 0.001). Better and more consistent quality was achieved for cIMT than aaIMT 

measurements. PWV measurement was only feasible in cooperative children with efficient 

distractions. 

Conclusions Noninvasive methods for early detection of cardiovascular risks were feasible in 

at least two-thirds of 2-year-old children. Given the greater feasibility and image quality, cIMT 

is a preferable option for assessing vascular health in young children. 

3.1 Introduction 

The burden of cardiovascular disease (CVD) is enormous,94 despite continuous decline over 

the decades,95 and still remains as the leading cause of mortality worldwide.96 Coronary artery 

disease resulted in 7.4 million deaths and stroke led to 6.7 million deaths among a total of 17.7 

million deaths from CVD in 2015.97 Early detection is key for allowing the initiation of various 

preventative strategies to reduce the burden of CVD. Thus, noninvasive vascular screening 

plays a central role. Screening methods such as carotid intima-media thickness (cIMT) and 

pulse wave velocity (PWV) are established as reliable tools in adults98,99 as well as the vascular 

stiffness index and distensibility.100 

Chronic health conditions like CVD are thought to have their origins in early life stages,101-103 

including infants at 3 years of age.104 However, studies of these noninvasive techniques in 

younger children are sparse. Reference ranges have only been demonstrated for PWV, cIMT 

and distensibility in children older than 6 years of age100,105-108 and none in children aged ≤ 2. 
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In this paper, we aimed to elucidate the feasibility of conducting these noninvasive vascular 

assessments and describe the normal ranges for arterial IMT and stiffness in healthy 2-year-old 

children as a pilot study. 

3.2 Materials and Methods 

3.2.1 Study Population 

Our study population comprised participants from the Latrobe Early Life Follow-Up Study, a 

cohort study that was established to investigate possible long-term health impacts of smoke 

from a coalmine fire in 2014.93 The children included in this analysis were conceived after the 

fire and thus had no exposure to mine fire smoke and form the unexposed comparison group 

of the full cohort. 

3.2.2 Data Collection 

Information about demographic, family, and health characteristics was extracted from a 

baseline survey conducted at the time of enrolment to the study in 2015. The first clinical 

assessment was conducted during March to August 2017. Parents consented to the clinical 

testing at the time of enrolment and again immediately prior to the testing. 

3.2.3 Physical Examination 

Parents or guardians were instructed that the participating child should refrain from large meals, 

vasoactive medications and caffeine containing drinks prior to the tests. At the clinic, a short 

questionnaire collected additional information about caffeine drinks, medication in the past 24 

h, and cold or flu-like illnesses in the past 3 weeks. Children’s height in centimeters and weight 

in kilograms were measured using a calibrated stadiometer and portable scales. 

IMT assessment were conducted in a dark, temperature-controlled room using the Vivid Q 

ultrasound system with 12 MHz linear array transducer (GE Healthcare, Milwaukee, WI). The 

subjects rested in the supine position for 10 min before data acquisition. A 3-lead 
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electrocardiograph (ECG) was connected. The left and right common carotid arteries were 

examined separately with the head turned 45° toward the opposite side. This was relatively 

simple to achieve by providing cartoons or books on that side of the bed, to interest the 

participants and distract them from the measurements. The artery was kept as perpendicular as 

possible to the surface of the sound and 10 to 30 mm of the distal common carotid artery was 

scanned. Three longitudinal views of B-mode movies on each side were obtained with at least 

three clean R-R intervals on ECG, and the carotid bifurcation was recorded on the left side of 

the screen. The abdominal aorta was imaged similarly following the carotid artery scan, and 

the movie was stored for subsequent analysis. If the child was not able to comply with the 

entire procedure, we captured and stored the portion of the artery with the best possible quality 

image. 

Children’s femoral blood pressure (BP) was measured immediately after IMT measurement by 

positioning a correctly sized femoral cuff around their right thigh connected to a SphygmoCor 

XCEL device (AtCor Medical, Sydney, Australia). This measured the systolic blood pressure 

(SBP) and diastolic blood pressure (DBP). We measured the PWV distance, which is the sum 

of the distance between the right carotid artery and the sternal notch, and the sternal notch to 

the top edge of the femoral cuff. The device then detected the right carotid pulse from the 

tonometer and the femoral pulse from the blood pressure cuff, compared the timing of these 

and used the PWV distance to calculate the result. 

3.2.4 Data Measurement and Analysis 

The Vivid Q ultrasound system has an in-built automated IMT measurement procedure, which 

calculated the average, maximum, and minimum IMT by automatic contour detection of the 

region along the artery wall. It also provided the standard deviation and the successful number 

of pair points among multiple measurements between points on two layers (intima and media). 
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We used this procedure to perform both far and near wall measurements of the IMT on the 

region of 10 mm of the common carotid artery below the carotid bifurcation at end-diastole. 

The abdominal aorta IMT (aaIMT) was measured in the same way on the region of interest 

using the best quality images. We summarized the far and near wall IMTs separately, as well 

as the average of them for the ease of future users of the data. We also averaged these values 

(i.e., far, near and average IMTs) of the left and right common carotid arteries. If data from one 

side were missing, we used the data from a single side. 

End-systolic and end-diastolic internal diameter were measured three times using callipers via 

EchoPAC software version 201 (GE Healthcare, Milwaukee, WI) across the left, right common 

carotid arteries and abdominal aorta in the region of IMT measurement, respectively. The 

maximum (Dmax) and minimum diameter (Dmin) of the arteries were calculated by averaging 

these three measurements. Arterial strain was calculated as the formula: (Dmax −

Dmin)/Dmin.109 The stiffness index β was calculated with the formula: [ln (SBP/DBP)]/

 [(Dmax − Dmin)/Dmin].109,110 Distensibility (Dist) was then calculated from the formula: 

[(Dmax − Dmin)/Dmin]/(SBP − DBP) ∗ 1000 with the unit of %/10 mmHg.111 Pulse 

pressure (PP) and mean arterial pressure (MAP) were calculated separately by the formula: 

PP = SBP − DBP and MAP = DBP +
1

3
PP. 

Participants’ characteristics are presented as mean ± SD or number (%). Values of vascular 

assessment results are expressed as mean ± SD, median, minimum, maximum, and interquartile 

range. Independent t test was used to compare the means. Data analysis was conducted using 

IBM SPSS Statistics version 23 (IBM Corporation, Armonk, NY). 

3.3 Results 

Out of 58 children who participated, 16 were unable to complete any test, leaving 42 (72%) 

with at least one vascular assessment. Table 4 summarizes general characteristics and 
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proportion of successful vascular assessments in the study population. In summary, 17 (40%) 

were male and their mean age was 24 ± 3 months. These 42 children had a mean BMI of 17.2 

± 1.5 kg/m2, birth weight of 3,385 ± 565 g, and gestational age of 39.4 ± 1.8 weeks. 

Approximately 12% of their mothers smoked during pregnancy. Six children had medications 

with no or limited vascular effect in the previous 24 h including acetaminophen, antihistamine, 

and cough medicine. Half of the children had a history of cold in the previous three weeks. Of 

the 42 children, 37 (88%) children completed left cIMT, diameter and strain, 35 (83%) 

completed cIMT on the right side, and 39 (93%) successfully completed aaIMT. The success 

rate was lower for PWV with measurements obtained in 25 (60%) of the children. BP 

measurements were taken in 29 children (69%), yielding 28 (67%) with measurements of β and 

distensibility. 

Table 4 Characteristics of study participants (n = 42) 

Variable  No.(%) or mean ± SD  

Male  17(41) 

Age (months) 24 ± 3 

Height (cm) 86.1 ± 4.6 

Weight (kg) 12.8 ± 1.8 

BMI 17.2 ± 1.5 

Birth weight (g) 3385 ± 565 

Gestational age (week) 39.4 ± 1.8 

Exposure to environmental tobacco smokea 7(16.7) 

Maternal age (years) 31.8 ± 5.3 

Breastfed until 6 months of age or less 14(33.3) 

Maternal cigarettes smoking in pregnancy 5(11.9) 

Maternal alcohol consumption in pregnancy 6(14.3) 

Feasibility of vascular assessment Of 58 presented Of 42 participated 

Left cIMT 37 (64) 37 (88) 

Right cIMT 35 (60) 35 (83) 

aaIMT 39 (67) 39 (93) 

PWV 25 (43) 25 (60) 

BP 29 (50) 29 (69) 

β and distensibility 28 (48) 28 (67) 
aaIMT abdominal aorta intima-media thickness, BMI body mass index, weight (kg) divided by height (m), BP blood pressure, 

cIMT carotid intima-media thickness, PWV pulse wave velocity, β artery stiffness index 
a Environmental tobacco smoke was defined as the presence of a current smoker in the child’s household 
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Maximum, minimum, average values, and successful measures of IMT are displayed in Table 

appendix 1 for the far and near wall of the left and right common carotid arteries and the 

abdominal aorta, respectively. The number of data points automatically detected at far wall 

cIMT was more than that in the far wall of the aaIMT (left cIMT: 244 ± 13, and right: 240 ± 

23 versus abdominal 185 ± 63, p < 0.001), indicating more reliable quality of cIMT than the 

abdominal one. The arterial diameter change and stiffness index are depicted in Table appendix 

2. 

To bring together all the vascular structure and function of the study population (Table 5), the 

bilateral average of the far wall cIMT was 0.51 ± 0.03 mm, with 0.50 ± 0.03 after averaging 

far and near walls cIMT. With regard to the aaIMT, the far and near wall average was 0.40 ± 

0.05 mm. Mean femoral SBP and DBP were 104 ± 9 and 58 ± 8 mmHg. Mean PWV was 4.15 

± 0.56 m/s, ranging from 3.6 to 6.4 m/s. The common carotid artery had a higher mean 

distensibility of 4.58 ± 2.16%/10 mmHg compared with 2.98 ± 2.01 for the abdominal aorta (p 

= 0.006). The ranges of distensibility were broad from 2.80 to 13.10%/10 mmHg in the 

common carotid artery and 0.65 to 8.60%/10 mmHg in the abdominal aorta. 
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Table 5 Vascular characteristics of study participants (n = 42) 

Variable  n Mean ± SD Minimum  Median  Maximum  IQR 

Left cIMT (mm) ave 37 0.50 ± 0.04 0.44 0.50 0.61 0.05 

Right cIMT (mm) ave 35 0.50 ± 0.04 0.42 0.50 0.58 0.06 

cIMT (mm) ave 37 0.50 ± 0.03 0.43 0.50 0.58 0.05 

Farwall cIMT (mm) ave 37 0.51 ± 0.03 0.46 0.52 0.59 0.05 

aaIMT (mm) ave 39 0.40 ± 0.05 0.32 0.40 0.51 0.07 

Leg SBP (mmHg) 29 104 ± 9 80 106 120 9 

Leg DBP (mmHg) 29 58 ± 8 46 56 80 10 

Leg MAP (mmHg) 29 73 ± 6 61 74 93 7 

Leg PP (mmHg) 29 46 ± 10 20 50 60 13 

PWV (m/s) 25 4.15 ± 0.56 3.6 4.0 6.4 0.4 

Dist left carotid (%/10mmHg) 28 4.46 ± 2.19 2.36 3.90 12.7 1.84 

Dist right carotid(%/10mmHg) 28 4.69 ± 2.23 2.29 3.92 13.5 1.72 

Dist carotid(%/10mmHg) 28 4.58 ± 2.16 2.80 4.09 13.10 1.74 

Dist abdominal aorta(%/10mmHg) 28 2.98 ± 2.01 0.65 2.60 8.60 1.48 
aaIMT ave, average abdominal aorta intima-media thickness from far wall and near wall; cIMT ave, average carotid intima-

media thickness from far wall and near wall in each side, then average the results from left and right side; DBP, diastolic blood 

pressure; Dist, distensibility; Farwall cIMT ave, average carotid intima-media thickness in far wall from left and right side ; 

MAP, mean arterial pressure; PP, pulse pressure; PWV, pulse wave velocity; SBP, systolic blood pressure. 

 

3.4 Discussion 

To our knowledge, this is the first report on the vascular function focusing on children as young 

as 2 years. We found that: (1) as a whole, noninvasive vascular assessments were feasible for 

at least two-thirds of the children; (2) the image quality of the carotid IMT was better than that 

of the abdominal aorta; (3) the arterial stiffness index, distensibility, and PWV measurement 

were only possible in about 60% of this group, and they had a relatively wider range in the 

stiffness index and distensibility. 

IMTs 

Previous reports of IMT on children are summarized in Table appendix 3. Our study population 

had similar IMTs to previous studies which used automated measurement.108,112,113 Dawson et 

al.112 used an automated reading program and found that mean cIMT was 0.50 mm in male and 

0.49 mm in female adolescents and young adults. In the European Youth Heart Study (n = 254), 

adolescents averaging 15.6 years of age had a mean cIMT of 0.57 mm for boys and 0.55 mm 
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for girls.108 Another study recruited 392 children from non-smoking household in USA, and 

their mean cIMT at age 11 was 0.565 mm on the right side and 0.561 on the left side using 

automatically detected software.113 Atherosclerotic plaque existence, or the value of cIMT 

more than 0.9 mm, is regarded as abnormal in adults according to the European Society of 

Hypertension (ESH)/European Society of Cardiology (ESC) Guidelines.114 Our population of 

two year olds had a maximum of cIMT of 0.59 mm with a mean value of 0.51 mm. 

In the literature, reference ranges for healthy children have been proposed for school-aged 

children and adolescents and these studies have suggested that cIMT is associated with age, 

height, body mass index, pulse pressure and SBP.100,115 However, there were inconsistencies 

in the reported methodology, with some using manual and others using automated 

measurement. Studies that used manual measurement tended to report thinner IMT. One study 

conducted in Brazil116 including 280 healthy children aged from 1 to 15 years found the average 

was 0.42 mm in the 1 to 5 years group and that cIMT began to increase after 10 years without 

correlating to sex and body mass index. Doyon et al.100 reported mean cIMT ranges from 0.37 

mm, for both girls and boys aged 6, to 0.39 mm in 18 year old girls and 0.41 mm in 18 year 

old boys, in a study of 1,155 children. 247 healthy adolescents (10–20 years) had a mean cIMT 

range from 0.38 to 0.40 mm.115 Of note, they100,115,116 used a manual measurement method with 

callipers which may have reduced accuracy. The guidelines of the Association for European 

Paediatric Cardiology (AEPC) recommend automated software to measure IMT as manual 

methods have technical limitations.117 In addition, investigation of aaIMT in healthy children 

is rare. Dawson et al.112 found that mean aaIMT was 0.57 mm in male and 0.55 mm in female 

adolescents (11–17 years), which is higher than that shown in the subjects in our study (0.398 

mm). 

Arterial Stiffness 
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Only 25 children successfully completed the PWV assessment, with a mean of 4.15 m/s and 

maximum of 6.4 m/s. To compare with previous studies of PWV on children (Table appendix 

4), these values fit with the current reference value using tonometer for children (n = 1008) 

between 6 and 20 years,118 where they had an average PWV from 4.34 to 5.51 m/s for girls and 

4.34 to 5.71 m/s for boys. Girls’ 95th percentiles ranged from 5.27 to 6.86 m/s, and boys’ from 

5.40 to 7.29 m/s. Mora-Urda et al.119 reported PWV for 8-year-old children who had slightly 

faster PWVs than our 2-year-old children using the same device. Although oscillometric 

measurement devices have been verified to be comparable and used to propose normative 

values in children and young adults,105,120,121 the reported PWV for 3-year-old children using 

an oscillometric device was faster than our results, probably due to the differences in 

methods.122 Doyon et al.100 also summarized normative data for carotid distensibility and 

stiffness index in children aged 6 years and older, in which distensibility was expressed in a 

different unit. Overall, boys’ 50 percentiles of carotid distensibility were 69.8 kPa−110−3 at age 

6, with 66.7 for girls, both higher than the results for the 2-year-old children in our study (35.2 

kPa−110−3). Their 50 percentiles of stiffness index were 2.895 and 3.001, respectively. 

Strengths and Limitations 

This study had a number of strengths. We summarize the vascular structure and function 

assessment on 2-year-old children, providing valuable information for this age group and 

potentially facilitating further studies. We used state-of-the-art IMT and PWV methods. This 

included automatic contour detection of IMT which provided more accurate and objective 

results than manual measurement.117 Manual measurements could have resulted in less accurate 

tracing and were not amenable to conducting multiple rapid measurements in a region of 

interest.117 We used applanation tonometry in PWV measurements, which is the gold standard 

for assessing arterial stiffness.123 
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This study also had several limitations. Our study sample was too small to sufficiently calculate 

precise estimates, such as 75 percentiles and 95 percentiles by sex, which are suggested as 

cutoffs for normative values according to the Mannheim cIMT consensus, the guidelines of 

AEPC and ESH.117,124,125 The younger age of our participants meant that many were unable to 

cooperate for the duration of the testing and their lower quality tests were excluded. The other 

limitation was that the quality of aaIMT images was not as good as cIMT. Atherosclerotic 

changes develop and are identified earlier in the distal aorta than in the carotid artery.112,126 

Performing ultrasound tests on the abdominal area in these small children was thought to be 

more convenient and comfortable for the children than measurements made in the neck area. 

However, we found 2-year-old children to be much less tolerant of the abdominal procedure, 

since they were sensitive to the pressure on their abdomen by the transducer. Instead, the more 

superficial position of the carotid artery meant that scanning of the neck vessels was more 

comfortable and we had greater success in achieving higher quality images. Participant 

compliance was also needed for BP and PWV testing. Around 40% of children in our study 

were not able to keep still for a sufficient time for those measurements even when provided 

with interesting distractions. Furthermore, brachial BP was not obtained because of limited 

access to very small sized cuffs. Thus, we report femoral BPs only, which was utilized for 

PWV measurement. This helped to avoid conducting multiple BP measurements, which could 

have reduced our participants’ tolerance of the testing even further. 

In conclusion, this study presents the range of values for vascular assessment in otherwise 

healthy 2-year-old children and supports the general feasibility of applying these noninvasive 

testing methods to younger children for the early detection of cardiovascular risks. Further, our 

data can be used to inform future study designs and sample size calculations. The availability 

of interesting distractions for the young participants is essential for increasing the compliance 
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and likelihood of achieving good quality measurements. Larger studies of diverse population 

groups are needed for future investigations. 

Postscript 

This chapter summarised the arterial IMT and stiffness measurements among 2-year-old 

children in the control group of the Latrobe ELF study. The next chapter will investigate the 

vascular function of children from the Latrobe ELF cohort, three years after they were exposed 

to coal mine fire emissions. 
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Appendix Tables 

Table appendix 1 Vascular IMT among study participants (n=42) 

aaIMT, abdominal aorta intima-media thickness; Ave, average; cIMT, carotid intima-media thickness; Max, maximum; Min, 

minimum. 
a The number of data points automatically-detected at far wall cIMT was higher than that in the far wall of the aaIMT, p < 

0.001. 

 

 

 

 

 

 

Variable n Mean ± SD Median Minimum Maximum IQR 

Far wall Max (mm) 

  Left cIMT  37 0.60 ± 0.05 0.60 0.51 0.71 0.09 

  Right cIMT 35 0.59 ± 0.04 0.59 0.52 0.69 0.06 

  aaIMT 39 0.47 ± 0.07 0.48 0.32 0.63 0.08 

Min (mm) 

  Left cIMT  37 0.42 ± 0.05 0.42 0.32 0.54 0.09 

  Right cIMT 35 0.42 ± 0.04 0.42 0.36 0.49 0.06 

  aaIMT 39 0.31 ± 0.06 0.31 0.21 0.48 0.1 

Ave (mm) 

  Left cIMT  37 0.51 ± 0.04 0.51 0.44 0.62 0.07 

  Right cIMT 35 0.51 ± 0.03 0.51 0.44 0.57 0.06 

  aaIMT 39 0.40 ± 0.06 0.39 0.28 0.54 0.09 

Points  

  Left cIMT  37 244 ± 13a 247 184 249 1 

  Right cIMT 35 240 ± 23a 247 157 250 1 

  aaIMT 39 185 ± 63a 190 83 287 122 

Near wall Max (mm) 

  Left cIMT  37 0.58 ± 0.06 0.59 0.44 0.68 0.07 

  Right cIMT 35 0.59 ± 0.05 0.59 0.47 0.70 0.04 

  aaIMT 39 0.48 ± 0.05 0.48 0.39 0.57 0.08 

Min (mm) 

  Left cIMT  37 0.39 ± 0.05 0.39 0.28 0.55 0.07 

  Right cIMT 35 0.41 ± 0.05 0.42 0.27 0.5 0.07 

  aaIMT 39 0.32 ± 0.05 0.31 0.21 0.42 0.07 

Ave (mm) 

  Left cIMT  37 0.49 ± 0.05 0.48 0.39 0.6 0.07 

  Right cIMT 35 0.50 ± 0.04 0.49 0.39 0.58 0.06 

  aaIMT 39 0.40 ± 0.04 0.40 0.32 0.50 0.07 

Points  

  Left cIMT  37 241 ± 26 247 112 248 0 

  Right cIMT 35 240 ± 21 247 161 248 0 

  aaIMT 39 185 ± 66 188 77 269 129 
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Table appendix 2 Stiffness of vascular among study participants (n=42) 

Dmax, end-systolic diameter; Dmin, end-diastolic diameter; β, artery stiffness index. 

 

Variable n Mean ± SD Median Minimum Maximum IQR 

Left 

carotid 

artery 

Dmax (mm) 37 4.56 ± 0.25 4.51 4.04 5.13 0.38 

Dmin (mm) 37 3.85 ± 0.27 3.84 3.27 4.46 0.27 

Strain 37 0.19 ± 0.05 0.18 0.12 0.30 0.06 

β 28 3.34 ± 1.19 3.21 0.98 5.29 1.83 

Right 

carotid 

artery 

Dmax (mm)  35 4.61 ± 0.36 4.68 4.01 5.36 0.55 

Dmin (mm)  35 3.84 ± 0.31 3.88 3.27 4.51 0.50 

Strain 35 0.20 ± 0.04 0.20 0.11 0.32 0.05 

β 28 3.11 ± 0.98 3.24 0.92 5.48 1.29 

Carotid 

artery 

Dmax (mm)  37 4.58 ± 0.27 4.58 4.07 5.08 0.53 

Dmin (mm)  37 3.85 ± 0.25 3.84 3.27 4.30 0.31 

Strain 37 0.19 ± 0.04 0.19 0.12 0.31 0.05 

β 28 3.23 ± 1.01 3.10 0.95 4.99 1.74 

Abdominal 

aorta 

Dmax (mm)  39 4.67 ± 0.89 4.46 3.34 6.77 1.54 

Dmin (mm)  39 4.14 ± 0.73 4.02 2.87 6.19 0.98 

Strain 39 0.13 ± 0.06 0.11 0.03 0.26 0.08 

β 28 6.34 ± 4.27 4.78 1.45 19.34 3.28 
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Table appendix 3 Reports on intima-media thickness values on children 

a IMT values are mean (mm) unless stated otherwise. 
b Whole population cIMT 0.43mm, 1-5y: 0.42mm, 6-10y: 0.42mm, 11-15y: 0.45mm. 
c Abbreviation: aaIMT, Abdominal Aorta Intima-Media Thickness; cIMT, Carotid Intima-Media Thickness. 

 

Author year 

(Ref) 

Site Measurement Age No.  Sex cIMT Value  aaIMT Value 

Male  Female Male  Female 

Sass  

1998106 

France  Not reported but probably 

automated 

(≥50 measurements) 

10-24y 193 Male (44%) 0.50  0.48 - - 

10-12y 46 Male (50%) 0.49 0.48 - - 

Jourdan 

2005115 

Germany 

Poland 

Manually with the calipers 10-20y 247 Male (49%) 0.38 - 0.40 - - 

10-13.9y 102 Male (40%) 0.38 - - 

Bohm 

2009107 

Germany Semi-automated detection  

software (Sigma Scan Pro 5.0, 

11measurements*3) 

6-17y 267 Male (46%) Median 0.51 

IQR 0.48-0.56 

- - 

8/9y 102 Male (39%) Median 0.50  Median 0.49 - - 

Dawson 

2009112 

US Automated reading program 11-34y 635 Male (49%) 0.50  0.49 0.63  0.61 

11-17y 228 Male (56%) 0.48  0.46 0.57 0.55 

Doyon 

2013100 

Turkey 

Germany  

Sweden 

Poland  

Manual method: 5 average OR 

Semi-automatical software 

 (Syngo US Workplace; Siemens) 

6-18y 1051  Male (47%) 0.370 - 0.408 

 

0.366 - 0.391 - - 

6-8.99y 181 Male (52%) 0.370 - 0.375 

 

0.366 - 0.374 - - 

Ried-Larsen 

2014108 

Denmark  Automated software (Vascular 

Research Tools5) 

15.6y 254 Male (42%) 0.570 0.548 - - 

Baroncini 

2016116 

Brazil  Manual calipers  1-15y 

 

280 Male (63%) 0.43b 

6-10y: 0.42  

11-15y:0.45 

0.42b 

6-10y:0.41 

11-15y:0.45 

-  - 

1-5y 93 Male (61%) 0.43 0.42 - - 

Breton 

2016113 

US  

 

Automated detection software 

(Prosound, USC, 70 to 100 

measurements) 

11y 392 Male (46%) Right 0.565  

Left 0.561 

- - 

Our paper Australia Automatic detection procedure  

( GE Healthcare) 

2y 39 Male (38%) 0.501  

 

0.516 0.405  0.391 
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Table appendix 4 Reports on pulse wave velocity values on children 

a PWV values are mean (m/s) unless stated otherwise. 
b Whole population PWV 4.67m/s 
c Abbreviation: CVRF, Cardiovascular Risk Factor; PWV, Pulse Wave Velocity. 

 

 

Author year (Ref) site Measurement  Age No.  Sex  PWV Value  

Male Female  

Reusz 2010118 Hungary 

Italy 

Algeria 

Applanation tonometry 

(PulsePen device, DiaTecne s.r.l.) 

6-20y 1008 Male (49%) Median 4.35-5.17  Median 4.34-5.51 

6.55-9.91y 121 Male (46%) Median 4.396  Median 4.496 

Hidvegi 2012122 Hungary Oscillometry (Arteriograph, 

TensiMed Ltd, Budapest, Hungary) 

3-18y 3374 Male (53%) 5.5-6.5  5.6-6.4 

3y 79 Male (56%) 5.5  5.6 

Elmenhorst 

2015121 

Germany Oscillometry (Mobil-O-Graph, 

I.E.M., Stolberg,Germany) 

8-22y 1445 Male (51%) 4.70b 4.64b 

8y 48 Male (60%) 4.27  4.29 

Thurn 2015105 Turkey 

Germany 

Oscillometry (Vicorder system, 

Skidmore Medical, Bristol, UK) 

6-18y 1003 Male (46%) 4.16-5.64  4.15-5.36 

6-8.99y 204 Male (56%) 4.3  4.3 

Mora-Urda 

2017119 
Spain  Applanation tonometry 

(SphygmoCor, AtCor Medical, 

Australia) 

8-11y 350 Male (52%) 5.00  

No CVRF 4.98  

CVRF 5.08  

5.02 

No CVRF 4.95 

CVRF 5.30 

8y 69 Male (46%) 4.79  4.82 

Our paper Australia  Applanation tonometry 

(SphygmoCor, AtCor Medical, 

Australia) 

2y 25 Male (44%) 3.98  4.28 
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Chapter 4. Early life exposure to coal mine fire and vascular 

function 
 

Preface 

Studies of the health effects of high-level air pollution are increasing. However, further cohort 

studies on the long-term health effects after an episode of high-level air pollution are necessary 

as many of the studies to date have examined either daily associations or yearly exposures and 

outcomes. The Hazelwood open cut coal mine fire led to increased levels of PM2.5 and other 

pollutants in neighbouring communities, and these increased levels were observed for nearly 

six weeks. The Latrobe ELF Cohort Study was established to investigate the health 

development of children who were exposed to the coal mine fire smoke.93 At the time of the 

fire, they were less than two years old or were in utero, making these individuals more 

susceptible. This chapter will examine the possible links between coal mine fire emissions and 

children’s vascular function at the first clinical assessment, three years after the fire. 

The following text in this chapter has been accepted for publication in Archives of Disease in 

Childhood 2019. doi: 10.1136/archdischild-2019-317528. 

Abstract 

Objective: To evaluate whether vascular health in young children was associated with 

exposure to a six-week episode of coal mine fire smoke or environmental tobacco smoke 

(ETS) in a retrospective cohort study. 

Methods: Three years after a coal mine fire in Victoria, Australia, we investigated the 

vascular health of children either in-utero (N=75) or aged<2 years (postnatal-exposure, 

N=96) at the time of the fire. The outcomes were the carotid intima-media thickness (IMT) 

and pulse wave velocity (PWV). The mean and peak daily PM2.5 (particulate matter<2.5µm in 

diameter) exposures were estimated based on their daily locations throughout the fire period. 
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Multivariable linear regression models were used to test for associations between the fire 

related PM2.5 and outcomes adjusted for relevant covariates including ETS. 

Results: In the postnatal-exposure group, each 10 µg/m³ increase in mean PM2.5 level was 

independently positively associated with PWV (β=0.116, p=0.028). When these two groups 

were combined, there was an association between mean PM2.5 and increased PWV in those 

children who had ETS exposure (β=0.148, p=0.033) or whose mothers smoked (β=0.151, 

p=0.011), but not in those not exposed to ETS or maternal smoking. 

Conclusions: Three years after a coal mine fire, infants aged up to 2 years at the time of 

exposure have increases in vascular stiffness. Although no adverse effects were observed in 

the in-uterus exposure group, further follow-up study is needed to elucidate the longer-term 

effects of coalmine fire smoke exposure. 

4.1 Introduction 

Air pollution, including the airborne particulate matter less than 2.5 micrometres in diameter 

(PM2.5), is associated with impaired vascular function, especially for individuals at higher risk, 

such as diabetes, or age, either older or younger.127-129 In children, parental smoking130,131 and 

exposure to traffic emissions129 have been associated with reduced vascular function, and in-

utero exposure to air pollution has been linked with increased carotid artery stiffness in young 

adults.132 However, evidence of cardiovascular outcomes in children exposed to an intense but 

time limited episode of poor air quality like coal mine fire smoke in early life, is sparse. Any 

interplay with maternal cigarette smoking during pregnancy or environmental tobacco smoke 

(ETS, i.e. a family member smokes at home) is also unknown. 

Cardiovascular disease is rarely manifest in childhood, yet the origins can root during the early 

stages of life.101 Many risk factors can accelerate the development of cardiovascular disease in 

children, including genetic predisposition, exposure to tobacco smoke, obesity, and increased 
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sedentary activities.133 The structural change of vascular is an early indicator of the 

development of cardiovascular disease. Lipid deposition along the intima can be seen in nearly 

all children by three years of age.104 Arterial stiffness gradually increases with age, and plays 

an important role in the pathogenesis of cardiovascular outcomes.134  

Given the limited available evidence regarding children’s exposure to air pollution episodes, 

the Latrobe Early Life Follow-up (ELF) study93 was established to follow the health and 

development of children following a coal mine fire. Here we examine possible associations 

between exposure to coal mine fire emissions and vascular health three years after the fire. 

4.2 Methods 

4.2.1 Study design 

The Latrobe ELF Cohort Study forms one stream of the Hazelwood Health Study (HHS).93 

The HHS was established to investigate possible health effects of air pollution from a fire in 

the Hazelwood open cut coal mine in 2014 in the Latrobe Valley of Victoria, Australia. The 

fire caused elevated concentrations of PM2.5 and other air pollutants for nearly six weeks, 

affecting many nearby communities. The ELF study aims to understand possible associations 

between exposure to the mine fire smoke and the health and development of children who were 

aged less than two years, or whose mothers were pregnant at the time of the fire. Tasmanian 

Health and Medical Human Research Ethics Committee approved the study (reference 

H14875). Additional approval was from the Human Research Ethics Committees of Monash 

University, Monash Health, and the University of Melbourne. 

4.2.2 Participant recruitment 

All children whose parents completed the ELF baseline survey93 and consented to clinical 

testing were invited to participate in testing of vascular structure and function three years after 

the fire. The details of participant recruitment are outlined in Online Supplements (Data S1).  
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4.2.3 Data collection 

4.2.3.1 Demographic characteristics and health-related risk factors 

The collection of demographic characteristics and health-related risk factors are in Online 

Supplements (Data S2). 

4.2.3.2 Exposure allocation 

The Hazelwood mine fire smoke exposure period was from 9 February to 31 March 2014. 

Participants were classified into two groups based on their mother’s estimated date of 

conception and the fire period:  

1. The postnatal exposure group included children born between 1 March 2012 and 9 

February 2014 and aged less than 2 years at the time of the fire.  

2. The in-utero exposure group was comprised of children who were in-utero or born 

during the fire period, which was determined by the date of conception or birth. Their 

mothers had been pregnant and resident in the Latrobe Valley at the time of the fire. 

Our collaborators at the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO) implemented meteorological and chemical transport modelling to estimate hourly 

PM2.5 concentrations at a spatial resolution of 1 x 1km. Further details about the exposure 

modelling can be found on the Hazelwood Health Study website.135 The mean and peak 24-

hour PM2.5 exposure during the fire period for each participant were calculated based on their 

reported night and day locations during the fire period. Information about their daily time 

activity patterns during the fire period was collected in the baseline questionnaire.93 

4.2.3.3 Outcome measures 

The outcomes were two non-invasive tests for early markers of atherosclerosis: (1) carotid 

intima-media thickness (IMT) and (2) pulse wave velocity (PWV). Increases in either of these 
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measurements are associated with the subsequent cardiovascular risk.98,99 The detailed methods 

of outcome assessment are in Online Supplements (Data S3). 

4.2.4 Statistical analysis 

Sociodemographic and vascular characteristics of the study participants and their parents were 

expressed as mean ± standard deviation (SD) or percentage. The associations between exposure 

to the mine fire emissions and vascular health were examined in the study participants, with 

separate analyses of the postnatal and in-utero exposure groups. Multivariable linear regression 

models were used for independent associations between the vascular outcomes, and daily mean 

and peak PM2.5 exposures during the fire period.  

We report results per 10-unit increase in mean PM2.5 (µg/m³), and per 100-unit increase in peak 

PM2.5, which were close to the interquartile ranges of each exposure metric. A group of 

covariates extracted from the baseline survey data known to be determinants of, or potentially 

related to, vascular outcomes were selected as a priori in our initial models. We retained all 

variables that influenced the outcome by 10% or more. These were children’s age, birthweight, 

maternal education attainment, maternal smoking status in pregnancy, ETS and parental 

diabetes. Retention of the other covariates did not meaningfully influence the results. 

Accordingly, a multivariable model was adjusted for children’s age, birthweight, maternal 

educational attainment, maternal smoking status in pregnancy, ETS and parental diabetes.  

ETS was defined as the presence of a current smoker, including the mother, in the child’s 

household. In addition, subgroup analyses were conducted separately for the children with 

exposure to ETS and whose mothers smoked tobacco during pregnancy adjusted for children’s 

age, birthweight, maternal educational attainment and parental diabetes. Diagnostic checks on 

the residuals were preformed to assess model assumptions (Figure appendix 1). 3.5% of the 

participants had missing data across any of the covariates(n=6), who were excluded from the 
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multivariable regression. All data analyses were conducted using SPSS Statistics version 23 

(IBM, Armonk, NY). 

4.3 Results 

4.3.1 Description of participants and vascular assessment 

A total of 248 children participated in this round of vascular testing, of whom 213 (86%) were 

able to complete at least one of the assessments. A total of 171 children exposed to coal mine 

fire smoke either in-utero (N=75), or in their first two years of life (N=96) were studied (Figure 

7).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7 Flow diagram of participants in vascular assessment. 

 

 

 

571 ELF Cohort  

438 Consented to vascular testing 

N=438 

248 Attended for testing 

171 Children Exposed to the Smoke 

                  170 Carotid IMT 

                  147 PWV 

77 Excluded 

      35 No data acquired 

      42 Non-exposed Control group 

96 Postnatal exposure 

      95 Carotid IMT 

      91 PWV 

75 In utero exposure 

       75 Carotid IMT 

       56 PWV 

     95 Carotid IMT 

     91 PWV 
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The sociodemographic and vascular characteristics of the children are summarised in Table 6. 

Nearly 99% of the children were born in Australia. The sex distributions were similar in the 

postnatal and in-utero groups. The age differences between groups were due to the 

classification of their exposure by age. The proportions of children with maternal tobacco 

smoking during pregnancy and ETS were slightly higher in the postnatal than the in-utero 

exposure group. The distributions of the mean and peak 24-hour PM2.5 exposure during the 

mine fire period by the exposure groups are illustrated in Figure 8. 
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Table 6 Sociodemographic and vascular characteristics of participants categorised by 

exposure group. 
 

  Exposure classification   

  Postnatal 

N = 96 

In-utero 

N = 75 

All 

N = 171 

Child's age (months) 50.9 ± 6.5 34.5 ± 3.0 43.7 ± 9.7 

Height (cm) 106.3 ± 6.4 94.1 ± 4.1 101.0 ± 8.2 

Weight (kg) 19.4 ± 4.7 14.9 ± 1.5 17.4 ± 4.3 

BMI (kg/m2) 17.0 ± 2.5 16.8 ± 1.1 16.9 ± 2.0 

Birth weight (g) 3435 ± 597 3491 ± 478 3460 ± 547 

Gestational age (week) 39.6 ± 1.8 39.3 ± 1.7 39.5 ± 1.8 

Maternal age (years) 28.7 ± 5.8 30.7 ± 4.4 29.6 ± 5.3 

Carotid IMT (mm) 0.499 ± 0.034 0.493 ± 0.034 0.497 ± 0.034 

PWV (m/s) 4.12 ± 0.45 4.20 ± 0.48 4.15 ± 0.46 

Male 49 (51.0) 37 (49.3) 86 (50.3) 

Child's country of birth 

Australia 95 (99.0) 74 (98.7) 169 (98.8) 

Other 1 (1.0) 1 (1.3) 2 (1.2) 

Breastfeeding status 

Breastfed until 3 months of age or less 31 (32.3) 23 (30.7) 54 (31.6) 

Breastfed longer than 3 months of age 63 (65.6) 51 (68.0) 114 (66.7) 

Not stated 2 (2.1) 1 (1.3) 3 (1.8) 

Maternal cigarettes smoking status in pregnancy 17 (17.7) 8 (10.7) 25 (14.6) 

Exposure to environmental tobacco smoke 23 (24.0) 13 (17.3) 36 (21.1) 

Maternal alcohol consumption in pregnancy 9 (9.4) 7 (9.3) 16 (9.4) 

Maternal highest level of education 

Year 12 or below 38 (39.6) 17 (22.7) 55 (32.2) 

Post-secondary 58 (60.4) 57 (76.0) 115 (67.3) 

Not stated 0 (0) 1 (1.3) 1 (0.6) 

Maternal stress in pregnancy 

Hardly ever/sometimes stressed 84 (87.5) 63 (84.0) 147 (86.0) 

Stressed often/nearly all of the time 12 (12.5) 10 (13.3) 22 (12.9) 

Not stated 0 (0) 2 (2.7) 2 (1.2) 

Mine fire on maternal stress 

Stress not affected / increased a little 59 (61.5) 47 (62.7) 106 (62.0) 

Stress increased a lot 36 (37.5) 25 (33.3) 61 (35.7) 

Not stated 1 (1.0) 3 (4.0) 4 (2.3) 

Parental major adverse cardiovascular events 2 (2.1) 1 (1.3) 3 (1.8) 

Parental hypertension 19 (19.8) 9 (12.0) 28 (16.4) 

Parental diabetes mellitus 6 (6.3) 7 (9.3) 13 (7.6) 

Parental high cholesterol 13 (13.5) 7 (9.3) 20 (11.7) 

*Data are mean ±SD or n (%). 
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a 
The analyses did not include control group. Children who were not exposed to the fire smoke have age 

differences from the older children in the exposure group.  

 

Figure 8 Distribution of estimated mean (left) and peak (right) 24-hour PM2.5 exposure 

during the mine fire period by exposure group.a 
 

 

4.3.2 Associations between fire smoke emissions and vascular outcomes 

The results of uni- and multivariable linear regression models to examine the association 

between daily mean PM2.5 exposures during the fire period and vascular outcomes for different 

exposure groups are presented in Table 7 . The results for peak PM2.5 are in Online Table 

appendix 5. 

There was no association between either the mean or the peak PM2.5 exposures and vascular 

measurements in all children exposed either in-utero or during their infancy. No significant 

associations between PM2.5 exposure and carotid IMT were observed in any of the models and 

subgroup models. However, when the in-utero and postnatal exposure groups were evaluated 

separately a slightly different picture emerged for each group as follows: 
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Table 7 Univariable and multivariable association between mean PM2.5 exposure during the fire period and vascular outcomes by exposure group. 
 

 

 

 

 

 

a The β value for each variable represents the change per 10 µg/m3 increase in mean PM2.5. Bold p<0.05. 
b Models were adjusted for maternal smoking status during pregnancy, ETS, parental diabetes, children’s age, birthweight and maternal education level.  
c Model was adjusted for maternal smoking status during pregnancy, ETS, parental diabetes, children’s age, birthweight, maternal education level and whether the participants 

were in the postnatal and in-utero group. 

 

 
All Postnatal  In-utero 

Univariable Multivariableb Univariable Multivariableb Univariable Multivariableb 

Carotid IMT  

βa (95% CI) 
-0.001 

(-0.006, 0.005) 

-0.001 

(-0.007, 0.005) 

-0.002 

(-0.009, 0.005) 

-0.002 

(-0.009, 0.005) 

0.002 

(-0.007, 0.011) 

0.001 

(-0.009, 0.011) 

PWV 

βa (95% CI) 
0.044 

(-0.036, 0.124) 

0.071c 

(-0.015, 0.156) 

0.093 

(-0.002, 0.188) 

0.116 

(0.013, 0.218) 

-0.044 

(-0.189, 0.101) 

-0.057 

(-0.218, 0.105) 
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4.3.2.1 Factors associated with vascular outcomes in the postnatal exposure group 

 In the postnatal exposure group (N=96), each 10µg/m3 increase in mean PM2.5 exposure was 

independently associated with an increase in PWV of 0.116m/s [95%CI 0.013, 0.218]; p=0.028) 

(Table 7). The result for the association between each 100µg/m3 increases in peak PM2.5 

exposure and PWV was in the same direction but not statistically significant (0.067 [-0.008, 

0.143], p=0.08) (Online Table appendix 5). There was no co-linearity in these models 

(variation inflation factor<2). 

4.3.2.2 Factors associated with vascular outcomes in the in-utero exposure group 

We did not find any associations between exposure to fire smoke and any markers of vascular 

health in the in-utero exposure group (N=75). In this group, however, maternal tobacco 

smoking during pregnancy was associated with thicker carotid IMT (0.52±0.03mm vs 

0.49±0.03mm, p=0.012) (Online Figure appendix 2). The association was independent of 

PM2.5 exposure (either mean or peak), parental diabetes, children’s age, birth weight, and 

maternal education level (mean PM2.5 p=0.032; peak PM2.5 p=0.029). 

4.3.2.3 Subgroup analysis by status of ETS or maternal smoking in pregnancy 

There were no associations between mean or peak PM2.5 exposures and PWV or IMT in 

children without exposure to ETS or whose mothers did not smoke during pregnancy. However, 

we observed statistically significant associations between coal mine fire smoke exposure level 

and higher PWV in the subgroup of children with exposure to ETS or whose mothers smoked 

during pregnancy. The details are in Online Data S4.  

4.4 Discussion 

 In this cohort study, higher mean PM2.5 exposure during the mine fire period was associated 

with increased PWV in the postnatal exposure group who were aged up to two years at the time 
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of the fire, but not with any measures of arterial thickness. No associations between PM2.5 

exposure and any vascular outcome were observed in the in-utero exposure group.  

Early life exposure to PM2.5 during mine fire period was also associated with higher PWV in 

the 14.6% of children with a history of maternal tobacco smoking in pregnancy and the 21.1% 

of children with exposure to ETS. These findings were in a relatively small subgroup of 

children. However, smoking during pregnancy and childhood exposure to ETS are well-

established risk factors for the reduced vascular health of children and it is plausible that it 

could increase the sensitivity to adverse impacts of other sources of air pollution.136,137 We also 

observed that maternal tobacco smoking during pregnancy was independently associated with 

higher carotid IMT in the in-utero exposure group in this study. 

We are not aware of other studies that have investigated for possible influences of early life 

exposure to smoke from landscape fires on vascular stiffness in young children. In previous 

studies of adults, there is wide variation in the types of air pollution studied, sample sizes, study 

designs and study populations. For example, one double-blind randomized study involving 12 

healthy men found that acute exposure to diesel exhaust was associated with increasing arterial 

stiffness.138 Another randomised, crossover study with older adults demonstrated that PWV 

was decreased after walking in less polluted areas but the benefit was reduced when walking 

on streets with high traffic-related air pollution.139  

Tobacco smoking during pregnancy has been associated with long-term impairment of 

children’s cardiovascular health,140 higher carotid artery IMT,137 and higher blood pressure and 

reduced cardiac function in six year-old children.141 Other cardiovascular effects documented 

to date have included a greater risk of atherosclerotic lesions, higher cholesterol levels and 

higher systolic blood pressure in childhood.142,143 Similarly, studies have shown that exposure 

to ETS in early life increases the risk of adverse vascular health outcomes including greater 
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carotid IMT and atherosclerotic plaque formation in adulthood.130,131 These results are 

consistent with our findings about the associations between maternal tobacco smoking during 

pregnancy and higher IMT in children. 

The development of cardiovascular disease in children exposed to tobacco smoke in early life 

may follow a different physiological trajectory. The adverse foetal environment with maternal 

smoking has been associated with foetal blood flow adaptations,144 increased arterial 

stiffness141 and enduring changes to blood pressure regulation.140 Both epidemiological and 

experimental studies have shown the adverse effects of prenatal and postnatal exposure to 

tobacco smoke on cardiovascular systems.145 It is possible that such changes could lead to 

different reactions and a decreased ability to adapt to later environmental insults such as that 

produced by the coal mine fire smoke.  

The strengths of our study include the detailed and personalised individual PM2.5 exposure 

estimates. Further, a wide range of potential risk factors, confounders and effect modifiers for 

vascular outcomes via comprehensive information were collected in the baseline survey. We 

used state of the art vascular measurements. This included automatic contour detection of IMT 

which provides a more accurate and objective result than manual measurements.117 The 

applanation tonometry in our PWV measurements is the gold standard for assessing arterial 

stiffness.123  

However, our study has several limitations. The information from the baseline survey relied on 

parent or carers’ self-report of medical conditions and lifestyle factors rather than medically 

verified diagnoses. Further, data for children who were not exposed to the fire smoke episode 

at any stage could not be compared directly with the results from the older children in the 

exposure group because of age differences. The control group will become old enough to be 

an appropriate age-matched comparison group in the second round of clinical testing, which is 
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currently planned for 2020. Reanalysis at that time will be important to confirm these initial 

findings. In addition, the results from the subgroup analyses of those with maternal tobacco 

smoking or ETS should be interpreted carefully as the sample size was small and thus 

hypothesis generating. However, these findings are consistent with previous literature of 

harmful effects of ETS.130,131,136 

There is normal variation in vascular measures in children, so these results do not mean that 

children with higher vascular stiffness or thickness will necessarily develop cardiovascular 

problems. Vascular health in childhood is one of many risk factors, such as genetic make-up, 

smoking tobacco, stress, diet and physical activity, that can influence the risk of cardiovascular 

disease in later life.133 Further, many factors including socioeconomic disadvantage and lower 

health literacy are associated with smoking and other environmental and lifestyle risk factors 

which could impact upon cardiovascular risk in children.146,147 However, the existing literature 

and the results from the ELF study demonstrate the importance of reducing exposure to tobacco 

smoke in unborn babies and children because of the large influence this has on shaping 

children’s health.  

4.5 Conclusions 

In summary, we found no associations between mine fire exposure and vascular health in the 

two groups combined nor the in-utero exposure group. Although no adverse effects were 

observed in the in-uterus exposure group, further follow-up study is needed to elucidate the 

longer-term effects of coalmine fire smoke exposure. 
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Postscript 

Research has confirmed that exposure to second-hand smoke from just one cigarette per day 

can promote atherosclerotic plaque development.15 This chapter adds further evidence about 

the interplay between short but intense exposure to coal mine fire smoke and tobacco smoke 

on children’s cardiovascular health. This study describes the first clinical assessment in year 

three of the Latrobe ELF study. Repeat assessments are planned in year six and year nine of 

the study. Potential long-term health impacts from relatively short but intense exposure to a 

coal mine fire will be further investigated in response to community concern. 

Due to the increasing trends in fire weather and severe landscape fires, air pollution is 

ubiquitous and involuntary. Globally, as much as 91% of the population breathe unclean air, 

according to the WHO air quality guidelines.148 The deleterious effects of air pollution on 

cardiovascular health may occur immediately or over time. Thus, well-characterised evidence 

of associations between different temporal exposures and disease onset are warranted in order 

to make informed recommendations. The next chapter will address the short-term effects of air 

pollution on cardiovascular health in Gunma, Japan. 
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Supplementary 

Data S1 Participant recruitment 

The methods for initial recruitment and data collection for the baseline survey are reported in 

the Latrobe ELF Cohort Study Volume 1 Report.93 Target sample size was determined from 

related studies and the expected loss to follow-up.93 Recruitment and testing were undertaken 

between March and August 2017. Eligible families were mailed an invitation letter which 

contained a unique login for an online appointment booking system. Non-responders were 

followed up by phone. Articles in media outlets including newspaper, TV, radio and social 

media, and a study newsletter promoting the clinical testing which was sent to all enrolled 

families, aimed to publicise the clinical testing and increase participation. 

Data S2 Demographic characteristics and health-related risk factors 

On arrival at the clinic, parents or carers completed a survey to complement the clinical 

information about their child. Information about factors which might influence the vascular 

assessment results were recorded. Children’s heights in centimetres and weights in kilograms 

were measured using a calibrated stadiometer and portable scales. 

Data S3 Outcome measures 

The IMT assessments were conducted in a darkened, temperature-controlled room using a 

commercially available ultrasound system with a 12MHz linear array transducer (Vivid q, GE 

Healthcare, USA) following published guidelines.117,134 Participants were connected to a 3-lead 

electrocardiograph (ECG) and the left and right common carotid arteries were examined 

separately. During measurement, the probe was held as close to perpendicular as possible to 

the artery while 10 to 30mm of the distal common carotid artery was scanned. We obtained 



Chapter 4. Early life exposure to coal mine fire and vascular function                                  106 

 

three longitudinal views on each side with at least three clean R-R intervals on ECG, and the 

carotid bifurcation was recorded on the left side of the screen.  

The Vivid q ultrasound system has an in-built IMT measurement procedure which calculated 

the average IMT by automatic contour detection of the region along the artery wall.  Both far 

wall and near wall measurement of IMT were performed on the region of 10 mm of the 

common carotid artery below the carotid bifurcation at end-diastole. We reported the IMT from 

averaging the far wall and near wall of two common carotid arteries. If data from one side were 

missing, we used the available data for the side that was measured.  

To measure the PWV, an appropriately-sized femoral cuff at the right femoral was attached to 

a commercially available device (SphygmoCor XCEL, AtCor Medical, NSW, Australia). The 

PWV distance is the sum of the distance between the right carotid artery and the sternal notch, 

and the sternal notch to the top edge of the femoral cuff. A tonometer was placed over the right 

carotid artery. The device then detected the carotid pulse from the tonometer and the femoral 

pulse from the cuff, and used the PWV distance to calculate the result. 

Data S4 Subgroup analysis by status of exposure to ETS or maternal smoking in pregnancy  

Coal mine fire smoke exposure was found to be associated with higher PWV in the subgroup 

of children with exposure to ETS. Each 10µg/m3 increase in mean PM2.5 was significantly 

associated with an increase in PWV of 0.148 m/s [0.013, 0.283] (p=0.033). For every 100µg/m3 

increase in peak PM2.5, there was a significant association with PWV (0.101, [0.010, 0.192], 

p=0.032). We did not observe any associations between PM2.5 exposures and PWV or IMT in 

children without exposure to ETS. 

There were no associations between mean or peak PM2.5 exposures and PWV or IMT in 

children whose mothers did not smoke during pregnancy. However, we observed significant 
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associations between coal mine fire smoke exposure and higher PWV in the subgroup of 

children whose mothers smoked during pregnancy. Each 10-unit increase in mean PM2.5 was 

associated with a 0.151m/s increase in PWV [0.039, 0.263] (p=0.011). A similar result was 

also observed with each 100-unit increase in the peak PM2.5 model (0.098, [0.016, 0.180], 

p=0.023).  
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Figure appendix 1 Diagnostic checks on the residuals for the models 

a. Association between mean PM2.5 exposure and carotid IMT. 

 

b. Association between mean PM2.5 exposure and PWV. 
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Figure appendix 2 Association between maternal tobacco smoking during pregnancy and 

carotid IMT by exposure group. 

 

 

 

             No                                         Yes 

        Maternal smoking during pregnancy 

Postnatal Group P t-test= 0.82 

In utero Group P t-test= 0.012 
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Table appendix 5 Univariable and multivariable association between peak PM2.5 exposure during the fire period and vascular outcomes by exposure group. 

 

 

 

 

 

 

 

 

 

a The β value for each variable represents the change per 100 µg/m3 increase in peak PM2.5. Bold p<0.05. 
b Models were adjusted for maternal smoking status during pregnancy, ETS, parental diabetes, children’s age, birthweight and maternal education level.  
c Model was adjusted for maternal smoking status during pregnancy, ETS, parental diabetes, children’s age, birthweight, maternal education level and whether the participants 

were in the postnatal and in-utero group. 

 

 

 

 

 
All Postnatal In-utero 

Univariable Multivariableb Univariable Multivariableb Univariable Multivariableb 

Carotid IMT  

βa (95% CI) 
-0.001 

(-0.004, 0.003) 

-0.0003 

(-0.004, 0.003) 

-0.002 

(-0.007, 0.003) 

-0.001 

(-0.006, 0.004) 

0.001 

(-0.004, 0.006) 

0.001 

(-0.004, 0.006) 

PWV 

βa (95% CI) 
0.021 

(-0.032, 0.074) 

0.033c 

(-0.023, 0.09) 

0.052 

(-0.017, 0.121) 

0.067 

(-0.008, 0.143) 

-0.020 

(-0.103, 0.064) 

-0.028 

(-0.119, 0.064) 
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Chapter 5. A case-crossover study of short-term effects of air 

pollutants on cardiovascular health in Gunma, Japan 
 

Preface 

The ubiquity of air pollution exposure means that the entire population is continuously under 

enormous risk. A recent study of the entire US Medicare population found that increases in 

short-term exposures to PM2.5 and warm-season O3 were statistically significantly associated 

with increased risk of all-cause daily mortality.149 Evidence of cause-specific diseases due to 

air pollution is needed as there may be different triggering patterns with multiple pollutants. 

The following study investigates OHCA and heart failure from emergency ambulance cases in 

Gunma, Japan, to investigate the associations between ambient air pollution and acute cardiac 

events. 

Abstract 

Background: Over the past few decades, particulate matter (PM), especially fine PM <2.5 

μm in aerodynamic diameter (PM2.5), has become a major focus of research. However, the 

vast majority of the air pollutant mass is a mixture of gases or vapor-phase compounds such 

as carbon monoxide, nitrogen oxides, photochemical oxidants (Ox) and sulfur dioxide (SO2). 

Although each of these may cause adverse cardiovascular outcomes individually or in 

combination with PM, the evidence is inconsistent. This study aimed to identify associations 

between the incidence of acute cardiac events and both gaseous and particulate air pollutants. 

Methods: The associations between air quality and both out-of-hospital cardiac arrest (OHCA) 

and heart failure were evaluated using a case-crossover design in Gunma Prefecture 

(population 2 million; area 6,366 km2), Japan. Cardiovascular cases were identified through 

the Gunma Prefectural Ambulance Activity Database in 2015. Air quality data from the 

nearest station (among eight that provide 24-hr monitoring) was obtained for the day of arrest 
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(lag 0) and lag 1, lag 2 and lag 0-1. Conditional logistic regression was used for unadjusted 

analyses and analyses adjusted for temperature and humidity.  

Results: There were 1,512 OHCAs and 1,002 cases of heart failure from 53006 emergency 

ambulance cases that met the selection criteria. Daily concentrations of SO2 at lag 1 (OR: 

1.173, 95%CI: 1.004, 1.370; p = 0.044) and lag 0-1 (OR: 1.203, 95%CI: 1.015, 1.425; p = 

0.033), and daily nitric oxide (NO) concentrations at lag 2 (OR: 1.039, 95%CI: 1.007, 1.072; 

p = 0.016) were significantly associated with the incidence of OHCA in the multivariable 

model. The incidence of heart failure was significantly associated with daily concentrations 

of Ox on the day of the event in the univariable model (OR: 1.008, 95%CI: 1.001, 1.016; p = 

0.031) but not after adjustment for temperature and humidity. No associations were found for 

other pollutants. 

Conclusions: Short-term exposure to SO2 and NO is associated with increased risk of OHCA. 

5.1 Introduction 

Ambient air pollution is recognised as a major risk for the global burden of disease. In 2015, 

ambient particulate matter (PM) in both developed and developing countries was estimated to 

account for 4.2 million premature deaths and 103.1 million disability-adjusted life-years 

(DALYs).150 Cardiovascular diseases have been identified as the dominant contributor to 

worldwide mortality and morbidity attributed to air pollution.14,15,39  

Epidemiological studies have highlighted the acute effects of air pollution on cardiovascular 

events, including ischemic heart disease,151-154 out-of-hospital cardiac arrest (OHCA),155-159 

heart failure160,161 and stroke.162-164 There are, however, still some neutral results,165-168 

necessitating further research on the association between ambient air pollution and 

cardiovascular outcomes. Although there is a rapidly growing focus on PM smaller than 2.5 

µm in aerodynamic diameter (PM2.5; also known as fine PM), the risk of other common 
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constituents, such as oxides of nitrogen and sulfur, cannot be neglected; they may act alone or 

together with PM to influence the progression of cardiovascular diseases.14 The chemical 

components that make up PM may also play different roles and need to be identified from 

various sources of air pollution.15  

To test our hypothesis that exposure to PM2.5 and common gaseous pollutants would precipitate 

cardiovascular disease events, we conducted this case-crossover study in a Japanese prefecture. 

In view of the diverse pathogenesis of different cardiovascular conditions, we selected OHCA 

and heart failure as the main health outcomes. Data for this study were obtained from 

ambulance records. To obtain comprehensive knowledge of air pollution patterns, we examined 

PM2.5, nitric oxide (NO), nitrogen oxides (NOx), nitrogen dioxide (NO2), photochemical 

oxidant (Ox) and sulfur dioxide (SO2) across the entire prefecture. 

5.2 Methods 

5.2.1 Study population and outcome data 

Gunma is a landlocked prefecture of Japan located on Honshu Island; it has a total area of 

6,366.16 square kilometres and a population of 2.0 million.169 Ambulance records from 1st 

January 2015 to 31st December in 2015 were extracted from the Gunma Prefectural 

Comprehensive Medical Information System. This 24/7 system collects and provides 

emergency medical information and data via a web-based format; it links all public ambulance 

systems and all hospitals/institutions providing emergency medical services in Gunma 

Prefecture. One of the main aims of this system is to provide better logistics when patients 

require transfer to hospitals with appropriate medical and human resources. Thus, every single 

ambulance record in Gunma Prefecture is captured immediately with the following patient 

information: location, date, time, age, sex, initial diagnosis, severity of disease at the time, 

classification of disease and plausible aetiology entered by the emergency department 
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physicians. The time recorded is the time to the nearest hour of the first call to the ambulance 

service. The initial diagnosis was determined by the physicians in charge at the emergency 

medical service and it was then confirmed by the medical doctors in hospital. 

Cardiac arrest was defined as the unexpected cessation of cardiac mechanical activity, which 

may have been restored by cardiopulmonary resuscitation and a defibrillator. Cardiac arrest 

has a high mortality rate. We included cases from outside the hospital setting that were 

presumed to have cardiac aetiology. The exclusion criteria included arrests with an obvious 

preceding non-cardiac event, such as trauma, poisoning, drowning, overdose, asphyxia, 

electrocution or primary respiratory arrests. We also included cases with initial diagnosis of 

heart failure. Heart failure is a clinical syndrome resulting from abnormality in cardiac structure 

and/or function, affecting cardiac output and intracardiac filling pressure. The inclusion criteria 

included rapid onset or acute worsening of chronic heart failure requiring urgent medical 

evaluation and treatment. 

This study was approved by the Tasmanian Human Research Ethics Committee (reference 

H0017657). 

5.2.2 Air quality and meteorological data 

We obtained hourly air quality and meteorological data from eight 24-hr monitoring sites 

(Figure 9) during the study period; data were obtained from a public database published by the 

Gunma Prefectural Environmental Protection Department.170 This dataset contained 

information concerning NO, NOx, NO2, Ox, SO2 and PM2.5. Meteorological data consisted of 

hourly temperature and relative humidity measurements. Hourly data were then averaged to 

produce daily mean values for all air quality and meteorological variables. 
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Figure 9 Map of eight 24-hr air monitoring sites in Gunma, Japan. 

This figure illustrates the distribution of air monitoring sites in Gunma, Japan. 

5.2.3 Statistical analysis 

All continuous variables are presented as mean ± SD or median (interquartile range; IQR), as 

appropriate. Categorical variables are presented as absolute and relative frequencies (%). The 

time stratified case-crossover design is an established and standard study design to investigate 

the relationship between transient environmental exposures and acute health outcomes; it was 

first proposed by Maclure in 1991171 and has been widely used in studies of air 

pollution.165,166,168 In this study design, the case period is defined as the day of onset of the 

identified case. The control periods were defined as non-case days that were on the same day 

of the week during the same month as the case. Hence, this study compared exposure levels on 

the day of the case with exposure levels before and after the case during the same month. Every 

patient served as his or her own control, which reduced the influence of personal confounding 

factors such as sex or smoking status, which rarely change within a single month. 

Conditional logistic regression models were used to analyse the association between air 

pollutants and the incidence of OHCA and heart failure, respectively. As there may be a certain 
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response time between exposure to air pollutants and the associated outcome, we investigated 

lagged exposures. The average exposure level on the day of case onset was defined as lag 0; 

the average exposure level 1 day before the day of case onset was lag 1; the average exposure 

level 2 days before the day of case onset was lag 2 and lag 0-1 was the average exposure level 

on the day of case onset and the day prior to case onset. 

Correlations between air pollutants and meteorological variables were also examined. The air 

quality and meteorological data from the nearest air monitoring station were merged with the 

health outcome data to calculate the odds ratios (OR) and the 95% confidence intervals (CI) 

per unit change in each air pollutant separately; both unadjusted and adjusted analyses (for 

temperature and humidity during the same lag period) were performed. The nearest monitoring 

station was defined as the station nearest to where the emergency event happened. We used the 

natural cubic spline of temperature and humidity with two degrees of freedom in the 

multivariable model. In addition to the single pollutants examined in the main analysis, the 

models were further adjusted for PM2.5 when needed, as multi-pollutant model. A p value of 

0.05 was considered statistically significant. All analyses were conducted using R version 3.2.3 

(The R Foundation for Statistical Computing, Vienna, Austria). 

5.3 Results 

5.3.1 Study subjects and exposure characteristics 

In 2015, a total of 53,006 emergency ambulance cases were collected by the Gunma 

Prefectural Health Department. Table 8 summarises the distribution of all the ambulance 

medical records. There was a greater number of male than female patients. The average age 

of the patients was 64±26 years; the oldest patient was 108 years. Nearly 40% of ambulance 

events occurred in the cold season (Nov-Mar) and 68.8% of the cases occurred at home. 

Daily average data for air pollutants, temperature and humidity are shown in Table 9. The 
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target standard has been achieved when comparing the air quality in Gunma with air pollution 

standards. Correlations between pollutants and meteorological factors are shown in Table 10. 

Atmospheric pollutants tended to be moderately positively correlated with each other, aside 

from Ox which was negatively correlated. NOx, NO2 and NO were strongly correlated with 

each other. Meteorological variables exhibited weak correlations with pollutant levels, except 

Ox which exhibited a moderate negative correlation with humidity. 
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Table 8 Summary of ambulance medical records from 1 January 2015 to 31 December 

Variable  No. % 

Total  53006 100 

Sex   

   Male 27307 51.5 

   Female 25530 48.2 

   Missing 169 0.3 

Age   

   <40 years 9639 18.2 

   40-60 years 7963 15.0 

   61-80 years 18328 34.6 

   >80 years 16528 31.2 

   Missing  548 1.0 

Season    

   Warm (April-October) 31933 60.2 

   Cold (November-March) 21073 39.8 

Place   

   Workplace 1521 2.9 

   Home 36461 68.8 

   Public place 12474 23.5 

   Street 2035 3.8 

   Other places 475 0.9 

   Missing 40 0.1 

Aetiology   

   Cardiac aetiology 4437 8.4 

   Other  42124 79.5 

   Missing  6445 12.1 

 

 

Table 9 Description of daily air quality and meteorological data from 8 stations (1 

January 2015 to 31 December 2015) 

Variable No. Missing Mean Percentile IQR 

5% 25% 50% 75% 95% 

PM2.5 (µg/m3) 2874 46 13.08 3.17 7.25 11.83 17.96 27.18 10.71 

Ox (ppb) 2919 1 32.20 12.79 23.12 31.00 40.77 54.67 17.65 

NOx (ppb) 2534 386 9.51 2.04 5.01 8.06 12.00 21.79 6.99 

NO2 (ppb) 2534 386 7.82 1.54 4.17 6.83 10.34 17.42 6.18 

NO (ppb) 2534 386 1.70 0.07 0.61 1.12 1.88 5.28 1.27 

SO2 (ppb) 2181 739 1.33 0.42 1.00 1.21 1.71 2.29 0.71 

Temperature (℃) 2900 20 14.6 1.8 7.0 15.6 21.3 28.1 14.3 

Humidity (%) 2920 0 69.7 42.5 57.3 69.1 82.6 96.6 25.3 
NOx, nitrogen oxides; NO2, nitrogen dioxide; NO, nitric oxide; PM2.5, particulate matter with an aerodynamic 

diameter less than 2.5 micrometres; Ox, photochemical oxidants; SO2, sulfur dioxide. 
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Table 10 Correlations between air pollutants and meteorological variables 

 NO NO2 NOx Ox PM2.5 SO2 Temperature Humidity 

NO 1.00        

NO2 0.66    1.00                           

NOx 0.85    0.96    1.00      

Ox -0.53   -0.41   -0.49   1.00     

PM2.5 0.22    0.49    0.43   0.18     1.00    

SO2 0.14    0.33    0.29   0.08     0.32    1.00         

Temperature -0.24   -0.24   -0.26   0.33     0.21   -0.01        1.00        

Humidity 0.12    0.12    0.13  -0.46     0.02   -0.20        0.25       1.00 
NOx, nitrogen oxides; NO2, nitrogen dioxide; NO, nitric oxide; PM2.5, particulate matter with an aerodynamic 

diameter less than 2.5 micrometres; Ox, photochemical oxidants; SO2, sulfur dioxide. 

 

5.3.2 Air pollution and OHCA 

In 2015, there were 1,512 OHCAs that met the selection criteria; these eligible OHCAs 

comprised 2.8% of the total number of emergency ambulance cases. A breakdown of OHCAs 

is displayed in Table 11. After adjusting for meteorological variables, the association between 

OHCA and SO2 concentration was statistically significant at lag 1 (OR: 1.173, 95%CI [1.004, 

1.370], p = 0.044) and lag 0-1 (OR: 1.203, [1.015, 1.425], p = 0.033), and the association 

between OHCA and NO was statistically significant at lag 2 (OR: 1.039, [1.007, 1.072], p = 

0.016). No significant associations were found for the other pollutants (Table 12). These results 

were not meaningfully changed when PM2.5 was included in the multi-pollutant model (Table 

13 and Table 14). 
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Table 11 Breakdown of out-of-hospital cardiac arrests  

Values are the number (percentage) of respondents, unless otherwise stated. 

Variable  Values (n=1512) 

Age   

   Mean (SD) 77 (15) 

   <40 35 (2.3) 

   40-60 151 (10.0) 

   61-80 574 (38.0) 

   >80 736 (48.7) 

   Missing  16 (1.0) 

Sex   

   Female  666 (44.0) 

   Male  842 (55.7) 

   Missing  4 (0.3) 

Season   

   Spring (March-May) 391 (25.8) 

   Summer (June-August) 313 (20.7) 

   Autumn (September-November) 344 (22.8) 

   Winter (December-February) 464 (30.7) 

 

 

 

Table 12 Associations between out-of-hospital cardiac arrests and daily lag exposure to 

air pollutants 
 Lag0 Lag1 Lag2 Lag0-1 

OR 
(95%CI)   

p 
value 

OR 
(95%CI)   

p value OR 
(95%CI)   

p value OR 
(95%CI)   

p 
value 

PM2.5 

(µg/m3) 
Unadjusted 0.995 

(0.987, 1.003) 

0.2 0.993 

(0.985, 1.001) 

0.1 0.995 

(0.987, 1.003) 

0.26 0.993 

(0.984, 1.002) 

0.13 

Adjusted 1.0002 
(0.988, 1.012) 

0.97 0.998 
(0.986, 1.010) 

0.76 1.002 
(0.990, 1.014) 

0.8 0.999 
(0.986, 1.014) 

0.98 

SO2 

(ppb) 

Unadjusted 1.093 

(0.948, 1.26) 

0.22 1.069 

(0.929, 1.23) 

0.35 1.085 

(0.945, 1.247) 

0.25 1.098 

(0.941, 1.282) 

0.23 

Adjusted 1.155 

(0.988, 1.352) 

0.07 1.173 

(1.004, 1.370) 

0.044 1.122 

(0.961, 1.309) 

0.14 1.203 

(1.015, 1.425) 

0.033 

NO 

(ppb) 

Unadjusted 0.999 

(0.969, 1.032) 

0.99 0.977 

(0.945, 1.012) 

0.19 1.028 

(0.998, 1.058) 

0.07 0.984 

(0.943, 1.026) 

0.44 

Adjusted 1.006 

(0.971, 1.042) 

0.75 0.976 

(0.939, 1.015) 

0.23 1.039 

(1.007, 1.072) 

0.016 0.987 

(0.941, 1.035) 

0.6 

NO2 

(ppb) 

Unadjusted 0.997 

(0.981, 1.013) 

0.68 0.990 

(0.974, 1.007) 

0.26 0.999 

(0.983, 1.015) 

0.88 0.990 

(0.970, 1.011) 

0.34 

Adjusted 1.006 

(0.986, 1.027) 

0.56 0.990 

(0.970, 1.011) 

0.35 1.008 

(0.987, 1.029) 

0.46 0.999 

(0.973, 1.025) 

0.92 

NOx 

(ppb) 

Unadjusted 0.998 

(0.987, 1.01) 

0.77 0.992 

(0.981, 1.004) 

0.21 1.004 

(0.992, 1.015) 

0.55 0.993 

(0.979, 1.008) 

0.35 

Adjusted 1.004 

(0.990, 1.018) 

0.59 0.992 

(0.977, 1.006) 

0.26 1.011 

(0.997, 1.025) 

0.12 0.997 

(0.979, 1.016) 

0.79 

Ox 

(ppb) 
Unadjusted 0.998 

(0.992, 1.005) 
0.64 0.995 

(0.989, 1.001) 
0.12 0.998 

(0.991, 1.004) 
0.47 0.996 

(0.988, 1.003) 
0.25 

Adjusted 1.0002 

(0.988, 1.012) 

0.98 1.003 

(0.991, 1.015) 

0.64 0.992 

(0.980, 1.004) 

0.21 1.002 

(0.988, 1.017) 

0.75 

Per unit change. Data in bold denotes statistically significant results. Single pollutant model was adjusted for temperature and humidity. 

NOx, nitrogen oxides; NO2, nitrogen dioxide; NO, nitric oxide; PM2.5, particulate matter with an aerodynamic diameter less than 2.5 

micrometres; Ox, photochemical oxidants; SO2, sulfur dioxide. 
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Table 13 Multi-pollutant model for the associations between out-of-hospital cardiac 

arrests and daily lag exposure to SO2, NO and PM2.5 

 

Per unit change. Data in bold denotes statistically significant results. Multipollutant (SO2, NO and PM2.5) model was adjusted for temperature 

and humidity. 

NO, nitric oxide; PM2.5, particulate matter with an aerodynamic diameter less than 2.5 micrometres; SO2, sulfur dioxide. 

 

 

Table 14 Multi-pollutant model for the associations between out-of-hospital cardiac 

arrests and daily lag exposure to SO2 and PM2.5 

 
 

Per unit change. Data in bold denotes statistically significant results. Multipollutant (SO2 and PM2.5) model was adjusted for temperature and 

humidity. 

PM2.5, particulate matter with an aerodynamic diameter less than 2.5 micrometres; SO2, sulfur dioxide. 

 

 

5.3.3 Air pollution and heart failure 

There were 1002 cases of heart failure (1.9%) during the study period. Table 15 shows the 

characteristics of this group. The daily rate of heart failure cases was significantly associated 

with the Ox concentration on the day of the event in the unadjusted model (OR: 1.008, [1.001, 

1.016], p = 0.031), but not after adjusting for temperature and humidity. There was no evidence 

for the association with other pollutants (Table 16).  

 

 Lag0 Lag1 Lag2 Lag0-1 

OR 

(95%CI) 

P 

value 

OR 

(95%CI) 

P 

value 

OR 

(95%CI) 

P value OR 

(95%CI) 

P 

value 

SO2 

(ppb) 
1.179 

(1.002-1.387) 

0.046 1.227 

(1.043-1.443) 

0.013 

 

1.128 

(0.959-1.327) 

0.15 

 

1.248 

(1.046-1.488) 

0.014 

 

NO 
(ppb) 

1.003 

(0.967-1.040) 

0.87 

 

0.969 

(0.930-1.009) 

0.13 

 

1.039 

(1.006-1.073) 

0.022 

 

0.976 

(0.928-1.026) 

0.34 

 

PM2.5 

(µg/m3) 
0.998 

(0.985-1.010) 

0.71 0.997 

(0.984-1.009) 

0.62  

 

0.994 

(0.981-1.007) 

0.37 0.998 

(0.983-1.013) 

0.81 

 

 Lag0 Lag1 Lag2 Lag0-1 

OR 

(95%CI) 

P 

value 

OR 

(95%CI) 

P 

value 

OR 

(95%CI) 

P 

value 

OR 

(95%CI) 

P 

value 

SO2 

(ppb) 
1.165 

(0.992-1.368) 

0.06  1.194 

(1.018-1.402) 

 0.030 1.127 

(0.960-1.322) 

0.14  1.215 

(1.021-446) 

0.028 

PM2.5 

(µg/m3) 
0.997 

(0.985-1.009) 

0.66  0.995 

(0.983-1.007) 

0.43  0.999 

(0.986-1.011) 

0.85  0.997 

(0.982-1.011) 

0.64 
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Table 15 Breakdown of heart failures  

Values are the number (percentage) of respondents, unless otherwise stated. 
Variable  Values (n=1002) 

Age   

   Mean (SD) 81 (11) 

   <40 4 (0.4) 

   40-60 37 (3.7) 

   61-80 353 (35.2) 

   >80 603 (60.2) 

   Missing  5 (0.5) 

Sex   

   Female  501 (50.0) 

   Male  498 (49.7) 

   Missing  3 (0.3) 

Season   

   Spring (March-May) 337 (33.6) 

   Summer (June-August) 146 (14.6) 

   Autumn (September-November) 189 (18.9) 

   Winter (December-February) 330 (32.9) 

 

Table 16 Associations between heart failure and daily lag exposure to air pollutants 
 Lag0 Lag1 Lag2 Lag0-1 

OR 

(95%CI)   

p 

value 

OR 

(95%CI)   

p 

value 

OR 

(95%CI)   

p 

value 

OR 

(95%CI)   

p 

value 

PM2.5 

(µg/m3) 
Unadjusted 0.992 

(0.982, 1.002) 
0.1 0.994 

(0.985, 1.004) 
0.24 0.999 

(0.989, 1.009) 
0.84 0.992 

(0.981, 1.003) 
0.13 

Adjusted 0.998 

(0.984, 1.013) 

0.81 0.993 

(0.979, 1.007) 

0.3 0.992 

(0.978, 1.007) 

0.28 0.993 

(0.976, 1.010) 

0.4 

SO2 

(ppb) 
Unadjusted 1.031 

(0.852, 1.247) 
0.75 1.037 

(0.860, 1.251) 
0.7 1.065 

(0.880, 1.289) 
0.52 1.039 

(0.843, 1.279) 
0.72 

Adjusted 1.101 
(0.886, 1.369) 

0.39 1.118 
(0.903, 1.383) 

0.31 1.025 
(0.825, 1.272) 

0.83 1.105 
(0.869, 1.406) 

0.42 

NO 

(ppb) 

Unadjusted 0.970 

(0.935, 1.007) 

0.11 1.008 

(0.973, 1.044) 

0.67 0.995 

(0.958, 1.034) 

0.81 0.981 

(0.935, 1.029) 

0.43 

Adjusted 0.998 

(0.959, 1.038) 

0.9 1.025 

(0.986, 1.065) 

0.21 1.003 

(0.962, 1.046) 

0.9 1.020 

(0.967, 1.075) 

0.47 

NO2 

(ppb) 
Unadjusted 0.986 

(0.968, 1.005) 

0.14 0.984 

(0.966, 1.003) 

0.09 0.991 

(0.972, 1.01) 

0.34 0.977 

(0.954, 1) 

0.05 

Adjusted 1.003 

(0.979, 1.027) 

0.81 0.993 

(0.970, 1.017) 

0.56 0.993 

(0.969, 1.018) 

0.59 0.996 

(0.966, 1.027) 

0.79 

NOx 

(ppb) 
Unadjusted 0.989 

(0.976, 1.002) 
0.11 0.993 

(0.980, 1.006) 
0.3 0.994 

(0.981, 1.009) 
0.44 0.986 

(0.969, 1.003) 
0.1 

Adjusted 1.001 

(0.985, 1.017) 

0.91 1.001 

(0.985, 1.017) 

0.92 0.997 

(0.980, 1.014) 

0.75 1.001 

(0.980, 1.023) 

0.92 

Ox 

(ppb) 

Unadjusted 1.008 

(1.001, 1.016) 

0.031 1.003 

(0.996, 1.011) 

0.41 1.001 

(0.993, 1.009) 

0.75 1.008 

(0.999, 1.017) 

0.08 

Adjusted 0.997 

(0.982, 1.012) 

0.69 0.993 

(0.977, 1.008) 

0.35 0.994 

(0.978, 1.010) 

0.45 0.992 

(0.974, 1.011) 

0.4 

Per unit change. Data in bold denotes statistically significant results. Single pollutant model was adjusted for temperature and humidity. 

NOx, nitrogen oxides; NO2, nitrogen dioxide; NO, nitric oxide; PM2.5, particulate matter with an aerodynamic diameter less than 2.5 

micrometres; Ox, photochemical oxidants; SO2, sulfur dioxide. 
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5.4 Discussion  

The main finding of this case-crossover study is that short-term exposure to ambient SO2 and 

NO, respectively, was independently associated with the incidence of OHCA in Gunma, Japan. 

After adjusting for temperature and humidity, the odds of an OHCA event were 1.173 and 

1.203 times higher with a 1 ppb increase in SO2 in lag 1 and lag 0-1, respectively. An increase 

of 1 ppb in NO two days before the event was also associated with 1.039 times higher odds of 

an OHCA event. No significant associations were detected between OHCA and other pollutants. 

In addition, there were no independent associations between the occurrence of heart failure and 

ambient air pollution. 

5.4.1 Associations of SO2 and NO with OHCA 

SO2 is recognised as a major air pollutant in the atmosphere and has been linked to all-cause 

and cardiac mortality,172 cardio respiratory mortality,173 coronary heart diseases,174,175 

hypertension176 and cardiac arrhythmia.177 It is a colourless gas that is emitted primarily from 

the combustion of fuels; the resulting formation of sulfur-containing particulates plays a critical 

role in triggering related diseases.15 NO is a result of high temperature combustion, mainly 

from vehicular exhausts.15 Because most NO gets transformed into NO2, NO2 has become the 

principle research target among all oxides of nitrogen (NOx).
15 Ambient NOx  is primarily 

attributed to motor vehicle emissions. The proportion of vehicle owners in Gunma is the 

highest among all prefectures in Japan (68.4 cars per 100 persons in 2015).178 This might partly 

explain the null findings regarding associations between air pollution and heart failure in 

Gunma; specifically, given the high number of vehicle owners, patients may be transferred to 

hospital by private car rather than seeking assistance from the ambulance despatch centre. 

OHCA patients are generally unable to self-present, because onset occurs without warning and 

results in sudden loss of consciousness. One study investigated the mode of presentation among 

1068 acute decompensated heart failure patients and found that 78% self-presented and 22% 
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presented via ambulance.179 Recently, Ha et al.180 conducted a case-crossover study in the 

United States to investigate the association between air pollution and cardiovascular events 

during labour and delivery. The main finding was that higher concentrations of PM2.5, SO2 and 

NOx in the previous days were associated with a higher proportion of deliveries affected by 

cardiovascular events such as heart failure or cardiac arrest during labour. Two case-crossover 

studies from Asian countries found evidence for the association between short-term exposure 

to SO2 and the incidence of OHCA, which are similar to our findings, although their daily 

average SO2 concentrations have achieved the air quality standard. The study181 in Seoul with 

a large sample size of 21509 cases found excess risk for OHCA with 0.98%, 0.97% and 0.82% 

at lag 1, 2 and 3 per 1 ppb increase in SO2. Positive association with OHCA was also shown in 

Okayama182 and the OR was 1.16 per 2.3 ppb increase in SO2 at lag 2. These results, together 

with the results of our study, support the idea that short-term exposure to gaseous air pollutants 

may be associated with an increased occurrence of serious cardiovascular outcomes. Although 

the aerodynamic size of air pollutants such as PM2.5 has been the main focus of research to date, 

our data suggests that the individual components of pollution should be taken into account. 

Further studies of pollution components as well as the combination of various air pollutants are 

required, as these could have different adverse impacts on cardiovascular health.14 

5.4.2 No statistically significant association between PM2.5 and OHCA 

The lack of association between PM2.5 and OHCAs in this study did not support our hypothesis. 

However, there has been inconsistency in findings among previous case-crossover studies. 

Most studies155-158,168,183 have reported a relationship between elevated PM2.5 and increased risk 

of OHCA, while others have reported no association.159,166,167 There are several possible 

explanations for this. First, our sample size (n = 1,512) might have been too small and our 

statistical power might not have been adequate, although power was sufficient to detect a 

significant association between OHCA with SO2. The numbers of OHCAs in the negative 
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studies were lower, at 362166 and 1,206,167 than those in the positive studies, which ranged from 

2,000158 to 11,677.168 Second, one study from the United States reported no association 

between PM2.5 and OHCA among the whole population, but found significant associations 

among current smokers with histories of previous heart disease.167 This suggests there may be 

sub-groups who are more sensitive to PM2.5 exposure. Third, the mixed results in the literature 

may be due to differences in pollution exposure and/or composition, or measurement 

differences, or the methods used to select study subjects. Thus, standard protocols for reporting 

should be developed and applied. Finally, publication bias could be present, as significant 

results are more likely to be published. An international registry would be helpful to better 

characterise possible associations between PM2.5 on OHCA. We only found two studies that 

investigated the association between Asian desert dust and acute cardiac events in Japan. One 

suggested that dust had no association with OHCA,184 while the one found that Asian dust was 

associated with the incidence of acute myocardial infarction.185 

5.4.3 Strengths and limitations 

A time stratified case-crossover design is an appropriate approach to investigate associations 

between transient environmental pollutant exposure and acute health outcomes; further, it 

adjusted for potential confounding variables, such as personal characteristics. Exposure was 

well characterised with multiple air monitoring sites throughout the Prefecture. Further, the 

Gunma Prefectural Comprehensive Medical Information System includes information on every 

cardiovascular event attended by ambulance in Gunma, meaning that we had extensive data 

coverage.   

However, our study also has several limitations. Information data on the cases not managed 

through the ambulance despatch centre was not available, i.e., those who used cars rather than 

ambulance services to seek medical care; this could introduce selection bias. Another limitation 
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is that the measured concentrations of ambient air pollutants may introduce personal exposure 

misclassification, which would bias the results towards the null; this is a common limitation of 

outdoor air quality studies. Further, estimation of exposure based on the location of the nearest 

air monitoring station to the case, while appropriate for the time of the event, might not 

represent the previous days’ exposure for people not usually residing in that area. The period 

of the data analysis is just one year, and this could affect the generalizability of the results as it 

may not have sufficient statistical power to estimate the risk. 

The findings of this study highlight that adverse effects of air pollution on cardiovascular 

diseases are measurable even in areas of lower level pollution. Policies for improving air 

quality (e.g., encouraging the use of electric-powered vehicles and solar or wind power 

generation) are being developed and implemented in many developed countries, but it is still 

necessary to apply such measures more widely. As vehicles represent a significant source of 

urban outdoor air pollution, people should be encouraged to choose public transport to reduce 

the number of vehicles on the roads, thus improving air quality. Additionally, individuals, 

especially the elderly or those who already have cardiovascular disease,14 should take practical 

action to protect themselves. Because outdoor air pollution is an import source of poor indoor 

air quality, portable air cleaners can provide a practical and efficient way for residents to reduce 

their exposure to air pollution.186 

5.5 Conclusion 

Our study results suggest that short-term exposure to SO2 and NO is associated with increased 

risk of OHCA but not with other pollutants in Gunma, Japan. Exposure to ambient air pollutants 

was not associated with increased risk of heart failure in this study. 
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Postscript 

The present chapter established an association between short-term exposure to gaseous 

pollutants and increased risk of OHCA based on data from an ambulance database in Gunma, 

Japan. The adverse public health consequences of air pollution in areas with low levels of 

pollution should draw wide attention; larger studies are needed to verify these findings. In the 

next chapter, the risk of OHCA due to short-term exposure to ambient air pollution will be 

discussed based on a nationwide case-crossover study of population-based registry data in 

Japan. 
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Chapter 6. Short-term effects of exposure to ambient air pollution 

on out-of-hospital cardiac arrest: A nationwide case-crossover 

study in Japan 
 

Preface 

Among the general population, cardiac arrests occur more frequently outside the hospital 

setting and there is only a very short amount of time in which the patient’s life can be saved. 

OHCA often has a poor prognosis and poses an enormous burden on public health.30 

Development of prevention strategies can mitigate the poor rate of survival from OHCA. In 

addition to modification of individual risk factors, growing evidence supports an association 

between ambient air pollution and heart diseases. However, the results regarding short-term 

exposure to ambient air pollution and the incidence of OHCA are inconsistent, as outlined in 

the previous chapter.165-168 In this chapter, we conducted a nationwide case-crossover study to 

further examine this issue. 

The following text in this chapter has been accepted for publication in The Lancet Planetary 

Health 2020; 4: e15–2. doi:https://doi.org/10.1016/S2542-5196(19)30262-1. 

Abstract 

Background: PM2·5 is an important but modifiable environmental risk factor, not only for 

pulmonary diseases and cancers, but for cardiovascular health. However, the evidence 

regarding the association between air pollution and acute cardiac events, such as out-of-hospital 

cardiac arrest (OHCA), is inconsistent, especially at concentrations lower than the WHO daily 

guideline (25 μg/m³). This study aimed to determine the associations between exposure to 

ambient air pollution and the incidence of OHCA. 

Methods: In this nationwide case-crossover study, we linked prospectively collected 

population-based registry data for OHCA in Japan from Jan 1, 2014, to Dec 31, 2015, with 
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daily PM2·5, carbon monoxide (CO), nitrogen dioxide (NO2), photochemical oxidants (Ox), and 

sulphur dioxide (SO2) exposure on the day of the arrest (lag 0) or 1–3 days before the arrest 

(lags 1–3), as well as the moving average across days 0–1 and days 0–3. Daily exposure was 

calculated by averaging the measurements from all PM2·5 monitoring stations in the same 

prefecture. The effect of PM2·5 on risk of all-cause or cardiac OHCA was estimated using a 

time-stratified case-crossover design coupled with conditional logistic regression analysis, 

adjusted for daily temperature and relative humidity. Single-pollutant models were also 

investigated for the individual gaseous pollutants (CO, NO2, Ox, and SO2), as well as two-

pollutant models for PM2·5 with these gaseous pollutants. Subgroup analyses were done by sex 

and age. 

Findings: Over the 2 years, 249 372 OHCAs were identified, with 149 838 (60·1%) presumed 

of cardiac origin. The median daily PM2·5 was 11·98 μg/m³ (IQR 8·13–17·44). Each 10 μg/m³ 

increase in PM2·5 was associated with increased risk of all-cause OHCA on the same day (odds 

ratio [OR] 1·016, 95% CI 1·009–1·023) and at lags of up to 3 days, ranging from OR 1·015 

(1·008–1·022) at lag 1 to 1·033 (1·023–1·043) at lag 0–3. Results for cardiac OHCA were 

similar (ORs ranging from 1·016 [1·007–1·025] at lags 1 and 2 to 1·034 [1·021–1·047] at lag 

0–3). Patients older than 65 years were more susceptible to PM2·5 exposure than younger age 

groups but no sex differences were identified. CO, Ox, and SO2 were also positively associated 

with OHCA while NO2 was not. However, in two-pollutant models of PM2·5 and gaseous 

pollutants, only PM2·5 (positive association) and NO2 (negative association) were 

independently associated with increased risk of OHCA. 

Interpretation: Short-term exposure to PM2.5 was associated with an increased risk of OHCA 

even at relatively low concentrations. Regulatory standards and targets need to incorporate the 
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potential health gains from continual air quality improvement even in locations already meeting 

WHO standards. 

Funding: None. 

6.1 Introduction 

The adverse health effects of air pollution have been established in epidemiological studies 

over recent decades. At a global scale, ambient air pollution was responsible for 4·1 million 

deaths in 2016.20 As the most extensively studied type of air pollution, PM2·5 is accepted to 

have causal associations with cardiovascular disease.1,14 Several independent groups have 

observed cardiovascular outcomes associated with PM2·5 exposures lower than existing 

standards and guidelines such as the WHO daily 24-h average guideline value of 25 μg/m³.21,149  

Out-of-hospital cardiac arrest (OHCA) is a major medical emergency and public health 

problem, with global survival rates of less than 10%.187 Growing evidence supports the 

associations between acute air pollution exposure and OHCA risk in case-crossover 

studies.156,157,168 However, inconsistent results for PM2.5 and gaseous pollutants have also been 

reported, especially with PM2.5 levels lower than the WHO standard.166-168 A study159  of 5,973 

cases in Stockholm, for example, found no association between PM2.5 and OHCA where the 

average daily PM2.5 was 8.1 µg/m, although others have found positive associations with 

similar PM2.5 exposure.157,158 These results indicate that a larger-scale study will be helpful to 

elucidate associations in areas with low PM2·5 concentrations. In addition, the acute risks from 

air pollution have been well characterised for susceptible people such as those older than 75 

years of age,14 but less is understood about sex differences. A larger study could assist in 

characterising associations and detecting specific population subgroups for better protection. 
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Thus, we did this nationwide case-crossover study in Japan with OHCA cases from the All-

Japan Utstein registry to determine the associations between short-term exposure to ambient 

air pollution and the incidence of OHCA. 

6.2 Methods 

6.2.1 Study area and outcome data 

Japan has a territory of 377,973.89 km2 with 47 prefectures, and had a population of 127.1 

million in 2015.188 The OHCA records we used were collected by the All-Japan Utstein registry 

of the Fire and Disaster Management Agency (FDMA) of Japan, from Jan 1, 2014, to Dec 31, 

2015. The FDMA is responsible for emergency medical responses, and there were 752 fire 

stations with an ambulance dispatch centre in 2014.189 

Details of the registry have been described previously.190 Briefly, it consists of a nationwide 

prospectively collected repository of OHCA data, which is recorded according to the Utstein 

style internationally standardized reporting guidelines.191 Each record includes patient 

information about the location, date, sex, age, OHCA origin, and other core data elements, 

recorded by the local emergency medical service personnel managed by the FDMA.  

Cardiac arrest was defined as the cessation of cardiac mechanical activity as confirmed by the 

absence of signs of circulation.191 Cardiac arrests were classified as being of cardiac or 

noncardiac origin. Noncardiac origins were further classified into cerebrovascular disease, 

respiratory disease, malignant tumour, trauma, submersion, drug overdose or any other 

noncardiac causes. These origins were determined by the physicians in charge at the emergency 

medical service. This study was approved by the Tasmanian Human Research Ethics 

Committee (H0017657). 
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6.2.2 Ambient air pollution and meteorological data 

Data on PM2.5 and gaseous pollutants including carbon monoxide (CO), nitrogen dioxide (NO2) 

photochemical oxidants (Ox) and sulphur dioxide (SO2) were obtained from the Environmental 

Database of the National Institute for Environmental Studies, Japan.192 Each prefecture in 

Japan has several city-based PM2.5 monitoring stations. The daily PM2.5 for each prefecture was 

calculated by averaging the measurements from all stations in the prefecture. The differences 

between daily maximum and minimum PM2.5 concentrations from these stations within the 

same day and the same prefecture were also calculated. The mean of these maximum 

differences within 1 year were then calculated from each prefecture for subsequent sensitivity 

analysis. Daily averages for each prefecture for gaseous pollutants were calculated from hourly 

concentrations of CO, NO2, Ox, and SO2. 

Meteorological data were from Japan’s weather stations, the Local Meteorological 

Observatories, and included daily temperature and relative humidity. These were obtained for 

the study period from the Japan Meteorologic Agency website.193 We calculated daily 

meteorological data for each prefecture by averaging daily mean temperature and relative 

humidity from all Local Meteorological Observatory stations each day, excluding those in non-

habitable areas with extreme conditions (eg, on top of Mount Fuji). A correlation matrix was 

constructed between ambient air pollution and meteorological variables to avoid any potential 

collinearity issue. 

6.2.3 Statistical analysis 

The linked data was analysed using a time-stratified case-crossover design coupled with 

conditional logistic regression analysis. The time-stratified case-crossover design was first 

proposed in 1991 by Maclure171 and is a well-established study design to assess the association 

between transient exposure to air pollution and emergency health events; it is a common design 
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in air pollution epidemiological  studies.156,168 The day the OHCA occurred is defined as the 

case day, whereas the days of the same day of the week during the same month and year (eg, 

all other Tuesdays of the same month and year) were controls. Each individual patient thus acts 

as their own control as the study design compares the exposure on the case day with exposure 

on the control days. This design has been verified as an efficient approach to control time-

independent and time-dependent confounders in evaluating short-term health impacts 

associated with air pollution.194  

The main analysis was the multivariable model of the effects of PM2.5. Odds ratios (ORs) and 

their 95% CIs were estimated using a conditional logistic regression model by merging the air 

quality and meteorological data at the prefecture level with each OHCA case. Since the 

response period of the incidence of OHCA after exposure to air pollution is unknown, the 

analyses were done with lagged exposures for 0-3 days, on the basis of previous case-crossover 

studies.7-9, 13 Lag 0 was the average exposure concentration on the day of the OHCA, lag 1 was 

the average exposure concentration on the day before the OHCA, and so forth. The moving 

average of 0-1 day (lag 0-1) was calculated by averaging the exposure of the day of the OHCA 

episode and the day preceding the OHCA. The average exposure of 3 days before the OHCA 

and the day of the OHCA was defined as lag 0-3. Meteorological data including temperature 

and relative humidity during the same lag period were used as potential confounders in the 

multivariable model. We modelled temperature and relative humidity as a natural cubic spline 

with three degrees of freedom to test the possible non-linear effects of meteorological variables. 

We chose other degrees of freedom as sensitivity analyses. Single-pollutant models for the 

effects of CO, NO2, Ox and SO2 on OHCA were run separately to the main analysis, and two-

pollutant models were also investigated for PM2.5 with other gaseous pollutants (CO, NO2, Ox 

and SO2).  
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To better understand the association between ambient air exposure and different origins of 

OHCA, separate analyses were done for all-cause OHCAs and the arrests presumed to have 

cardiac aetiology in both the single-pollutant and two-pollutant models. Additional 

stratification for sex and age (<=35 years, 36-64 years, 65-74 years and >=75 years) were also 

investigated for PM2.5. Furthermore, we did sensitivity analyses for the prefectures that had an 

annual mean maximum difference in PM2.5 concentrations of less than 10 µg/m3, as well as 

four specific prefectures reflecting various sources of pollutants (Tokyo and Osaka as major 

cities with pollutants from vehicles, and Hyogo and Nagasaki as coastal cities with pollutants 

from ships). ORs were expressed as per unit change in CO and per 10-unit change in PM2.5, 

NO2, Ox and SO2. A correlation analysis was done to describe the relationship between ambient 

air pollutants and meteorological variables, expressed with the Pearson correlation coefficient 

r. All analyses were done using R version 3.5.0. 

6.2.4 Role of the funding source 

There was no funding source for this study. BZ and KN had access to all the data. All authors 

were responsible for the decision to submit the manuscript. 

6.3 Results 

249,372 OHCAs were documented during the 2 years of study (Table 17). The mean age of 

patients affected was 74.4 years (SD 17.4) and 57% were male. 149,838 (60.1%) of the 

included OHCAs were presumed to have cardiac origin. Of 99,534 patients with OHCAs of 

non-cardiac origin, 20,857 arrests were caused by respiratory diseases and 8,030 were caused 

by cerebrovascular diseases (Table 17). 245614 (98.5%) of the OHCAs occurred while PM2.5 

concentrations were lower than the Japan or USA Standards of 35 µg/m3, and 229,233 (91.9%) 

occurred at concentrations lower than the WHO Standard of 25 µg/m3 (Figure 10). 
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Table 17 Characteristics of the study participants with OHCAs, by year 
 

2014 

(n=125951) 

2015  

(n=123421) 

Total 

(n=249372) 

Age, years 74.3 (17.4) 74.6 (17.3) 74.4 (17.4) 

  <=35 4991 (4.0%) 4744 (3.8%) 9735 (3.9%) 

  36-64 21865 (17.4%) 20704 (16.8%) 42569 (17.1%) 

  65-74  22622 (18.0%) 22302 (18.1%) 44924 (18.0%) 

  >=75  76473 (60.7%) 75671 (61.3%) 152144 (61.0%) 

Sex    

  Female 54206 (43.0%) 53000 (42.9%) 107206 (43.0%) 

  Male  71745 (57.0%) 70421 (57.1%) 142166 (57.0%) 

OHCA origin 
   

 Cardiac 76141 (60.5%) 73697 (59.7%) 149838 (60.1%) 

 Non-cardiac 49810 (39.5%) 49724 (40.3%) 99534 (39.9%) 

  Cerebrovascular diseases 4085 (3.2%) 3945 (3.2%) 8030 (3.2%) 

  Respiratory diseases 10296 (8.2%) 10561 (8.6%) 20857 (8.4%) 

  Malignant tumours 3779 (3.0%) 3904 (3.2%) 7683 (3.1%) 

  External causes 8592 (6.8%) 7803 (6.3%) 16395 (6.6%) 

  Other non-cardiac causes 23058 (18.3%) 23511 (19.0%) 46569 (18.7%) 
Data are mean (SD) or n (%). Each year contributed approximately 50% to the total for each category. 

OHCA=out-of-hospital cardiac arrest. 

 

 

Summary statistics of daily ambient air quality and meteorological data show median PM2.5 

levels of 11.98μg/m3 (IQR 8.13-17.44) and NO2 levels of 8.55 parts per billion (ppb; IQR 5.91-

12.37; Figure 10; Table 18). The number of monitoring stations and mean of maximum 

differences of PM2.5 concentrations for each prefecture are shown in the appendix (Table 

appendix 6), alongside a scatterplot matrix of the air pollutants and meteorological data  

(Figure appendix 3). PM2.5 concentrations were moderately or weakly positively correlated 

with other air pollutants (r < 0.43). Ox was moderately negatively correlated with CO, whereas 

NO2 showed a weak positive correlation with SO2 (Figure appendix 3). Temperature and 

humidity were weakly correlated with air pollutants; humidity was negatively correlated 

whereas the direction of correlation oscillated for temperature. Therefore, these variables were 

put into the same model. 
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Figure 10 Distribution of daily PM2·5 levels on OHCA event days. 
PM2·5 categories are denoted with interval notation: parentheses indicate excluded endpoints whereas square brackets indicate included endpoints. 

OHCA=out-of-hospital cardiac arrest. 
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Table 18. Description of daily ambient air pollutants and meteorological data for the days of OHCAs. 

 

 

 

 

 

 

 

34310 datapoints were included for each parameter. CO=carbon monoxide. NO2=nitrogen dioxide. Ox=photochemical oxidants. SO2=sulphur dioxide. 

ppm=parts per million. ppb=parts per billion. OHCA=out-of-hospital cardiac arrest. 
 

Variable Days missing data Mean (range) Percentile IQR 

5% 25% 50% 75% 95%  

PM2.5 (µg/m3) 11 13.62 (0.27 to 71.01) 4.61 8.13 11.98 17.44 28.37 9.31 

CO (ppm) 35 0.35 (0.0 to 1.41) 0.18 0.27 0.33 0.41 0.57 0.14 

NO2 (ppb) 2 9.75 (0.0 to 45.02) 3.45 5.91 8.55 12.37 20.19 6.46 

Ox (ppb) 2 30.51 (2.22 to 79.20) 13.5 22.96 29.93 37.31 49.53 14.35 

SO2 (ppb) 2 1.83 (0.0 to 106.75) 0.38 0.93 1.52 2.37 4.28 1.44 

Temperature (℃) 0 15.2 (-10.2 to 32.1) 1.7 8.0 16.2 22.0 27.5 14.0 

Humidity 0 72% (0 to 100) 50% 64% 73% 81% 91% 17% 
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When examining the association between daily lag exposure to PM2.5 and OHCA, positive 

associations were observed for all lags, with an increased risk of all-cause OHCA ranging from 

OR 1.015 (95%CI 1.008-1.022) at lag 1 to 1.033 (1.023-1.043) at lag 0-3 per 10μg/m3 increase 

in PM2.5 exposure, and an OR of 1.016 (1.009-1.023) on the same day (ie, lag 0; Figure 11; 

Table appendix 11). Similarly, significant associations were shown between cardiac OHCA 

and PM2.5 exposures at all lags, with an increased risk ranging from 1.016 (1.007-1.025) at lag1 

and 2 to 1.034 (1.021-1.047) at lag 0-3 per 10μg/m3 increase in PM2.5. Effect size estimates 

were generally greater for average exposure over lag 0-3, than for individual lags or lag 0-1.  

These findings were corroborated in sensitivity analyses for prefectures with an annual mean 

maximum difference in PM2.5 concentrations of less than 10µg/m3. The excess risks of OHCA 

associated with PM2.5 exposure at all lags remained similar to those for the whole population 

for all-cause OHCA (ranging from OR 1.017 [95%CI 1.005-1.030] at lag 1 to 1.038 [1.021-

1.056] at lag 0-3) and cardiac OHCA (ranging from 1.019 [1.003-1.035] to 1.039 [1.017-1.062] 

at lag 0-3; Table appendix 7). Similar effect sizes but fewer significant associations (due to 

smaller sample sizes and statistical power) between PM2.5 and OHCA were observed in Tokyo, 

Osaka and Hyogo (Table appendix 8). Significant and robust estimates (OR 1.040~1.065) 

were seen for lag 0-3 in each representative prefecture, except for Nagasaki, which had fewer 

OHCAs (n=2560) than the other representative prefectures (ranging from 9625 cases in Hyogo 

to 25387 in Tokyo; Table appendix 8). 
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Figure 11 Association of OHCA with daily lag exposure to PM2.5. 
Odds ratios are per 10-unit change in PM2.5 exposure. Models were adjusted for temperature and 

humidity. Lags 0–1 and 0–3 represent moving averages. OHCA=out-of-hospital cardiac arrest. 

 

 

In the stratified analysis, both sexes had similar effect estimates for the association between 

short-term PM2.5 exposure and all-cause OHCA, with increased risk ranging from OR 1.015 

(1.006-1.024) at lag 1 to 1.032 (1.019-1.045) at lag 0-3 for men and from 1.014 (1.004-1.025) 

at lag 1 to 1.035 (1.020, 1.050) at lag 0-3 for women, although the association was not 

significant for women at lag 0 (Figure 12, Table appendix 12). Among patients older than 65 

years, PM2.5 exposures over all 4 days considered were significantly associated with incidence 

of all-cause OHCA (Figure 12). The estimates of increased risk were similar between those 

aged 65-74 years and those aged 75 years or older (Figure 12). No significant associations 

were detected for patients younger than 64 years, except for the patients aged 36-64 years at 

lag 3 (Table appendix 12).  

Similar findings were observed for cardiac OHCAs (Figure 12). No sex-attributable 

dimorphism was seen in the excess risks for OHCA with cardiac-origin (ranging from OR 

1.016 [95%CI 1.005-1.028] at lag 2 to 1.035 [1.018-1.052] at lag 0-3 in men and from 1.015 

[1.002-1.029] at lags 1 and 2 to 1.033 [1.014-1.053] at lag 0-3 in women, again with no 

significant association for women at lag 0; Table appendix 13). Similar to all-cause OHCA, 

no associations between short-term PM2.5 exposure and cardiac OHCA were identified for 
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patients younger than 65 years. Significant associations were found in patients aged 75 years 

or older across all 4 days. In those aged 65-74 years, however, the excess risks of cardiac 

OHCA were only significant at lag 0, 0-1 and 0-3, although the effect sizes were similar to 

those of all-cause OHCA (Figure 12; Table appendix 13). 

In the stratification by age and sex, we also did sensitivity analyses for all-cause OHCA (Table 

appendix 9) and cardiac OHCA (Table appendix 10) in prefectures with annual mean 

maximum differences in PM2.5 concentrations of less than 10 µg/m3. The results followed a 

similar pattern to the main analyses, with slightly higher risk estimates but fewer significant 

associations. For all-cause OHCA, increased risks were found in men (ranging from OR 1.019 

[95%CI 1.003-1.036] at lag 1 to 1.040 [1.017-1.063] at lag 0-3) and patients aged 75 years or 

older (from 1.022 [1.007-1.038] at lag 1 to 1.051 [1.029-1.073] at lag 0-3) over all 4 days; 

increased risks were also found for women at lags 2, 3 and 0-3, ranging from 1.022 (1.004-

1.041] at lag 2 to 1.036 (1.011-1.062) at lag 0-3 (Table appendix 9). For cardiac OHCA, 

similar associations were observed with PM2.5 between sexes, although fewer were significant 

(Table appendix 10). Significant associations ranged from 1.023 (1.002-1.045) at lag 2 to 

1.040 (1.011-1.071) at lag 0-3 for men and occurred only at lag 3 (1.026 [1.002-1.051]) and 

lag 0-3 (1.037 [1.004-1.072]) for women (Table appendix 10). Increased risks were still found 

across all 4 days for patients older than 75 years, ranging from 1.025 (1.006-1.045) at lag 1 to 

1.055 (1.028-1.083) at lag 0-3 (Table appendix 10). 
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Figure 12 Association of all-cause and cardiac-cause OHCA with daily lag exposure to 

PM2.5 by sex and age. 
Odds ratios are per 10-unit change in PM2·5 exposure. Models were adjusted for temperature and humidity. 

OHCA=out-of-hospital cardiac arrest. 
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In the single-pollutant models of other pollutants, significantly positive effects were observed 

for CO, Ox and SO2 on all-cause OHCA. Each 1 parts-per-million increase in CO was 

associated with the increased risks of OHCA, ranging from OR 1.080 (95%CI 1.023-1.140) at 

lag 1 to 1.185 (1.095-1.284) at lag 0-3 (Figure 13). Each 10 ppb increase in Ox was associated 

with increased OHCA risk at lags 1, 0-1, and 0-3, from 1.009 (1.003-1.016) at lag 1 to 1.011 

(1.001-1.021) at lag 0-3. For SO2, these increased risks were present at lags 1, 3, 0-1 and 0-3, 

ranging from 1.071 (1.023-1.121) at lag 1 to 1.167 (1.075-1.267) at lag 0-3 per 10 ppb increase 

(Figure 13). Interestingly, NO2 exposure was negatively associated with all-cause OHCA at 

lag 1 (Figure 13; Table appendix 14).  

Among patients with OHCA of cardiac origin, the risk estimates for CO mostly became 

stronger, except for at lag 2, which was similar to all-cause OHCAs (Figure 13). For SO2, the 

only increased risk was 1.122 (1.008-1.247) at lag 0-3. No significant associations were found 

for Ox with cardiac OHCA (Figure 13; Table appendix 14). NO2 had negative association at 

lag 2 (Figure 13; Table appendix 14). 

In two-pollutant models for all-cause and cardiac OHCAs, the association of PM2.5 remained 

significant over all 4 days, except for at lag 0 and 1 for cardiac OHCAs in the PM2.5 plus CO 

model, and the associations of CO, Ox and SO2 disappeared (Figure appendix 4, Table 

appendix 15, Table appendix 16). Greater risk estimates were observed for PM2·5 when 

models included NO2 compared with the single pollutant models, whereas the association of 

NO2 remained negative (Figure appendix 4, Table appendix 15, Table appendix 16). 

Sensitivity analyses achieved by varying the degrees of freedom for the temperature and 

relative humidity in the above models confirmed our results (Table appendix 20 to Table 

appendix 27). No differences in statistical significance were observed among different degrees 

of freedom. 
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Figure 13 Associations of OHCA with daily lag exposure to gaseous pollutants. 
Model was adjusted for temperature and humidity. OHCA=out-of-hospital cardiac arrest. CO=carbon 

monoxide. NO2=nitrogen dioxide. Ox=photochemical oxidants. SO2=sulphur dioxide. 

 

6.4 Discussion 

In this large case-crossover study of OHCA, we showed that daily increases in PM2.5 exposure 

up to 3 days before were associated with increased risks in both all-cause and cardiac OHCA, 

even at concentrations lower than existing air quality standards. We also found older people 

were more susceptible to the exposure (all-cause OHCA in patients aged >= 65 years and 

cardiac OHCA in patients aged >=75 years) without apparent sex differences. Exposure to 

other pollutants, such as CO, Ox, and SO2, was associated with higher risk of all-cause OHCA 

in single pollutant models, except for NO2. When investigated in two-pollutant models, the 

association of PM2.5 remained unchanged whereas the significant association of other gaseous 

pollutants diminished. These results support the need for re-evaluation of air quality standards 

to reduce associated adverse health outcome. 

This study has several strengths. First, to our knowledge, this was the largest study on short-

term exposure to ambient air pollutants and OHCA, including 249372 cases--approximately 

three times as many as the total number of OHCAs reported in preceding articles (Table 

appendix 17), where the largest single study included 21509 OHCAs.183  This samples size 
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provided sufficient statistical power to estimate the risk not only in the whole population but 

in subgroup analyses by age and sex. The use of the All-Japan Utstein Registry, the Japanese 

nationwide registry of OHCAs, allowed us to capture the information of every case treated by 

emergency medical service personnel in Japan with minimal selection bias. The use of Utstein-

style registry assured the quality of OHCA data. Furthermore, the case-crossover study design 

helped to avoid potential confounding factors as individual characteristics and other variables 

do not vary during the case and control periods. 

In this study, short-term exposure to PM2.5 was significantly associated with increased risk of 

OHCA. These findings corroborate other case-crossover studies of OHCAs.155-157,168,195,196 A 

study including 11,677 OHCA cases in Houston found that each 6 μg/m3 increase in PM2.5 up 

to 2 days before was associated with OHCA occurrence, and the strongest association was an 

increase of 4.6% at lag 1-2 days.168 Similar results have also been reported in New York City,156 

Melbourne,157 Perth,155 Copenhagen,195 and Indianapolis.196 Our results also support the 

findings from US Medicare data, which showed significant association between short-term 

exposures to PM2.5 and mortality.149 In the review of global cardiovascular morbidity and 

mortality attributed to air pollution, the relative risk of acute cardiovascular events increases 1-

3% for short-term exposure to PM2.5 within a few days,2 which corresponds to the increased 

risks found in this national study. Combined with air quality forecast, our results can be used 

to predict this emergency condition and to allocate resources more efficiently. 

WHO and various countries have set air quality guidelines or standards to protect human health 

(Table appendix 18). More than 90% of OHCAs in our study occurred with PM2.5 levels lower 

than the WHO guideline and Australian standard daily average concentration of 25 µg/m3, 

while 98.5% of them happened at levels lower than the Japanese or American daily standard 

level of 35 µg/m3. Our observations corroborate with findings in previous reports157,196 where 
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PM2.5 levels were less than 10 µg/m3 (6.4 and 8.7,Table appendix 17), although in a separate 

study, no association was shown between PM2.5 and OHCA with an average PM2.5 level of 8.1 

µg/m3.159 To date, no threshold level of PM2.5 is advised as safe for the general population.2,149 

Given the growing body of evidence in areas with poor air quality or even where the target 

standard has been achieved, current air quality standards need to be reassessed with 

consideration for efficient strategies to reduce air pollutants to as low a level as possible. 

Older people have been found to be more susceptible than younger age groups in previous 

studies.157,168 Our findings from age-stratified analyses were similar to previous case-crossover 

studies in OHCA in Melbourne157 and Indianapolis,196 and also in line with a report on 

mortality among the US Medicare population.149  The acute impact of PM2.5 has been found to 

present primarily on older people or other susceptible groups.14 Additionally, some previous 

studies157,168 have indicated men had higher risk, although no sex differences have been shown 

in others.156,195,196 Our study also found no sex differences, especially after adjusting for 

temperature and humidity.  

Results have varied in previous studies of gaseous pollutants and OHCA. Despite some null 

results in the literature,166 significant positive associations between CO and OHCA have been 

documented,155,157,181,195 and associations with SO2 have also been observed.181,182,197 Growing 

evidence of links between ozone (O3) and OHCA have been observed in several case-crossover 

or time-series studies.158,159,168,182,197,198 A study in Stockholm only found short-term effects of 

O3 on OHCA but not for other air pollutants including PM2.5.
159 Reasons could include the 

differences in concentration and composition of air pollutants, study design and characteristics 

of subjects. A study in Seoul181 with a large sample size of 21509 OHCA cases found an 

independent association with PM2.5 but with the effects of the gaseous pollutants generally 
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diminished in two-pollutant models of PM2.5 with gaseous pollutants; these results are similar 

to our findings, with both studies set in Asian countries.  

Negative associations between NO2 and OHCA were observed in both single-pollutant and 

two-pollutant models, with a daily average concentration of NO2 of 9.75 ppb. Heterogeneous 

associations have been reported in previous studies on short-term exposure to NO2 and 

association with OHCA (Table appendix 19). The discrepancies among the reports can be 

explained by the varying NO2 levels of the areas studied. In low NO2 concentration areas, null 

or negative associations have been reported. Two previous case-crossover studies158,159 showed 

significantly negative associations, with average NO2 levels of 12.8 ppb and 8.3 ppb, similar to 

ours. Five studies have shown null results, in which average NO2 levels were less than 13 ppb 

in three studies and the other two showed median NO2 of 3 and 27 ppb.155-157,168,195 However, 

increased risks from acute NO2 exposure on OHCA were observed in Chinese cities183,197 and 

in South Korea,181 where the average NO2 levels were greater than 17 ppb. The discrepancies 

across these studies indicate the possibility of a threshold concentration with short-term 

exposure to NO2 and OHCA onset. Furthermore, unmeasured or residual confounding could be 

another explanation. In epidemiological studies, unmeasured confounders can affect the 

observed associations.199 When multivariable analysis including all confounding factors, the 

association can still be biased by residual confounding effects with measurement error and the 

direction of bias is not straightforward.199,200 

This study should be interpreted in the context of several limitations. We assigned the daily 

average of air pollutant level in each prefecture to individuals owing to the absence of finer-

scaled OHCA data.  This is a common approach in air pollution epidemiology, and it is 

acknowledged that this will introduce exposure misclassification. The assumption of 

homogenous exposure across the prefecture could lead to non-differential measurement error 



Chapter 6. Short-term effects of exposure to ambient air pollution on OHCA: A nationwide 

case-crossover study in Japan                                                                                                149 

 

that will probably bias our results towards the null and underestimate the true relationship. 

However, the sensitivity analyses for prefectures with very low spatial variation in air quality 

as defined as the mean of maximum differences of PM2.5 concentrations less than 10µg/m3 

showed consistent results with the main analysis, confirming the robust nature of the findings. 

The prefecture-level analysis had similar results to the nationwide analyses, but less statistical 

power to detect the associations between PM2.5 and OHCA (type II error). Thus, our nationwide 

data did not mask the association, instead revealing the association by using the power of a 

large dataset. Japan is a long, island country and has extremely high population density in urban 

areas that contain most of the air quality monitoring sites, with most air quality stations being 

representative of population exposures. Future studies are warranted on the effects of the 

emission sources and constituents of the PM2.5 because they could play an incremental role in 

these associations. Nonetheless, our methodology and findings were consistent with previous 

reports that only focused on the size of the air pollution (i.e. PM2.5) and consolidate 

discrepancies among the findings from previous publications. Another limitation is absence of 

information about the personal risk factors of cardiovascular disease for our participants. 

Although these factors have minimal influence on the analysis because each patient serves as 

their own control in this study design, the evaluation of further potential individual risk factors 

is impossible without records of these details. 

6.5 Conclusions 

In conclusion, this national case-crossover study including OHCA cases from 2014 to 2015 

found that short-term exposure to ambient air pollutants was associated with increased risk of 

OHCA onset, and PM2.5 was associated with OHCA, independently of the effects of CO, 

NO2, Ox and SO2. The finding of adverse effects when air pollutant levels are below 

established air quality standards raises the urgent need to reassess current standards and 

improve air quality. 
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Postscript 

In this chapter, we have demonstrated an independent association between daily PM2.5 

exposure and increased risk of OHCA onset among 249,372 all-cause OHCAs and 149,838 

cardiac OHCAs in Japan. To our knowledge, this is the largest case-crossover study on this 

topic with the statistical power to estimate risks and detect associations in susceptible sub-

groups of the population. We also demonstrate an association between short-term exposure to 

CO, Ox and SO2 and increased risk of all-cause OHCA, but there was no association with NO2. 

The air quality during the study period generally met the current standards, highlighting the 

need to reassess the standards in light of these findings. 
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Appendix Tables and figure 

Table appendix 6 The mean of maximum differences of PM2.5 concentrations for each 

prefecture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Prefecture  2014 2015 

No. of Stations Mean ± SD (µg/m3) No. of Stations Mean ± SD (µg/m3) 

1. Hokkaido 20 11.28 ± 5.1 21 11.62 ± 5.16 

2. Aomori 5 5.9 ± 4.13 5 4.98 ± 2.81 

3. Iwate 10 9.69 ± 4.79 10 8.62 ± 4.17 

4. Miyagi 19 6.22 ± 2.86 21 7.95 ± 2.44 

5. Akita 7 6.7 ± 2.93 7 6.1 ± 2.87 

6. Yamagata 13 7.66 ± 4.6 13 6.82 ± 3.33 

7. Fukushima 9 7.8 ± 4.78 10 6.71 ± 3.78 

8. Ibaraki 19 9.33 ± 5.7 19 8.74 ± 4.51 

9. Tochigi 14 10.89 ± 5.03 14 10.78 ± 5.73 

10. Gunma 11 9.95 ± 5.39 11 8.51 ± 4.66 

11. Saitama 43 13.15 ± 6.33 50 13.34 ± 6.64 

12. Chiba 51 15.29 ± 8.08 52 14.89 ± 6.05 

13. Tokyo 87 14.13 ± 5.7 88 11.74 ± 5.86 

14. Kanagawa 60 13.52 ± 5.37 64 12.49 ± 4.99 

15. Niigata 12 6.83 ± 3.25 13 7.1 ± 3.36 

16. Toyama 10 8.13 ± 3.47 12 7.78 ± 3.25 

17. Ishikawa 16 7.04 ± 2.82 16 6.62 ± 2.78 

18. Fukui 9 6.41 ± 2.84 9 6.61 ± 2.86 

19. Yamanashi 6 9.12 ± 4.87 6 9.91 ± 4.45 

20. Nagano 13 9.76 ± 4.33 13 10.02 ± 4.6 

21. Gifu 12 9.1 ± 3.9 12 7.7 ± 3.27 

22. Shizuoka 26 10.64 ± 9.82 29 10.53 ± 4.86 

23. Aichi 55 13.95 ± 4.72 55 11.41 ± 4.47 

24. Mie 24 9.82 ± 4.35 24 9.46 ± 3.88 

25. Shiga 12 5.78 ± 2.35 12 5.91 ± 2.44 

26. Kyoto 30 8.56 ± 2.89 29 8.22 ± 3.3 

27. Osaka 56 12.95 ± 4.86 57 13.09 ± 4.86 

28. Hyogo 64 13.59 ± 5.04 65 12.18 ± 4.53 

29. Nara 6 9.12 ± 5.23 8 9.55 ± 5.51 

30. Wakayama 14 8.53 ± 4.01 14 9 ± 4.29 

31. Tottori 4 5.03 ± 2.96 4 5.59 ± 3.04 

32. Shimane 8 7.82 ± 4.1 8 6.66 ± 2.94 

33. Okayama 18 12.5 ± 5.39 20 13.29 ± 5.52 

34. Hiroshima 20 10.5 ± 4.45 24 10 ± 4.47 

35. Yamaguchi 20 12.39 ± 4.31 20 10.65 ± 3.89 

36. Tokushima 10 7.8 ± 3.33 10 7.02 ± 3.31 

37. Kagawa 12 8.79 ± 4.27 13 9.67 ± 4.14 

38. Ehime 17 13.09 ± 6.74 17 13.07 ± 6.73 

39. Kochi 5 4.58 ± 2.44 5 4.86 ± 2.2 

40. Fukuoka 38 13.44 ± 6.26 39 12.84 ± 5.02 

41. Saga 12 9.67 ± 4.08 12 7.83 ± 3.36 

42. Nagasaki 18 10.46 ± 5.27 18 9.75 ± 4.83 

43. Kumamoto 30 12.12 ± 4.61 28 12.19 ± 4.98 

44. Oita 17 8.85 ± 4.71 17 8.75 ± 4.2 

45. Miyazaki 9 7.51 ± 3.34 11 8.25 ± 3.47 

46. Kagoshima 10 9.42 ± 3.57 10 7.62 ± 3 

47. Okinawa 5 8.23 ± 4.99 5 6.11 ± 4.04 
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Table appendix 7. Sensitivity analysis of the association of OHCAs with daily lag exposure to PM2.5. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

All-cause OHCAs for the prefectures with the mean of maximum differences of PM2.5 concentrations < 10 µg/m3 

Adjusted 1.019 

(1.007, 1.032)* 

1.017 

(1.005, 1.03)* 

1.023 

(1.011, 1.035)** 

1.023 

(1.011, 1.035)** 

1.025 

(1.011, 1.039)** 

1.038 

(1.021, 1.056)** 

Cardiac OHCAs for the prefectures with the mean of maximum differences of PM2.5 concentrations < 10 µg/m3 

Adjusted 1.019 

(1.003, 1.035)* 

1.019 

(1.004, 1.035)* 

1.023 

(1.007, 1.039)* 

1.022 

(1.006, 1.038)* 

1.026 

(1.008, 1.044)* 

1.039 

(1.017, 1.062)** 

Per 10-unit change. Model was adjusted for temperature and humidity. Data in bold are statistically significant (*p<0.05. **p<0.001). 

 

Table appendix 8. Association of all-cause OHCAs with daily lag exposure to PM2.5 for Tokyo, Osaka, Hyogo and Nagasaki. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR (95%CI)   OR (95%CI)   OR (95%CI)   OR (95%CI)   OR (95%CI)   OR (95%CI)   

Tokyo (case=25387) 

Adjusted 1.016 (0.996, 1.036) 1.014 (0.994, 1.035) 1.023 (1.003, 1.045)* 1.033 (1.012, 1.054)* 1.023 (0.999, 1.047) 1.05 (1.02, 1.081)** 

Osaka (case=15449) 

Adjusted 1.018 (0.993, 1.045) 1.023 (0.998, 1.049) 1.034 (1.008, 1.06)* 1.019 (0.993, 1.046) 1.028 (0.999, 1.058) 1.041 (1.005, 1.078)* 

Hyogo (case=9625) 

Adjusted 1.029 (0.995, 1.065) 1.052 (1.017, 1.088)* 1.037 (1.003, 1.073)* 1.031 (0.996, 1.067) 1.054 (1.015, 1.095)* 1.065 (1.017, 1.116)* 

Nagasaki (case=2560) 

Adjusted 1.011 (0.955, 1.071) 1.036 (0.977, 1.098) 1.006 (0.947, 1.069) 0.972 (0.914, 1.034) 1.031 (0.963, 1.105) 1.011 (0.923, 1.107) 

Per 10-unit change. Model was adjusted for temperature and humidity. Data in bold are statistically significant (*p<0.05). 
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Table appendix 9. Association of all-cause OHCAs with daily lag exposure to PM2.5 by sex and age for the prefectures with the mean of 

maximum differences of PM2.5 concentrations less than 10 µg/m3. 

Lags (day) Sex Age group (years) 
 

Male Female <=35 35-64 65-74 >=75 

All-cause OHCA OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) 

 Adjusted for temperature and humidity 

Lag0 1.024 (1.008, 1.04)* 1.014 (0.996, 1.032) 1.047 (0.984, 1.114) 1.008 (0.979, 1.039) 1.006 (0.978, 1.036) 1.024 (1.009, 1.04)* 

Lag1 1.019 (1.003, 1.036)* 1.015 (0.997, 1.033) 1.048 (0.985, 1.115) 1.017 (0.987, 1.048) 0.994 (0.965, 1.023) 1.022 (1.007, 1.038)* 

Lag2 1.024 (1.008, 1.04)* 1.022 (1.004, 1.041)* 1.033 (0.971, 1.098) 1.014 (0.985, 1.045) 1.007 (0.978, 1.037) 1.029 (1.014, 1.045)** 

Lag3 1.022 (1.006, 1.038)* 1.024 (1.006, 1.043)* 1.022 (0.96, 1.087) 1.01 (0.981, 1.041) 1.018 (0.989, 1.048) 1.027 (1.012, 1.043)** 

Lag0-1 1.029 (1.011, 1.047)* 1.02 (0.999, 1.041) 1.062 (0.99, 1.139) 1.016 (0.982, 1.051) 0.9998 (0.967, 1.033) 1.032 (1.015, 1.05)** 

Lag0-3 1.04 (1.017, 1.063)** 1.036 (1.011, 1.062)* 1.068 (0.981, 1.162) 1.017 (0.976, 1.06) 1.007 (0.967, 1.048) 1.051 (1.029, 1.073)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 

 

Table appendix 10. Association of cardiac aetiology OHCA with daily lag exposure to PM2.5 by sex and age for the prefectures with the mean 

of maximum differences of PM2.5 concentrations less than 10 µg/m3.  

Lags (day) Sex Age group (years) 
 

Male Female <=35 35-64 65-74 >=75 

Cardiac OHCA OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) 

 Adjusted for temperature and humidity 

Lag0 1.024 (1.003, 1.045)* 1.012 (0.989, 1.036) 1.013 (0.898, 1.142) 1.007 (0.966, 1.05) 0.997 (0.96, 1.035) 1.027 (1.008, 1.047)* 

Lag1 1.019 (0.998, 1.04) 1.02 (0.996, 1.044) 1.021 (0.904, 1.153) 1.026 (0.985, 1.07) 0.991 (0.954, 1.03) 1.025 (1.006, 1.045)* 

Lag2 1.023 (1.002, 1.045)* 1.023 (0.999, 1.048) 1.036 (0.916, 1.171) 1.013 (0.972, 1.056) 1.0002 (0.963, 1.039) 1.031 (1.012, 1.051)* 

Lag3 1.019 (0.998, 1.04) 1.026 (1.002, 1.051)* 0.933 (0.822, 1.058) 1.009 (0.968, 1.052) 1.014 (0.976, 1.054) 1.029 (1.009, 1.049)* 

Lag0-1 1.029 (1.005, 1.053)* 1.022 (0.995, 1.05) 1.023 (0.892, 1.173) 1.021 (0.974, 1.071) 0.991 (0.95, 1.035) 1.035 (1.014, 1.058)* 

Lag0-3 1.04 (1.011, 1.071) 1.037 (1.004, 1.072)* 1.007 (0.851, 1.193) 1.018 (0.961, 1.079) 0.997 (0.946, 1.052) 1.055 (1.028, 1.083)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 11. Association of OHCAs with daily lag exposure to PM2.5. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

All-cause OHCAs  

Adjusted 1.016 

(1.009, 1.023)** 

1.015 

(1.008, 1.022)** 

1.018 

(1.011, 1.025)** 

1.021 

(1.014, 1.028)** 

1.021 

(1.013, 1.029)** 

1.033 

(1.023, 1.043)** 

Cardiac OHCAs  

Adjusted  1.018 

(1.009, 1.027)** 

1.016 

(1.007, 1.025)** 

1.016 

(1.007, 1.025)** 

1.021 

(1.013, 1.031)** 

1.024 

(1.013, 1.034)** 

1.034 

(1.021, 1.047)** 

Per 10-unit change. Model was adjusted for temperature and humidity. Data in bold are statistically significant (*p<0.05. **p<0.001). 

 

Table appendix 12. Association of all-cause OHCA with daily lag exposure to PM2.5 by sex and age. 

Lags 

(day) 

Sex Age group (years) 

 
Male Female <=35 35-64 65-74 >=75 

 
OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) 

Adjusted for temperature and humidity 

Lag0 1.021 (1.012, 1.03)** 1.009 (0.999, 1.02) 1.006 (0.973, 1.04) 1.009 (0.993, 1.026) 1.024 (1.008, 1.041)* 1.016 (1.008, 1.025)** 

Lag1 1.015 (1.006, 1.024)* 1.014 (1.004, 1.025)* 1.001 (0.968, 1.035) 1.011 (0.995, 1.028) 1.018 (1.001, 1.034)* 1.016 (1.007, 1.025)** 

Lag2 1.016 (1.007, 1.025)** 1.021 (1.01, 1.031)** 1.003 (0.97, 1.038) 1.011 (0.995, 1.028) 1.02 (1.004, 1.037)* 1.02 (1.011, 1.029)** 

Lag3 1.017 (1.008, 1.026)** 1.026 (1.015, 1.036)** 1.007 (0.974, 1.042) 1.017 (1.0004, 1.034)* 1.027 (1.011, 1.044)* 1.021 (1.012, 1.03)** 

Lag0-1 1.025 (1.014, 1.035)** 1.017 (1.005, 1.029)* 1.007 (0.97, 1.046) 1.014 (0.995, 1.033) 1.029 (1.01, 1.048)* 1.022 (1.012, 1.033)** 

Lag0-3 1.032 (1.019, 1.045)** 1.035 (1.02, 1.05)** 1.01 (0.964, 1.058) 1.021 (0.998, 1.045) 1.042 (1.019, 1.066)** 1.035 (1.023, 1.048)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 13. Association of cardiac aetiology OHCA with daily lag exposure to PM2.5 by sex and age. 

Lags (day) Sex Age group (years) 
 

Male Female <=35 35-64 65-74 >=75 
 

OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) 

 Adjusted for temperature and humidity 

Lag0 1.023 (1.011, 1.035)** 1.012 (0.998, 1.025) 0.969 (0.909, 1.033) 1.011 (0.989, 1.035) 1.033 (1.012, 1.054)* 1.017 (1.006, 1.028)* 

Lag1 1.017 (1.005, 1.029)* 1.015 (1.002, 1.029)* 0.99 (0.928, 1.056) 1.017 (0.994, 1.04) 1.015 (0.994, 1.036) 1.017 (1.006, 1.028)* 

Lag2 1.016 (1.005, 1.028)* 1.015 (1.002, 1.029)* 1.021 (0.957, 1.09) 1.011 (0.988, 1.034) 1.014 (0.994, 1.035) 1.018 (1.007, 1.029)* 

Lag3 1.019 (1.007, 1.031)* 1.025 (1.011, 1.039)** 0.992 (0.929, 1.059) 1.018 (0.995, 1.041) 1.021 (0.9995, 1.042) 1.023 (1.012, 1.035)** 

Lag0-1 1.027 (1.013, 1.04)** 1.019 (1.004, 1.035)* 0.978 (0.909, 1.052) 1.019 (0.993, 1.046) 1.033 (1.009, 1.058)* 1.023 (1.011, 1.036)** 

Lag0-3 1.035 (1.018, 1.052)** 1.033 (1.014, 1.053)** 0.992 (0.906, 1.085) 1.025 (0.993, 1.058) 1.04 (1.011, 1.071)* 1.036 (1.02, 1.052)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 14. Association of OHCAs with daily lag exposure to gaseous pollutants. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

CO with all-cause OHCAs  

Adjusted 1.096 

(1.038, 1.157)** 

1.08 

(1.023, 1.14)* 

1.093 

(1.035, 1.155)* 

1.121 

(1.061, 1.185)** 

1.127 

(1.058, 1.201)** 

1.185 

(1.095, 1.284)** 

CO with cardiac OHCAs  

Adjusted 1.155 

(1.078, 1.239)** 

1.126 

(1.05, 1.207)** 

1.091 

(1.017, 1.17)* 

1.143 

(1.065, 1.227)** 

1.196 

(1.102, 1.298)** 

1.248 

(1.126, 1.383)** 

NO2 with all-cause OHCAs  

Adjusted 0.993 

(0.982, 1.003) 

0.987 

(0.977, 0.998)* 

0.991 

(0.981, 1.002) 

1.0007 

(0.99, 1.012) 

0.99 

(0.977, 1.003) 

0.984 

(0.967, 1.002) 

NO2 with cardiac OHCAs  

Adjusted 1.004 

(0.991, 1.017) 

0.99 

(0.977, 1.003) 

0.984 

(0.971, 0.997)* 

0.998 

(0.985, 1.012) 

0.998 

(0.982, 1.015) 

0.985 

(0.963, 1.007) 

Ox with all-cause OHCAs  

Adjusted 1.006 

(0.999, 1.013) 

1.009 

(1.003, 1.016)* 

1.004 

(0.998, 1.011) 

1.0007 

(0.994, 1.007) 

1.011 

(1.003, 1.019)* 

1.011 

(1.0006, 1.021)* 

Ox with cardiac OHCAs  

Adjusted 0.999 

(0.991, 1.009) 

1.007 

(0.998, 1.016) 

1.008 

(0.999, 1.017) 

1.001 

(0.993, 1.01) 

1.005 

(0.995, 1.015) 

1.008 

(0.995, 1.021) 

SO2 with all-cause OHCAs  

Adjusted 1.027 

(0.977, 1.079) 

1.071 

(1.023, 1.121)* 

1.048 

(0.999, 1.099) 

1.078 

(1.03, 1.129)* 

1.084 

(1.019, 1.152)* 

1.167 

(1.075, 1.267)** 

SO2 with cardiac OHCAs  

Adjusted 1.041 

(0.98, 1.106) 

1.058 

(0.99, 1.13) 

1.035 

(0.973, 1.1) 

1.047 

(0.987, 1.11) 

1.08 

(0.996, 1.17) 

1.122 

(1.008, 1.247)* 

CO: per unit change; NO2, Ox, SO2: per 10unit change. Model was adjusted for temperature and humidity. Data in bold are statistically 

significant (*p<0.05. **p<0.001). 
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Table appendix 15. Association of all-cause OHCAs with daily lag exposure to PM2.5 with gaseous pollutants in two-pollutant models. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI)   

OR  

(95%CI) 

PM2.5 + CO (Adjusted for temperature and humidity) 

PM2.5 1.015 

(1.006, 1.024)* 

1.014 

(1.006, 1.024)* 

1.018 

(1.009, 1.028)** 

1.02 

(1.01, 1.029)** 

1.02 

(1.01, 1.031)** 

1.034 

(1.021, 1.047)** 

CO 1.005 

(0.945, 1.09) 

1.002 

(0.933, 1.076) 

0.994 

(0.926, 1.069) 

1.013 

(0.942, 1.09) 

1.012 

(0.93, 1.101) 

0.99 

(0.891, 1.099) 

PM2.5 + NO2 (Adjusted for temperature and humidity) 

PM2.5 1.027 

(1.018, 1.035)** 

1.027 

(1.019, 1.035)** 

1.03 

(1.022, 1.038)** 

1.029 

(1.021, 1.038)** 

1.036 

(1.026, 1.045)** 

1.055 

(1.043, 1.067)** 

NO2 0.971 

(0.959, 0.983)** 

0.965 

(0.953, 0.977)** 

0.967 

(0.955, 0.979)** 

0.976 

(0.964, 0.989)** 

0.958 

(0.944, 0.973)** 

0.931 

(0.912, 0.951)** 

PM2.5 + Ox (Adjusted for temperature and humidity) 

PM2.5 1.016 

(1.009, 1.023)** 

1.014 

(1.007, 1.021)** 

1.018 

(1.011, 1.025)** 

1.021 

(1.014, 1.028)** 

1.02 

(1.012, 1.028)** 

1.033 

(1.023, 1.043)** 

Ox 1.004 

(0.998, 1.011) 

1.008 

(1.001, 1.015)* 

1.002 

(0.995, 1.009) 

0.998 

(0.991, 1.005) 

1.007 

(0.999, 1.015) 

1.0004 

(0.99, 1.011) 

PM2.5 + SO2 (Adjusted for temperature and humidity) 

PM2.5 1.018 

(1.01, 1.025)** 

1.013 

(1.005, 1.02)** 

1.018 

(1.01, 1.026)** 

1.019 

(1.012, 1.027)** 

1.021 

(1.012, 1.03)** 

1.032 

(1.021, 1.043)** 

SO2 0.974 

(0.919, 1.032) 

1.038 

(0.987, 1.092) 

0.999 

(0.947, 1.054) 

1.027 

(0.975, 1.081) 

1.008 

(0.94, 1.082) 

1.016 

(0.923, 1.118) 

CO: per unit change; PM2.5, NO2, Ox, SO2: per 10unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 16. Association of cardiac OHCAs with daily lag exposure to PM2.5 with gaseous pollutants in two-pollutant models. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

PM2.5 + CO (Adjusted for temperature and humidity) 

PM2.5 1.011 

(0.999, 1.023) 

1.011 

(0.999, 1.023) 

1.015 

(1.004, 1.027)* 

1.018 

(1.006, 1.03)* 

1.016 

(1.002, 1.029)* 

1.028 

(1.012, 1.045)** 

CO 1.093 

(0.997, 1.199) 

1.062 

(0.969, 1.165) 

1.008 

(0.919, 1.106) 

1.041 

(0.948, 1.144) 

1.098 

(0.985, 1.225) 

1.069 

(0.934, 1.225) 

PM2.5 + NO2 (Adjusted for temperature and humidity) 

PM2.5 1.024 

(1.014, 1.035)** 

1.028 

(1.018, 1.039)** 

1.032 

(1.021, 1.043)** 

1.032 

(1.021, 1.043)** 

1.035 

(1.023, 1.048)** 

1.057 

(1.042, 1.073)** 

NO2 0.984 

(0.968, 0.999)* 

0.967 

(0.952, 0.983)** 

0.959 

(0.943, 0.974)** 

0.971 

(0.956, 0.987)** 

0.967 

(0.949, 0.987)** 

0.93 

(0.906, 0.956)** 

PM2.5 + Ox (Adjusted for temperature and humidity) 

PM2.5 1.018 

(1.01, 1.027)** 

1.015 

(1.007, 1.025)** 

1.015 

(1.006, 1.024)** 

1.022 

(1.013, 1.031)** 

1.023 

(1.013, 1.034)** 

1.035 

(1.022, 1.048)** 

Ox 0.998 

(0.99, 1.007) 

1.005 

(0.997, 1.014) 

1.006 

(0.998, 1.015) 

0.999 

(0.99, 1.007) 

1.001 

(0.99, 1.011) 

0.997 

(0.984, 1.011) 

PM2.5 + SO2 (Adjusted for temperature and humidity) 

PM2.5 1.019 

(1.009, 1.029)** 

1.016 

(1.006, 1.026)* 

1.017 

(1.007, 1.026)** 

1.022 

(1.012, 1.032)** 

1.024 

(1.013, 1.036)** 

1.037 

(1.022, 1.052)** 

SO2 0.988 

(0.921, 1.06) 

1.007 

(0.933, 1.086) 

0.988 

(0.922, 1.06) 

0.99 

(0.925, 1.059) 

0.989 

(0.901, 1.086) 

0.953 

(0.84, 1.08) 

CO: per unit change, PM2.5, NO2, Ox, SO2: per 10unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 17. Previous studies of the association between short-term exposure to PM2.5 and OHCAs. 

Author year OHCA 

cases 

Associated with OHCA  PM2.5 with OHCA PM2.5 level μg/m3 Site 

Levy 2001 
362 

Null No association 18.4 Seattle, 

USA 

Sullivan 2003 
1,206 

Only current smoker with pre-

existing heart disease with PM2.5 

Only in current smoker with pre-existing heart disease 

with PM2.5 

IQR 13.8 Seattle, 

USA 

Silverman 2010 
8,216 

PM2.5   Positive associations at lag 0 and 1d; warm season Median 12 New York, 

USA 

Dennekamp 2010 
8,434 

PM2.5, CO Positive associations at lag 0–1d 6.35 Melbourne, 

Australia 

Wichmann 2013 
4,657 

PM2.5, PM10, PM10-2.5, NOx, CO Positive associations at lag 3 and 4d 10.16 Copenhagen, 

Denmark 

Rosenthal 2013 

2,134 

PM2.5, O3  

OHCA-MI with UFP, Acc, PM2.5, 

O3, NO 

OHCA_Cardiac with positive associations at lag 0h, 1h 

OHCA_MI with positive associations at lag 0h, 1h and 

lag 0d 

8.7 Helsinki, 
Finland 

Ensor 2013 
11,677 

PM2.5, O3  Positive associations at lag 1d, 2d, 0-1d, 1-2d 11.4 Houston, 

USA 

Raza 2014 
5,973 

O3  No association 8.1 Stockholm, 

Sweden 

Straney 2014 
8,551 

PM2.5, CO Positive associations at 24h and 48h average Median 6.8 Perth, 

Australia 

Pradeau 2015 
4,558 

PM2.5, O3 Positive associations at lag 0h (strongest), 4h, 5h, 6h 

In men, persons 18-64years and warm season 

16.3 Bordeaux, 

France 

Kang 2016 
21,509 

PM2.5, PM10, NO2, CO, and SO2 Positive associations at lag 2d, lag 1-2d 25.8 Seoul, 

South Korea 

Xia 2017 
4,720 

PM2.5, PM2.5–10 and NO2 Positive associations at lag 0d, 1d (strongest), 2d,3d 76 Beijing, 

China 

total 81,997     

Our paper 249,372 PM2.5, CO, Ox and SO2 Positive associations 13.6 Japan 
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Table appendix 18. Ambient air quality guideline or standards of WHO and various countries. 

 WHOa Australiab Japanc 

(Ox) 

USAd EUe Chinaf Indiag 

PM2.5, μg/m3 

Annual 10 8 15 12 25 35 40 

Daily 25 25 35 35  75 60 

CO, PPM 

Daily NA NA 10 NA NA 3.24  NA 

1h NA NA 20 for 8h 35 NA 8.11  3.24  

8h NA 9 NA 9  8.11  NA 1.62  

O3, PPB 

1h NA 100 60 NA NA 102 92 

4h NA 80 NA NA NA NA NA 

8h 51 NA NA 70 61 82 51 

SO2, PPB 

Annual NA 20 NA NA NA 23 19 

Daily 7.6 80 40 NA 48 57 31 

1h NA 200 100 75 134 191 NA 

3h NA NA NA 500 NA NA NA 

10min 191 NA NA NA NA NA NA 

NO2, PPB 

Annual 21 30 NA 53 21 21 21 

Daily NA NA <40-60 NA NA 42 43 

1h 106 120 NA 100 106 106 NA 
a WHO air quality guideline values (https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health) 
b National standards for criteria air pollutants 1 in Australia (https://www.environment.gov.au/protection/publications/factsheet-national-standards-criteria-air-pollutants-australia) 
c Environmental Quality Standards in Japan (https://www.env.go.jp/en/air/aq/aq.html) 
d National Ambient Air Quality Standards (https://www.epa.gov/criteria-air-pollutants/naaqs-table) 
e Air Quality Standards from European Commission (http://ec.europa.eu/environment/air/quality/standards.htm) 
f Ambient Air Quality Standards in China the class 2 in GB 3095-2012 (https://www.transportpolicy.net/standard/china-air-quality-standards/) 
g Revised National Ambient Air Quality Standards, 2009 (http://www.indiaenvironmentportal.org.in/files/826.pdf) 

 

 

 

 

https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.environment.gov.au/protection/publications/factsheet-national-standards-criteria-air-pollutants-australia
http://www.indiaenvironmentportal.org.in/files/826.pdf
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Table appendix 19.Previous studies of the association between short-term exposure to NO2 and OHCAs. 

Author year OHCA 

cases 

Site Associated with OHCA NO2 with OHCA NO2 level 

Silverman 2010 8216 New York, 

USA 

PM2.5   No association Median 27 ppb 

Dennekamp 2010 8434 Melbourne, 

Australia 

PM2.5, CO No association 12 ppb 

Wichmann 2013 4657 Copenhagen, 

Denmark 

PM2.5, PM10, PM10-2.5, NOx, 

CO 

No association 11 ppb 

Rosenthal 2013 2134 Helsinki, 
Finland 

PM2.5, O3  

OHCA-MI with UFP, Acc, 

PM2.5, O3, NO 

Lag 1d protective: OR 0.88 (0.78–0.99) 

 

12.8 ppb  

(24.1 μg/m3) 

Ensor 2013 11677 Houston, 

USA 

PM2.5, O3  No association 9.11 ppb 

Straney 2014 8551 Perth, 

Australia 

PM2.5, CO No association Median 3 ppb 

Raza 2014 5973 Stockholm, 

Sweden 

O3  NO2 was protective with both 2- and 24-h. 

O3 and NO2 (negative correlation) included in the 

same model: the association of NO2 diminished 

8.3 ppb  

(15.7 μg/m3) 

Yorifuji 2014 558 Okayama, 

Japan 

SPM, O3, NO2, and SO2 Positive association 

OR 1.24 (1.01 to 1.53) at 24- to 48-hour lag 

17.1 ppb 

Dai 2015 1975 Shenzhen, 

China 

NO2, SO2, O3, PM10 Positive association at lag 0, lag 1, and lag 0–1 day. 

Two-pollutant models with PM10, SO2, CO or O3, 

NO2 remained positive at lag 0d and some lag1d. 

25.3 ppb  

(47.53 μg/m3) 

Kang 2016 21509 Seoul, 

South Korea 

PM2.5, PM10, NO2, CO, and 

SO2 

Positive associations at lag 1d 

Protective at lag 5d (fig2) 

Two-pollutant models: PM2.5 independent 

37.9 ppb 

Xia 2017 4720 Beijing, 

China 

PM2.5, PM2.5–10 and NO2 Positive associations at lag 2d 27.5 ppb  

(51.7 μg/m3) 

Our paper 249372 Japan PM2.5, CO, Ox and SO2 Negative association 9.75 ppb 
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Table appendix 20. Association of OHCAs with daily lag exposure to PM2.5. 

Main analysis 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

All-cause OHCAs  

Adjusted (df=2) 1.017  

(1.01, 1.024)** 

1.015  

(1.008, 1.022)** 

1.018  

(1.011, 1.025)** 

1.021  

(1.014, 1.028)** 

1.022  

(1.014, 1.03)** 

1.034 

(1.024, 1.044)** 

Adjusted (df=3) 1.016 

(1.009, 1.023)** 

1.015 

(1.008, 1.022)** 

1.018 

(1.011, 1.025)** 

1.021 

(1.014, 1.028)** 

1.021 

(1.013, 1.029)** 

1.033 

(1.023, 1.043)** 

Adjusted (df=4) 1.016 

(1.009, 1.023)** 

1.015 

(1.008, 1.022)** 

1.018 

(1.011, 1.025)** 

1.021 

(1.014, 1.028)** 

1.022 

(1.014, 1.03)** 

1.033 

(1.023, 1.043)** 

Cardiac OHCAs  

Adjusted (df=2) 1.018  

(1.010, 1.027)** 

1.016  

(1.008, 1.025)** 

1.016  

(1.007, 1.025)** 

1.022  

(1.013, 1.031)** 

1.024  

(1.014, 1.034)** 

1.035 

(1.022, 1.047)** 

Adjusted (df=3) 1.018 

(1.009, 1.027)** 

1.016 

(1.007, 1.025)** 

1.016 

(1.007, 1.025)** 

1.021 

(1.013, 1.031)** 

1.024 

(1.013, 1.034)** 

1.034 

(1.021, 1.047)** 

Adjusted (df=4) 1.018 

(1.009, 1.027)** 

1.016 

(1.007, 1.025)** 

1.016 

(1.007, 1.025)** 

1.021 

(1.013, 1.031)** 

1.024 

(1.013, 1.034)** 

1.034 

(1.021, 1.047)** 

Sensitivity Analysis 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

OR  

(95%CI)   

All-cause OHCAs for the prefectures with the mean of maximum differences of PM2.5 concentrations < 10 µg/m3 

Adjusted (df=2) 1.020  

(1.008, 1.032)** 

1.018  

(1.006, 1.03)* 

1.023  

(1.011, 1.035)** 

1.023  

(1.011, 1.035)** 

1.025  

(1.012, 1.039)** 

1.039 

(1.022, 1.056)** 

Adjusted (df=3) 1.019 

(1.007, 1.032)* 

1.017 

(1.005, 1.03)* 

1.023 

(1.011, 1.035)** 

1.023 

(1.011, 1.035)** 

1.025 

(1.011, 1.039)** 

1.038 

(1.021, 1.056)** 

Cardiac OHCAs for the prefectures with the mean of maximum differences of PM2.5 concentrations < 10 µg/m3 

Adjusted(df=2) 1.019  

(1.003, 1.035)* 

1.020  

(1.004, 1.036)* 

1.023  

(1.007, 1.039)* 

1.022  

(1.006, 1.038)* 

1.026  

(1.008, 1.044)* 

1.039 

(1.017, 1.062)** 
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Adjusted (df=3) 1.019 

(1.003, 1.035)* 

1.019 

(1.004, 1.035)* 

1.023 

(1.007, 1.039)* 

1.022 

(1.006, 1.038)* 

1.026 

(1.008, 1.044)* 

1.039 

(1.017, 1.062)** 

Per 10-unit change. Model was adjusted for temperature and humidity. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 21. Association of all-cause OHCA with daily lag exposure to PM2.5 by sex and age. 

Lags 

(day) 

Sex Age group (years) 

 
Male Female <=35 35-64 65-74 >=75 

All-

cause 

OHCA 

OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) 

Adjusted for temperature and humidity (df=2) 

Lag0 1.022 (1.013, 1.031)** 1.010 (0.999, 1.02) 1.006 (0.973, 1.041) 1.01 (0.993, 1.026) 1.025 (1.009, 1.041)* 1.017 (1.008, 1.026)** 

Lag1 1.016 (1.007, 1.025)** 1.014 (1.004, 1.025)* 1.001 (0.968, 1.035) 1.011 (0.995, 1.028) 1.019 (1.002, 1.035)* 1.016 (1.007, 1.025)** 

Lag2 1.016 (1.007, 1.026)** 1.020 (1.01, 1.031)** 1.003 (0.97, 1.038) 1.012 (0.995, 1.028) 1.021 (1.004, 1.037)* 1.02 (1.011, 1.029)** 

Lag3 1.017 (1.008, 1.027)** 1.026 (1.016, 

1.037)** 

1.008 (0.974, 1.043) 1.017 (1.001, 1.034)* 1.027 (1.011, 1.044)* 1.022 (1.013, 1.031)** 

Lag0-1 1.025 (1.015, 1.036)** 1.017 (1.005, 1.029)* 1.008 (0.97, 1.047) 1.014 (0.995, 1.033) 1.029 (1.011, 1.048)* 1.023 (1.013, 1.033)** 

Lag0-3 1.032 (1.02, 1.046)** 1.035 (1.021, 

1.051)** 

1.011 (0.965, 1.059) 1.022 (0.999, 1.045) 1.043 (1.02, 1.067)** 1.036 (1.024, 1.049)** 

Adjusted for temperature and humidity (df=3) 

Lag0 1.021 (1.012, 1.03)** 1.009 (0.999, 1.02) 1.006 (0.973, 1.04) 1.009 (0.993, 1.026) 1.024 (1.008, 1.041)* 1.016 (1.008, 1.025)** 

Lag1 1.015 (1.006, 1.024)* 1.014 (1.004, 1.025)* 1.001 (0.968, 1.035) 1.011 (0.995, 1.028) 1.018 (1.001, 1.034)* 1.016 (1.007, 1.025)** 

Lag2 1.016 (1.007, 1.025)** 1.021 (1.01, 1.031)** 1.003 (0.97, 1.038) 1.011 (0.995, 1.028) 1.02 (1.004, 1.037)* 1.02 (1.011, 1.029)** 

Lag3 1.017 (1.008, 1.026)** 1.026 (1.015, 

1.036)** 

1.007 (0.974, 1.042) 1.017 (1.0004, 

1.034)* 

1.027 (1.011, 1.044)* 1.021 (1.012, 1.03)** 

Lag0-1 1.025 (1.014, 1.035)** 1.017 (1.005, 1.029)* 1.007 (0.97, 1.046) 1.014 (0.995, 1.033) 1.029 (1.01, 1.048)* 1.022 (1.012, 1.033)** 

Lag0-3 1.032 (1.019, 1.045)** 1.035 (1.02, 1.05)** 1.01 (0.964, 1.058) 1.021 (0.998, 1.045) 1.042 (1.019, 1.066)** 1.035 (1.023, 1.048)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 22. Association of cardiac aetiology OHCA with daily lag exposure to PM2.5 by sex and age. 

Lags (day) Sex Age group (years) 
 

Male Female <=35 35-64 65-74 >=75 

Cardiac 

OHCA 

OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) OR (95%CI) 

 Adjusted for temperature and humidity (df=2) 

Lag0 1.024 (1.012, 1.036)** 1.012 (0.998, 1.025) 0.968 (0.908, 1.032) 1.012 (0.990, 1.035) 1.033 (1.012, 1.055)* 1.017 (1.006, 1.028)* 

Lag1 1.017 (1.006, 1.029)* 1.015 (1.002, 1.029)* 0.988 (0.926, 1.054) 1.017 (0.994, 1.04) 1.015 (0.995, 1.037) 1.017 (1.006, 1.029)* 

Lag2 1.017 (1.005, 1.029)* 1.015 (1.002, 1.029)* 1.02 (0.956, 1.089) 1.012 (0.989, 1.035) 1.015 (0.994, 1.036) 1.018 (1.007, 1.029)* 

Lag3 1.019 (1.007, 1.031)* 1.025 (1.012, 1.039)** 0.991 (0.928, 1.058) 1.018 (0.995, 1.042) 1.021 (0.9998, 1.042) 1.024 (1.013, 1.035)** 

Lag0-1 1.027 (1.014, 1.041)** 1.020 (1.004, 1.035)* 0.978 (0.909, 1.052) 1.020 (0.994, 1.047) 1.033 (1.009, 1.058)* 1.024 (1.011, 1.036)** 

Lag0-3 1.035 (1.019, 1.052)** 1.034 (1.015, 1.053)** 0.992 (0.907, 1.086) 1.025 (0.993, 1.058) 1.041 (1.012, 1.072)* 1.036 (1.02, 1.052)** 

 Adjusted for temperature and humidity (df=3) 

Lag0 1.023 (1.011, 1.035)** 1.012 (0.998, 1.025) 0.969 (0.909, 1.033) 1.011 (0.989, 1.035) 1.033 (1.012, 1.054)* 1.017 (1.006, 1.028)* 

Lag1 1.017 (1.005, 1.029)* 1.015 (1.002, 1.029)* 0.99 (0.928, 1.056) 1.017 (0.994, 1.04) 1.015 (0.994, 1.036) 1.017 (1.006, 1.028)* 

Lag2 1.016 (1.005, 1.028)* 1.015 (1.002, 1.029)* 1.021 (0.957, 1.09) 1.011 (0.988, 1.034) 1.014 (0.994, 1.035) 1.018 (1.007, 1.029)* 

Lag3 1.019 (1.007, 1.031)* 1.025 (1.011, 1.039)** 0.992 (0.929, 1.059) 1.018 (0.995, 1.041) 1.021 (0.9995, 1.042) 1.023 (1.012, 1.035)** 

Lag0-1 1.027 (1.013, 1.04)** 1.019 (1.004, 1.035)* 0.978 (0.909, 1.052) 1.019 (0.993, 1.046) 1.033 (1.009, 1.058)* 1.023 (1.011, 1.036)** 

Lag0-3 1.035 (1.018, 1.052)** 1.033 (1.014, 1.053)** 0.992 (0.906, 1.085) 1.025 (0.993, 1.058) 1.04 (1.011, 1.071)* 1.036 (1.02, 1.052)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 23. Association of OHCAs with daily lag exposure to gaseous pollutants. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

CO with all-cause OHCAs  

Adjusted 

(df=2) 

1.093  

(1.035, 1.154)* 

1.077  

(1.02, 1.137)* 

1.089  

(1.031, 1.15)* 

1.115  

(1.056, 1.178)** 

1.126  

(1.057, 1.2)** 

1.187 

(1.096, 1.286)** 

Adjusted 

(df=3) 

1.096 

(1.038, 1.157)** 

1.08 

(1.023, 1.14)* 

1.093 

(1.035, 1.155)* 

1.121 

(1.061, 1.185)** 

1.127 

(1.058, 1.201)** 

1.185 

(1.095, 1.284)** 

CO with cardiac OHCAs  

Adjusted 

(df=2) 

1.152  

(1.074, 1.235)** 

1.123  

(1.047, 1.205)* 

1.087  

(1.014, 1.167)* 

1.139  

(1.062, 1.223)** 

1.195  

(1.101, 1.297)** 

1.251 

(1.129, 1.386)** 

Adjusted 

(df=3) 

1.155 

(1.078, 1.239)** 

1.126 

(1.05, 1.207)** 

1.091 

(1.017, 1.17)* 

1.143 

(1.065, 1.227)** 

1.196 

(1.102, 1.298)** 

1.248 

(1.126, 1.383)** 

NO2 with all-cause OHCAs  

Adjusted 

(df=2) 

0.992  

(0.981, 1.002) 

0.986  

(0.975, 0.996)* 

0.989  

(0.979, 1.0001) 

0.999  

(0.989, 1.010) 

0.988  

(0.976, 1.001) 

0.982 

(0.965, 0.999)* 

Adjusted 

(df=3) 

0.993 

(0.982, 1.003) 

0.987 

(0.977, 0.998)* 

0.991 

(0.981, 1.002) 

1.0007 

(0.99, 1.012) 

0.99 

(0.977, 1.003) 

0.984 

(0.967, 1.002) 

NO2 with cardiac OHCAs  

Adjusted 

(df=2) 

1.003  

(0.99, 1.016) 

0.989  

(0.976, 1.002) 

0.983  

(0.97, 0.996)* 

0.997  

(0.984, 1.011) 

0.998  

(0.981, 1.014) 

0.984 

(0.962, 1.006) 

Adjusted 

(df=3) 

1.004 

(0.991, 1.017) 

0.99 

(0.977, 1.003) 

0.984 

(0.971, 0.997)* 

0.998 

(0.985, 1.012) 

0.998 

(0.982, 1.015) 

0.985 

(0.963, 1.007) 

Ox with all-cause OHCAs  

Adjusted 

(df=2) 

1.004  

(0.998, 1.011) 

1.008  

(1.001, 1.014)* 

1.003  

(0.996, 1.01) 

0.999  

(0.992, 1.005) 

1.008  

(1.0001, 1.016)* 

1.007 

(0.997, 1.017)  

Adjusted 

(df=3) 

1.006 

(0.999, 1.013) 

1.009 

(1.003, 1.016)* 

1.004 

(0.998, 1.011) 

1.0007 

(0.994, 1.007) 

1.011 

(1.003, 1.019)* 

1.011 

(1.0006, 1.021)* 

Ox with cardiac OHCAs  
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Adjusted 

(df=2) 

0.999  

(0.99, 1.007) 

1.006  

(0.997, 1.014) 

1.007  

(0.998, 1.015) 

1  

(0.992, 1.009) 

1.003  

(0.993, 1.014) 

1.005 

(0.993, 1.019) 

Adjusted 

(df=3) 

0.999 

(0.991, 1.009) 

1.007 

(0.998, 1.016) 

1.008 

(0.999, 1.017) 

1.001 

(0.993, 1.01) 

1.005 

(0.995, 1.015) 

1.008 

(0.995, 1.021) 

SO2 with all-cause OHCAs  

Adjusted 

(df=2) 

1.025  

(0.975, 1.077) 

1.069  

(1.021, 1.119)* 

1.046  

(0.998, 1.097) 

1.076  

(1.028, 1.127)* 

1.081  

(1.016, 1.149)* 

1.161 

(1.07, 1.261)** 

Adjusted 

(df=3) 

1.027 

(0.977, 1.079) 

1.071 

(1.023, 1.121)* 

1.048 

(0.999, 1.099) 

1.078 

(1.03, 1.129)* 

1.084 

(1.019, 1.152)* 

1.167 

(1.075, 1.267)** 

SO2 with cardiac OHCAs  

Adjusted 

(df=2) 

1.04  

(0.979, 1.105) 

1.057  

(0.989, 1.129) 

1.033  

(0.971, 1.099) 

1.046  

(0.986, 1.109) 

1.079  

(0.996, 1.169) 

1.119 

(1.006, 1.245)* 

Adjusted 

(df=3) 

1.041 

(0.98, 1.106) 

1.058 

(0.99, 1.13) 

1.035 

(0.973, 1.1) 

1.047 

(0.987, 1.11) 

1.08 

(0.996, 1.17) 

1.122 

(1.008, 1.247)* 

CO: per unit change; NO2, Ox, SO2: per 10unit change. Model was adjusted for temperature and humidity. Data in bold are statistically 

significant (*p<0.05. **p<0.001). 
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Table appendix 24. Association of all-cause OHCAs with daily lag exposure to PM2.5 with gaseous pollutants in two-pollutant models. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI)   

OR  

(95%CI) 

PM2.5 + CO (Adjusted for temperature and humidity df=2) 

PM2.5 1.016  

(1.007, 1.025)** 

1.016  

(1.007, 1.025)** 

1.019  

(1.01, 1.028)** 

1.021  

(1.012, 1.03)** 

1.021  

(1.011, 1.032)** 

1.035 

(1.022, 1.048)** 

CO 1.006  

(0.937, 1.081) 

0.993  

(0.925, 1.067) 

0.986  

(0.918, 1.059) 

1.0005  

(0.931, 1.076) 

1.005  

(0.924, 1.094) 

0.986 

(0.888, 1.094) 

PM2.5 + CO (Adjusted for temperature and humidity df=3) 

PM2.5 1.015 

(1.006, 1.024)* 

1.014 

(1.006, 1.024)* 

1.018 

(1.009, 1.028)** 

1.02 

(1.01, 1.029)** 

1.02 

(1.01, 1.031)** 

1.034 

(1.021, 1.047)** 

CO 1.005 

(0.945, 1.09) 

1.002 

(0.933, 1.076) 

0.994 

(0.926, 1.069) 

1.013 

(0.942, 1.09) 

1.012 

(0.93, 1.101) 

0.99 

(0.891, 1.099) 

PM2.5 + NO2 (Adjusted for temperature and humidity df=2) 

PM2.5 1.028  

(1.02, 1.036)** 

1.028  

(1.02, 1.037)** 

1.031  

(1.023, 1.039)** 

1.031  

(1.023, 1.039)** 

1.037  

(1.028, 1.047)** 

1.057 

(1.045, 1.069)** 

NO2 0.969  

(0.957, 0.981)** 

0.963  

(0.951, 0.975)** 

0.965  

(0.953, 0.977)** 

0.974  

(0.961, 0.986)** 

0.956  

(0.941, 0.971)** 

0.928 

(0.909, 0.948)** 

PM2.5 + NO2 (Adjusted for temperature and humidity df=3) 

PM2.5 1.027 

(1.018, 1.035)** 

1.027 

(1.019, 1.035)** 

1.03 

(1.022, 1.038)** 

1.029 

(1.021, 1.038)** 

1.036 

(1.026, 1.045)** 

1.055 

(1.043, 1.067)** 

NO2 0.971 

(0.959, 0.983)** 

0.965 

(0.953, 0.977)** 

0.967 

(0.955, 0.979)** 

0.976 

(0.964, 0.989)** 

0.958 

(0.944, 0.973)** 

0.931 

(0.912, 0.951)** 

PM2.5 + Ox (Adjusted for temperature and humidity df=2) 

PM2.5 1.016  

(1.009, 1.023)** 

1.014  

(1.007, 1.021)** 

1.018  

(1.011, 1.025)** 

1.022  

(1.015, 1.029)** 

1.021  

(1.013, 1.029)** 

1.035 

(1.025, 1.045)** 

Ox 1.003  

(0.996, 1.009) 

1.006  

(0.999, 1.013) 

1.0007  

(0.994, 1.007) 

0.996  

(0.989, 1.003) 

1.004  

(0.996, 1.012) 

0.996 

(0.986, 1.007) 

PM2.5 + Ox (Adjusted for temperature and humidity df=3) 
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PM2.5 1.016 

(1.009, 1.023)** 

1.014 

(1.007, 1.021)** 

1.018 

(1.011, 1.025)** 

1.021 

(1.014, 1.028)** 

1.02 

(1.012, 1.028)** 

1.033 

(1.023, 1.043)** 

Ox 1.004 

(0.998, 1.011) 

1.008 

(1.001, 1.015)* 

1.002 

(0.995, 1.009) 

0.998 

(0.991, 1.005) 

1.007 

(0.999, 1.015) 

1.0004 

(0.99, 1.011) 

PM2.5 + SO2 (Adjusted for temperature and humidity df=2) 

PM2.5 1.018  

(1.011, 1.026)** 

1.013  

(1.006, 1.021)** 

1.018  

(1.011, 1.026)** 

1.02  

(1.013, 1.028)** 

1.022  

(1.013, 1.031)** 

1.033 

(1.022, 1.045)** 

SO2 0.969  

(0.915, 1.027) 

1.034  

(0.983, 1.089) 

0.996  

(0.944, 1.051) 

1.023  

(0.971, 1.077) 

1.003 

(0.934, 1.076) 

1.004 

(0.912, 1.106) 

PM2.5 + SO2 (Adjusted for temperature and humidity df=3) 

PM2.5 1.018 

(1.01, 1.025)** 

1.013 

(1.005, 1.02)** 

1.018 

(1.01, 1.026)** 

1.019 

(1.012, 1.027)** 

1.021 

(1.012, 1.03)** 

1.032 

(1.021, 1.043)** 

SO2 0.974 

(0.919, 1.032) 

1.038 

(0.987, 1.092) 

0.999 

(0.947, 1.054) 

1.027 

(0.975, 1.081) 

1.008 

(0.94, 1.082) 

1.016 

(0.923, 1.118) 

CO: per unit change; PM2.5, NO2, Ox, SO2: per 10unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 25. Association of cardiac OHCAs with daily lag exposure to PM2.5 with gaseous pollutants in two-pollutant models. 

 Lag0 Lag1 Lag2 Lag3 Lag0-1 Lag0-3 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

OR  

(95%CI) 

PM2.5 + CO (Adjusted for temperature and humidity df=2) 

PM2.5 1.012  

(0.999, 1.023) 

1.012  

(1.0003, 1.024)* 

1.016  

(1.004, 1.028)* 

1.019  

(1.007, 1.031)* 

1.017  

(1.003, 1.03)* 

1.029 

(1.013, 1.046)** 

CO 1.085  

(0.989, 1.19) 

1.056  

(0.963, 1.157) 

1.0009  

(0.912, 1.098) 

1.032  

(0.94, 1.134) 

1.093  

(0.98, 1.219) 

1.067 

(0.932, 1.223) 

PM2.5 + CO (Adjusted for temperature and humidity df=3) 

PM2.5 1.011 

(0.999, 1.023) 

1.011 

(0.999, 1.023) 

1.015 

(1.004, 1.027)* 

1.018 

(1.006, 1.03)* 

1.016 

(1.002, 1.029)* 

1.028 

(1.012, 1.045)** 

CO 1.093 

(0.997, 1.199) 

1.062 

(0.969, 1.165) 

1.008 

(0.919, 1.106) 

1.041 

(0.948, 1.144) 

1.098 

(0.985, 1.225) 

1.069 

(0.934, 1.225) 

PM2.5 + NO2 (Adjusted for temperature and humidity df=2)  

PM2.5 1.025  

(1.014, 1.036)** 

1.029  

(1.019, 1.04)** 

1.032  

(1.022, 1.043)** 

1.033  

(1.022, 1.044)** 

1.036  

(1.024, 1.049)** 

1.058 

(1.043, 1.074)** 

NO2 0.982  

(0.967, 0.998)* 

0.966  

(0.95, 0.981)** 

0.957  

(0.942, 0.973)** 

0.97  

(0.954, 0.986)** 

0.966  

(0.947, 0.985)** 

0.929 

(0.905, 0.954) 

PM2.5 + NO2 (Adjusted for temperature and humidity df=3) 

PM2.5 1.024 

(1.014, 1.035)** 

1.028 

(1.018, 1.039)** 

1.032 

(1.021, 1.043)** 

1.032 

(1.021, 1.043)** 

1.035 

(1.023, 1.048)** 

1.057 

(1.042, 1.073)** 

NO2 0.984 

(0.968, 0.999)* 

0.967 

(0.952, 0.983)** 

0.959 

(0.943, 0.974)** 

0.971 

(0.956, 0.987)** 

0.967 

(0.949, 0.987)** 

0.93 

(0.906, 0.956)** 

PM2.5 + Ox (Adjusted for temperature and humidity df=2)  

PM2.5 1.019  

(1.01, 1.028)** 

1.016  

(1.007, 1.025)** 

1.016  

(1.007, 1.025)** 

1.022  

(1.013, 1.031)** 

1.024  

(1.014, 1.035)** 

1.036 

(1.023, 1.049)** 

Ox 0.997  

(0.989, 1.006) 

1.004  

(0.996, 1.013) 

1.005  

(0.996, 1.014) 

0.998  

(0.989, 1.006) 

0.999  

(0.989, 1.009) 

0.995 

(0.982, 1.008) 

PM2.5 + Ox (Adjusted for temperature and humidity df=3) 
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PM2.5 1.018 

(1.01, 1.027)** 

1.015 

(1.007, 1.025)** 

1.015 

(1.006, 1.024)** 

1.022 

(1.013, 1.031)** 

1.023 

(1.013, 1.034)** 

1.035 

(1.022, 1.048)** 

Ox 0.998 

(0.99, 1.007) 

1.005 

(0.997, 1.014) 

1.006 

(0.998, 1.015) 

0.999 

(0.99, 1.007) 

1.001 

(0.99, 1.011) 

0.997 

(0.984, 1.011) 

PM2.5 + SO2 (Adjusted for temperature and humidity df=2) 

PM2.5 1.019  

(1.01, 1.029)** 

1.016  

(1.006, 1.026)* 

1.017  

(1.007, 1.027)** 

1.022  

(1.013, 1.032)** 

1.025  

(1.013, 1.036)** 

1.038 

(1.023, 1.052)** 

SO2 0.987  

(0.92, 1.059) 

1.004  

(0.93, 1.083) 

0.986  

(0.919, 1.057) 

0.988  

(0.923, 1.057) 

0.987 

(0.899, 1.084) 

0.948 

(0.836, 1.075) 

PM2.5 + SO2 (Adjusted for temperature and humidity df=3) 

PM2.5 1.019 

(1.009, 1.029)** 

1.016 

(1.006, 1.026)* 

1.017 

(1.007, 1.026)** 

1.022 

(1.012, 1.032)** 

1.024 

(1.013, 1.036)** 

1.037 

(1.022, 1.052)** 

SO2 0.988 

(0.921, 1.06) 

1.007 

(0.933, 1.086) 

0.988 

(0.922, 1.06) 

0.99 

(0.925, 1.059) 

0.989 

(0.901, 1.086) 

0.953 

(0.84, 1.08) 

CO: per unit change, PM2.5, NO2, Ox, SO2: per 10unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 26. Association of all-cause OHCAs with daily lag exposure to PM2.5 by sex and age for the prefectures with the mean of 

maximum differences of PM2.5 concentrations less than 10 µg/m3. 

Lags (day) Sex Age group (years) 
 

Male Female <=35 35-64 65-74 >=75 

All-cause OHCA OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) 

  Adjusted for temperature and humidity (df=2) 

Lag0 1.024 (1.008, 1.041)* 1.015 (0.997, 1.033) 1.048 (0.986, 1.115) 1.008 (0.978, 1.039) 1.007 (0.978, 1.036) 1.025 (1.01, 1.041)** 

Lag1 1.020 (1.004, 1.036)* 1.015 (0.997, 1.034) 1.049 (0.986, 1.116) 1.016 (0.987, 1.047) 0.995 (0.966, 1.024) 1.023 (1.008, 1.038)* 

Lag2 1.024 (1.008, 1.04)* 1.021 (1.003, 1.04)* 1.031 (0.969, 1.097) 1.014 (0.985, 1.045) 1.007 (0.979, 1.037) 1.029 (1.014, 1.044)** 

Lag3 1.022 (1.006, 1.038)* 1.024 (1.006, 1.043)* 1.021 (0.959, 1.087) 1.011 (0.981, 1.041) 1.018 (0.989, 1.048) 1.028 (1.013, 1.043)** 

Lag0-1 1.029 (1.011, 1.048)* 1.02 (0.999, 1.041) 1.063 (0.991, 1.140) 1.015 (0.982, 1.05) 1 (0.968, 1.034) 1.033 (1.015, 1.05)** 

Lag0-3 1.041 (1.018, 1.064)** 1.037 (1.011, 1.063)* 1.07 (0.983, 1.165) 1.018 (0.977, 1.061) 1.007 (0.967, 1.048) 1.051 (1.03, 1.073)** 

 Adjusted for temperature and humidity (df=3) 

Lag0 1.024 (1.008, 1.04)* 1.014 (0.996, 1.032) 1.047 (0.984, 1.114) 1.008 (0.979, 1.039) 1.006 (0.978, 1.036) 1.024 (1.009, 1.04)* 

Lag1 1.019 (1.003, 1.036)* 1.015 (0.997, 1.033) 1.048 (0.985, 1.115) 1.017 (0.987, 1.048) 0.994 (0.965, 1.023) 1.022 (1.007, 1.038)* 

Lag2 1.024 (1.008, 1.04)* 1.022 (1.004, 1.041)* 1.033 (0.971, 1.098) 1.014 (0.985, 1.045) 1.007 (0.978, 1.037) 1.029 (1.014, 1.045)** 

Lag3 1.022 (1.006, 1.038)* 1.024 (1.006, 1.043)* 1.022 (0.96, 1.087) 1.01 (0.981, 1.041) 1.018 (0.989, 1.048) 1.027 (1.012, 1.043)** 

Lag0-1 1.029 (1.011, 1.047)* 1.02 (0.999, 1.041) 1.062 (0.99, 1.139) 1.016 (0.982, 1.051) 0.9998 (0.967, 1.033) 1.032 (1.015, 1.05)** 

Lag0-3 1.04 (1.017, 1.063)** 1.036 (1.011, 1.062)* 1.068 (0.981, 1.162) 1.017 (0.976, 1.06) 1.007 (0.967, 1.048) 1.051 (1.029, 1.073)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Table appendix 27. Association of cardiac aetiology OHCA with daily lag exposure to PM2.5 by sex and age for the prefectures with the mean 

of maximum differences of PM2.5 concentrations less than 10 µg/m3.  

Lags (day) Sex Age group (years) 
 

Male Female <=35 35-64 65-74 >=75 

Cardiac OHCA OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) OR(95%CI) 

  Adjusted for temperature and humidity (df=2) 

Lag0 1.025 (1.004, 1.046)* 1.012 (0.988, 1.036) 1.012 (0.898, 1.142) 1.006 (0.965, 1.049) 0.997 (0.961, 1.036) 1.028 (1.009, 1.047)* 

Lag1 1.020 (0.999, 1.041) 1.019 (0.996, 1.044) 1.02 (0.903, 1.152) 1.026 (0.984, 1.069) 0.992 (0.955, 1.031) 1.025 (1.006, 1.045)* 

Lag2 1.024 (1.003, 1.045)* 1.022 (0.998, 1.046) 1.033 (0.914, 1.169) 1.014 (0.973, 1.057) 1.001 (0.963, 1.039) 1.03 (1.011, 1.05)* 

Lag3 1.019 (0.998, 1.040) 1.026 (1.002, 1.051)* 0.928 (0.818, 1.052) 1.01 (0.969, 1.053) 1.014 (0.976, 1.054) 1.029 (1.009, 1.049)* 

Lag0-1 1.029 (1.005, 1.054)* 1.021 (0.994, 1.049) 1.023 (0.892, 1.173) 1.020 (0.972, 1.069) 0.992 (0.95, 1.036) 1.036 (1.014, 1.058)* 

Lag0-3 1.041 (1.011, 1.071)* 1.037 (1.004, 1.072)* 1.011 (0.854, 1.197) 1.018 (0.961, 1.079) 0.997 (0.946, 1.052) 1.055 (1.028, 1.084)** 

 Adjusted for temperature and humidity (df=3) 

Lag0 1.024 (1.003, 1.045)* 1.012 (0.989, 1.036) 1.013 (0.898, 1.142) 1.007 (0.966, 1.05) 0.997 (0.96, 1.035) 1.027 (1.008, 1.047)* 

Lag1 1.019 (0.998, 1.04) 1.02 (0.996, 1.044) 1.021 (0.904, 1.153) 1.026 (0.985, 1.07) 0.991 (0.954, 1.03) 1.025 (1.006, 1.045)* 

Lag2 1.023 (1.002, 1.045)* 1.023 (0.999, 1.048) 1.036 (0.916, 1.171) 1.013 (0.972, 1.056) 1.0002 (0.963, 1.039) 1.031 (1.012, 1.051)* 

Lag3 1.019 (0.998, 1.04) 1.026 (1.002, 1.051)* 0.933 (0.822, 1.058) 1.009 (0.968, 1.052) 1.014 (0.976, 1.054) 1.029 (1.009, 1.049)* 

Lag0-1 1.029 (1.005, 1.053)* 1.022 (0.995, 1.05) 1.023 (0.892, 1.173) 1.021 (0.974, 1.071) 0.991 (0.95, 1.035) 1.035 (1.014, 1.058)* 

Lag0-3 1.04 (1.011, 1.071) 1.037 (1.004, 1.072)* 1.007 (0.851, 1.193) 1.018 (0.961, 1.079) 0.997 (0.946, 1.052) 1.055 (1.028, 1.083)** 

Per 10-unit change. Data in bold are statistically significant (*p<0.05. **p<0.001). 
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Figure appendix 3. Scatter plot matrix of the air pollutants and meteorologic data. 
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Figure appendix 4. Association of all-cause OHCAs with daily lag exposure to PM2.5 

with gaseous pollutants in two-pollutant models. 
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Chapter 7. Summary of conclusion and future directions 

This PhD thesis firstly reviewed the global burden of air pollution on cardiovascular morbidity 

and mortality and highlighted the evidence gaps in Chapter 1. Then, the studies in Chapter 2 to 

Chapter 6 addressed a possible molecular mechanism, the vascular function of Australian 

children exposed to coal mine fire smoke in early life, and the short-term effects of ambient air 

pollution on OHCA in Japan. These studies all contribute to the understanding of the link 

between air pollution and cardiovascular disease. 

The following key points have emanated from this research: 

First, the systematic review found that air pollution was associated with shorter TL in 94.8% 

of subjects. Heterogeneity in leukocyte TL and salivary TL suggest that a standard reporting 

protocol is warranted for quantitative inferences. 

Second, non-invasive methods of vascular assessment were feasible in at least two-thirds of 

two-year-old children and carotid IMT was performed better than abdominal aorta IMT for the 

early detection of cardiovascular risks.  

Third, in children who were aged up to two years at the time of the coal fire in Australia, we 

found a link between higher mine fire smoke exposure and increased vascular stiffness, but not 

carotid IMT. We did not find any links between smoke exposure and vascular health in children 

who were in utero at the time of the fire. We also found that, among the subgroup of children 

whose mothers smoked during pregnancy or who lived in the same house as a person who 

smoked, there was an association between mine fire smoke exposure and higher vascular 

stiffness, suggesting a synergistic effect from the co-exposure to tobacco smoke and coal 

smoke. 

Fourth, an increased risk of OHCA was found to be associated with short-term exposure to 

gaseous pollutants (SO2 and NO) in Gunma, Japan. Odds of an OHCA event were 1.2 times 
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higher for each ppb increase in SO2 at lag 1 and lag 0-1. Each ppb increases in NO at lag 2 day 

was associated with 1.039 times higher odds of an OHCA event. 

Fifth, the national case-crossover study in Japan showed that short-term (0- to 3-day lag) 

exposure to PM2.5 was independently associated with the increased risk of OHCA and older 

population were more susceptible to this risk than younger age groups. PM2.5 concentrations 

during the study period were below the current air quality standards and there is currently no 

identified safety threshold for exposure. Thus, these findings highlight the importance of re-

evaluating the current standards. Gaseous pollutants, including CO (0- to 3-day lag), Ox (lag 1 

and 0-1 day) and SO2 (lag 1 ,3 and 0-1 day), were also linked to OHCA events in single pollutant 

models. 

The studies described in this thesis provide further evidence of the adverse impacts of air 

pollution on cardiovascular health, in areas where the air is usually considered to be “clean”. 

These findings emphasise the significance of identifying a safe level of air pollutants and 

highlight the need to develop sound policies to protect the general population and vulnerable 

persons from acute and chronic cardiovascular diseases.14 

Despite the growing evidence from developed countries, developing countries experience 

higher PM exposure and more cardio-metabolic diseases.16 Urban areas in China and India 

have twice the cardiovascular disease mortality rates due to air pollution compared to those of 

North America and Europe.37 Further, the planet is getting warmer and more extreme weather 

events are occurring globally, including bushfires, dust storms and volcanic eruptions; this will 

worsen the health risk from air pollution.2  

Household and ambient air pollution are ubiquitous. Moreover, air pollution can occur not only 

from local sources but can also be dispersed over continents and oceans.1 International trade 

with production and consumption in different regions is related to global air pollutant 
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emissions.201 One study in 2007 found that 12% of premature deaths caused by PM2.5 emissions 

were not related to local source emissions, and 22% were related to goods production in various 

regions.201 Another study of the effects of international trade on transport air pollution showed 

that, in 2006, a maximum of 12–24% of sulfate concentrations in the western United States 

were associated with emissions from Chinese export.202 International efforts are needed to 

reduce global air pollution. 

Governments are responsible for assessing and refining current policies via regional and 

international cooperation. The general population and vulnerable individuals should be 

properly educated on risks of air pollutants.31 Improving air quality is a complex scenario and 

is difficult to implement as economic development relies on emissions-related activities.16 To 

date, there has been a lack of high-quality clinical trials assessing potential intervention 

strategies in communities.25 Validation of preventive strategies, such as the use of an N95 mask 

or air purifier, would have great benefits for reducing pollution-related cardiovascular 

outcomes.25,186 

Future research is warranted for the effects of the mixture of air pollutants on cardiovascular 

disease based on the uncertainty in study findings of this thesis. It is also worthwhile to 

investigate diabetes, obesity, cancer, and dementia in addition to respiratory and cardiovascular 

system. Further, causal pathways linking air pollution and disease are urgent to be fully 

appreciated. Multi-omics technologies such as metabolomics, proteomics, genomics and 

microbiomics provide new insights to analyse the disease progressions.31 

This thesis, together with the available literature, provide overwhelming evidence linking air 

pollution to cardiovascular diseases. Air pollution should be appreciated together with other 

traditional risk factors in the pathogenesis of cardiovascular disease. This may promote changes 

in legislation to protect the health of the population and the next generation. 
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