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Abstract 

Background: There are increasing number of health impact assessment studies 

investigating the health effects by transferring trips made by motorised transport 

to active commuting; however, air pollution exposure during active commuting 

and its impact on health has been less thoroughly assessed. It is furthermore 

uncertain whether there is any interaction effect between air pollution and 

physical activity for the risk of cardiovascular diseases. The overall aim of the 

thesis was to improve the knowledge base for assessments of the total impact on 

health of a mode shift resulting in both increased physical activity and increased 

air pollution exposure, especially regarding combined effects on cardiovascular 

risks. 

Methods: The thesis is based on four studies. In Study I, methodological issues 

related to the assessment of air pollution in previous studies on the health impact 

of changes in transport mode were critically reviewed. In Study II, the effect of 

leisure time and active commuting physical activity, on chronic diseases was 

quantified by conducting a random-effect meta-analysis. In two prospective 

cohort studies, participants of the Västerbotten Intervention Programme living 

in the Umeå region were studied to assess the impact as well as interaction effect 

of physical activity and air pollution on the incidence (Study III) and recurrence 

(Study IV) of cardiovascular diseases.  

Results: In previous studies on the health impact of changes in transport mode, 

there was a large methodological discrepancy between studies due to different 

assumptions for air pollution exposure assessments in general populations and 

commuters as well as methods for estimation of impacts. Random-effect meta-

analyses showed a beneficial effect of leisure time physical activity and active 

commuting on morbidity among individuals performing these activities at the 

minimum level of physical activity recommended by WHO, equivalent to 11.25 

MET-hours per week. Beneficial effects of exercise on first-incident ischemic 

heart disease (IHD) were observed among individuals with high residential 

PM10/PM2.5 concentrations, but not among individuals with low 
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concentrations. Adverse effects associated with high residential PM10 and PM2.5 

concentrations were only observed among the individuals whom less frequently 

exercised. A statistically significant interaction effect was found between air 

pollution and exercise in training clothes for first-incident IHD but not for 

recurrence of IHD/stroke.  

Conclusions: The results in this thesis strengthen the public health message 

that physical activity is beneficial for cardiovascular health, even in areas with air 

pollution. Therefore, public health and transport policies should be designed to 

improve population health through promotion of active transport and mitigation 

of air pollution.  



 

v 

Abbreviations 

BMI Body Mass Index 

CVD Cardiovascular Diseases 

DALY Disability Adjusted Life Years 

HF Heart Failiure 

IHD Ischemic Heart Diseases 

MI Myocardial Infarction 

MOOSE Meta-analysis Of Observational Studies  

NCDs Non-Communicable Diseases 

NO2 Nitrogen Dioxide 

PM Particulate Matter 

PM10 Particulate Matter with aerodynamic diameter less than 10 µm 

PM2.5 Particulate Matter with aerodynamic diameter less than 2.5 µm 

PRISMA Preferred Reporting Items for Systematic Reviews and Meta-
Analyses 

HR Hazard Ratio 

SCAC Swedish Clean Air and Climate 

VIP Västerbotten Intervention Programme 
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Enkel sammanfattning på svenska 

Under senare decennier har det skett en urbanisering där en allt större del av 

befolkningen lever i växande städer vilket har bidragit till ett mer stillasittande 

livsstil samt ökad exponering för luftföroreningar. En lång rad studier har visat 

att fysisk inaktivitet i sig utgör en riskfaktor för ohälsa som hjärt-kärlsjukdom, 

diabetes typ 2, stroke, cancer (bröst- och tjocktarmscancer). Samtidigt som fysisk 

aktivitet reducerar risken för många typer av sjuklighet finns också en 

omfattande dokumentation av luftföroreningarnas betydelse för främst hjärtkärl- 

och lungsjukdom och relaterade dödsfall. Det största problemet anses vara 

hjärtkärleffekterna i form av sjukdomsutveckling och förtida död till följd av 

exponering för partiklar. 

Fysisk ansträngning motverkar inflammation, genom att muskelrörelserna leder 

till frisättande av muskelframställt interleukin-6 som har en anti-inflammatorisk 

effekt. Sådana effekter kan vara en förklaring till att fysisk aktivitet minskar 

risken för många kroniska sjukdomar, och skulle kunna innebära att även 

luftföroreningars inflammatoriska effekter motverkas. 

Det övergripande syftet med den här avhandlingen är att analysera hur väl 

tidigare hälsokonsekvensbedömningar av överföring från bilresor till cykling har 

skattat luftföroreningsexponering och beräknat hälsoeffekter, samt att förbättra 

kunskapsunderlaget vad gäller totala effekten på hälsan av ökad cykling med 

avseende på ökad fysisk aktivitet och exponering för luftföroreningar, speciellt 

med fokus på den sammanlagda effekten på risken för hjärtkärlsjukdom. 

Avhandlingen består av fyra delstudier. Den första studien är en kritisk 

granskning av tidigare hälsokonsekvensstudier av scenarios med ökad cykling 

och minskad bilkörning. Det andra studien baseras på tidigare studier som 

undersökte samband mellan fysisk aktivitet på fritiden samt aktiv pendling och 

kroniska sjukdomar så som hjärt-kärlsjukdom, diabetes typ 2, stroke, bröst- och 

tjocktarmscancer. Den tredje och fjärde studien baseras på deltagarna i 

Västerbottens interventionsprogram (VIP) som bor i Umeå kommun. I dessa två 

studier undersöks risken för att insjukna ischemisk hjärtsjukdom respektive att 
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återinsjukna i ischemisk hjärtsjukdom och stroke i relation till 

långtidsexponeringenför luftföroreningar, samt om dessa samband ser olika ut 

beroende på nivån av fysisk aktivitet. Även sambandet med fysisk aktivitet vid 

olika nivåer av luftföroreningar undersöks. De luftföroreningar som studeras är 

partiklar med en diameter mindre än 10 µm (PM10) och partiklar med en 

diameter mindre än 2,5 µm (PM2.5). 

Resultaten visar på stora skillnader i publicerade beräkningar av 

luftföroreningseffekter i hälsokonsekvensanalyser om ökad cykling, och att 

studier av fysisk aktivitet på fritiden och aktiv pendling visar på minskad risk för 

flera kroniska sjukdomar, därnyttan av att öka sin fysiska aktivitet var störst för 

dem med en initialt relativt låg aktivitetsnivå.  

Gynnsamma effekter av träning för risken att insjunka i hjärtsjukdom 

observerades hos individer som bodde på en adress med höga koncentrationer av 

luftföroreningspartiklar, men inte bland individer med låga koncentrationer. 

Riskökningar med höga PM10- och PM2.5-koncentrationer vid bostaden 

observerades endast hos individer som sällan tränade. 

Sammanfattningsvis visar studierna att fysisk aktivitet främjar hälsan och 

minskar risken för hjärtkärlsjukdom. En viktig övergripande slutsats från 

avhandlingen är att folkhälsoarbetet och satsningar på ny transportinfrastruktur 

bör utformas för att främja aktiv pendling och fysisk aktivitet på fritiden, även i 

städer med luftföroreningar. 
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Background 

Globally, urbanisation has increased over the past few decades. As of 2018, 55% 

of the world¶s population was residing in urban areas compared with 30% in year 

1950. The United Nations (UN) is expecting a rapid rise in urbanisation and 

project that 68% of the world population and 88% of the population in high 

income countries will be living in urban areas by year 2050.1 Although rapid 

urbanisation has many socioeconomic benefits, it also brings different challenges, 

including sedentary lifestyle, traffic congestion, and increased air pollution.2,3 

Previous research has established that systemic inflammation associated with 

both modern lifestyles and environmental factors has important implications for 

the emergence of chronic non-communicable diseases (NCDs).4–6 

Burden of chronic diseases 
Throughout the 19th and 20th centuries, there was a profound epidemiological 

transition from acute illness to chronic NCDs, which was assisted by great 

advances in medical knowledge and medical therapy and improvements in 

sanitation and hygiene. Consequently, this development resulted in an overall 

reduction in mortality and an increased proportion of deaths by NCDs.7 Chronic 

NCDs are primarily defined as diseases that are not contagious but are caused by 

a combination of different genatic, lifestyle, physiological, and environmental 

factors. 

NCDs and obesity are often considered to be caused by modern lifestyles.8 Low-

grade systemic inflammation associated with obesity and other environmental 

and lifestyle factors, which is often termed “metaflammation´, has been related 

to certain chronic diseases.9–11 Metaflammation is based on metabolic cascades, 

including oxidative stress and insulin resistance which ultimately leads to 

NCDs.12 

NCDs are considered a leading cause of morbidity and mortality worldwide. The 

burden of diseases is estimated using a measure called disability-adjusted life 

years (DALYs), which is usually defined as the sum of years of life lost due to 
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premature deaths and years of healthy life lost due to diseases. Available data 

demonstrate that 7 out of 10 deaths are caused by NCDs, which works out to over 

41 million deaths globally.13 According to a global burden of disease study, NCDs 

accounted for 91% of deaths and almost 87% of DALYs in Europe in year 2017.14 

Cardiovascular diseases (CVDs), a group of disorders of the heart and blood 

vessels, are among the four important NCDs along with cancer, chronic 

respiratory diseases, and diabetes. Ischemic heart disease (IHD) and stroke are 

the two main forms of CVD. Global health estimates have shown that CVD 

accounted for 15% of the total disease burden (measured by DALYs) in year 2019. 

Of this 15%, 7% and 6% consisted of IHD and stroke, respectively. Despite the 

decreasing trends of CVD deaths in most of Europe, it is still considered to be the 

leading cause of death causing 45% of all deaths, or over 3.9 million deaths, every 

year. IHD and stroke are the most common first and second single causes of 

deaths in Europe and account for 19% and 9% of all deaths in men, whereas the 

corresponding numbers among women are 20% and 13%, respectively.15 The 

literature indicates that NCDs are primarily caused by different modifiable risk 

factors such smoking, harmful alcohol use, unhealthy diet, insufficient physical 

activity, and indoor and outdoor air pollution.16,17 

Pathophysiology of cardiovascular diseases 

CVD are referred to as diseases that involve heart and blood vessels and share a 

common pathophysiology. The basic mechanism of CVD involves atherosclerosis 

which is a condition that is characterised by narrowing or blocking of blood 

vessels that impair blood flow through blood vessels and may result in IHD and 

stroke.18 Atherosclerosis is a complex chronic inflammatory disease involving 

medium and large sized arteries characterised by accumulation of lipid 

metabolism in walls, occurrence of inflammatory and immune cells and vascular 

remodelling. Although vascular remodelling is considered an adoptive response 

to maintain blood supply, it may rupture the atherosclerotic plaque resulting in 

blood clot formation which may lead to acute coronary conditions including MI.19 

The risk factors for CVD can be classified as genetic factors, cardio metabolic 

factors, environmental factors and lifestyle factors. Cardio metabolic factors 

include hypertension, diabetes, obesity and high cholesterol.20 Ambient air 
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pollution has been recognised as environmental risk factor for cardiovascular 

diseases due to its association with progression of atherosclerosis.21 Life style 

behaviours that increase the risk of CVD are physical inactivity, alcohol 

consumption, inadequate diet and smoking.22 Also previous incidence of IHD and 

stroke significantly increases the risk for recurrent IHD and stroke.23 

Physical activity helps to prevent many modifiable risk factors for atherosclerosis 

including blood pressure, diabetes, elevated lipids concentrations and obesity. 

Evidence has suggested that episodic physical activity 24 and short term exposure 

to air pollution 25 trigger acute cardiac events including MI.  

Air pollution 
Air pollution refers to the release of complex heterogeneous mixtures of gaseous 

and particulate pollutants into the air that are harmful to humans and other living 

organisms. Air pollution in urban areas is mainly generated by economic activity. 

Transportation, energy consumption, and urban growth are driving forces of air 

pollution in urban cities.3 Outdoor air is often referred to as ambient air. Among 

the most extensively studied pollutants of ambient air regarding their health 

impacts are particulate matter (PM), ground-level ozone, nitrogen dioxide (NO2), 

sulphur dioxide, and carbon monoxide.  

PM belongs to a major class of pollutants and comes in different sizes, shapes, 

and with different properties such as liquids or dry dusts.26,27 They are most 

commonly classified as coarse, fine, and ultrafine particles. The diameters of 

coarse and fine particles lie between 2.5 µm and 10 µm and between 1 µm and 2.5 

µm, respectively, whereas ultrafine particles have a diameter of less than 1 µm. 

PM10 has an aerodynamic diameter of less than 10 µm and consists of coarse, 

fine, and ultrafine particles, while PM2.5 particles have an aerodynamic diameter 

of less than 2.5 µm and thus contain fine and ultrafine particles. There are two 

types of particles, primary and secondary. Particles releasing directly into the 

atmosphere by wind, combustion processes, or human activity are referred to as 

primary particles, whereas secondary particles are those that form in the 
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atmosphere after conversion from gaseous pollutants such as sulphur dioxide, 

nitrogen oxides, ammonia, and volatile organic compounds. 

PM is mainly composed of sulphate, nitrates, ammonia, sodium chloride, black 

carbon, mineral dust, and water.28,29 These are released into the atmosphere by 

different sources such as combustion engines (both diesel and petrol) and solid 

fuel (coal, lignite, heavy oil, and biomass) combustion for energy production in 

households and industry as well as by other industrial activities such as 

construction, mining, and smelting.30 

Nitrogen oxide and sulphur dioxide are released into the atmosphere from 

vehicles and industries during the combustion of fossil fuels. 

Ozone, a colourless to bluish gas, is formed in the atmosphere by chemical 

reactions in sunlight between oxides of nitrogen and volatile organic compounds 

released from transportation and industrial activities. 

Local vehicle traffic is one of the main contributors of primary particle and 

ambient air pollution in urban areas.31 These emissions are categorised into 

traffic-related exhaust emissions and traffic-related non-exhaust emissions. 

Exhaust emissions includes ultrafine particles, carbon monoxide, NO2, black 

carbon, and polycyclic aromatic hydrocarbons. On the other hand, brake, tyre, 

and road wear along with road dust suspension are generally recognised as 

important non-exhaust traffic emissions. Although both exhaust and non-

exhaust emissions contribute to total traffic-related PM10 emissions, non-

exhaust emissions are becoming more and more important because of 

increasingly stricter control on traffic exhaust emissions.32 

PM is a significant public health problem and is responsible for potential long-

term health effects.33 A large number of studies from Europe and elsewhere lend 

strong support to the wide array of mortality and morbidity outcomes associated 

with PM2.5. Total PM (or PM10) is widely used as indicator in air pollution 

studies despite the fact that it is not directly related to traffic and other pollutants 

such as elemental carbon, black smoke, or ultrafine particles because data 
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regarding these pollutants are scarce. Using PM2.5 as a proxy for traffic-related 

and other pollutants is thus consistent with other studies investigating the impact 

on health due to changes in air pollution because it is a widely used indicator.34,35 

The current WHO air quality guidelines for annual mean level of PM10 and 

PM2.5 are a maximum of 20 ǋg/m3 and 10 ǋg/m3, respectively.36 Today, in most 

member states of the European Union (EU) the long-term exposure to PM10 and 

PM2.5 exceeds the level recommended by the WHO. The 2016 European air 

quality report showed that 42% and 74% of the urban population in the EU was 

exposed to concentrations of PM10 and PM2.5 that were greater than WHO air 

pollution quality guideline values.37  

Ambient air pollution (outdoor) was among the top ten leading global risk factors 

for attributable disease burden and is responsible for 118 million DALYs and 4.14 

million deaths in year 2019.38 In the WHO European region, 12% of IHD deaths 

and 11% of stroke deaths were attributable to ambient air pollution in year 2012.17 

Long-term exposure to air pollution increases the risk of cardiovascular and 

respiratory diseases, type 2 diabetes, cancer, and premature mortality.39–42 

Furthermore, there is convincing evidence that adverse effects associated with 

long-term exposure to PM2.5 results in higher mortality due to CVD than 

mortality due to respiratory diseases.40,43 Although there is increasing research 

that has highlighted the impact of air pollution on the incidence of CVD, evidence 

has been scarce on the adverse effect of air pollution on patients with CVD.44 

Evidence indicates that long-term exposure to PM among patients who already 

have a myocardial infarction (MI) adversely affects the myocardial fibrosis 

resulting from the infarction.45  

The mechanism by which air pollution causes CVD is thought to be based on 

inflammation and haemostatic disturbances. Adverse effects of air pollution on 

CVD are categorised as direct and indirect effects on the blood, lungs, heart, and 

blood vessels.30 Indirect adverse effects of pollutants are initiated by the 

inhalation of PM2.5 and ultrafine particles that translocate in pulmonary 

circulation and then in the systemic circulation. Interactions between pollutants 
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and pulmonary receptors are responsible for direct effects, which include 

increased autonomic tone via activation of pulmonary neural reflexes. Both these 

indirect and direct effects contribute to the instability of plaque and to acute 

cardiac responses such as arrhythmias and MI.46 Regarding indirect effects, 

potential biological mechanisms include inhalation of PM in the lungs causing an 

inflammatory response by releasing circulatory pro-inflammatory biomarkers 

such as C-reactive protein (CRP), tumour necrosis factor-alpha (TNF-alpha), 

fibrinogen, interleukin 6 (IL-6), IL-8, etc., which induce systemic inflammation. 

Subsequently, systemic inflammation accelerates atherosclerosis by impairing 

vascular functions and activating haemostasis. 

Physical activity 
Physical activity is defined as a broad and complex behaviour characterised by 

voluntary body movement by skeletal muscles that results in energy 

expenditure.47,48 Physical activity in daily life can be categorised into different 

domains such as leisure time, active transportation, and occupational and 

household physical activity.49 Leisure time physical activity (LTPA) includes 

activities such as sports, exercise, recreational walking and cycling, dancing, 

gardening, hiking, and swimming. Exercise is an important subcategory of LTPA, 

which is structurally planned to improve physical fitness.47 These activities are 

not related to essential activities but are performed voluntarily by individuals.50 

Physical activity related to active transportation or commuting includes walking 

and cycling to work and can contribute greatly to the total physical activity level. 

LTPA and active commuting are usually considered an effective method of health 

promotion because of the increased potential to change behaviour through these 

types of activities.51,52 

Participation in physical activity results in energy expenditure, which is normally 

quantified in terms of intensity. Metabolic equivalent of task (MET) is a measure 

to estimate the intensity of activities, and it is estimated as the energy cost during 

a person¶s given activity relative to the energy consumed at rest, where 1 MET at 

rest corresponds to 3.5 mL/O2/kg/min or 1 kcal/kg/h.53 Energy consumed 

during rest, moderate physical activity, and vigorous physical activity is 1, 3–6, 
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and greater than 6 METs, respectively 53. The current physical activity guidelines 

for adults is a minimum of 150-300 minutes of moderate intensity activity or a 

minimum of 75-150 minutes of vigorous intensity activity or a combination of 

moderate and vigorous intensity per week.54 

A sedentary behaviour does not mean physical inactivity. While energy 

consumption during rest is 1 MET, sedentary behaviours are any waking 

behaviours characterized by an energy expenditure ≤1.5 METs, such as sitting, 

reclining, or lying posture.55 The proportion of individuals not meeting the 

recommended physical activity criteria is referred as the prevalence of physical 

inactivity. Emerging evidence shows that physical inactivity is increasing 

worldwide due to technical advances such as televisions, computers, mobile 

devices, and video games.56 In high-income countries, insufficient activity has 

increased over time, and its prevalence was twice as high (36.8%) than in low 

income-countries (16.3%) in year 2016. In Europe, 23.8% of the population did 

not meet physical activity guidelines in 2016. Physical inactivity is among the 

leading risk factors of global mortality, and low physical activity was among the 

ten leading risk factors for attributable disease burden and accounted for 198.4 

age-standardised DALYs per 100,000 people and 11.1 age-standardised deaths 

per 100,000 people globally 38. According to a global burden of diseases study, 

low physical activity was attributed to almost 153,000 deaths and over 2.1 million 

DALYs in year 2017 in the EU.57 DALYs attributed to low physical activity in 

relation to NCDs such as CVD, cancer, and type 2 diabetes and kidney diseases 

were 1,799,919; 160,040; and 159,993; respectively. Attributable deaths were 

140,746 for CVD 9,045 for cancer, and 3,075 for type 2 diabetes. Research 

indicates that maintaining moderate levels of physical activity is associated with 

lower risk of mortality and morbidity.58 An abundance of studies has confirmed 

the beneficial effects of physical activity on health. Long-term LTPA has been 

associated with decreased mortality 59 as well as a decreased risk of NCDs 60, 

including CVD 61, type 2 diabetes 62, and breast and colon cancer 63,64, whereas 

active commuting has been related to decreased risk of mortality and CVD.65–67 

Acknowledging the beneficial effects of physical activity, the WHO has set a target 

of 15% relative reduction in insufficient physical activity by the year 2030.68  
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The mechanism by which physical activity provide protection against chronic 

diseases is mainly based on anti-inflammation. Research indicates that physical 

inactivity and obesity are associated with systemic low-grade inflammation, 

whereas regular physical activity is associated with anti- inflammation thus 

reducing the risk of disease.69 It is assumed that elevated circulating levels of pro-

inflammatory proteins associated with physical inactivity and obesity such as 

TNF-alpha, IL-6, and CRP also known as cytokines are closely related to different 

chronic diseases caused by systemic inflammation.70 The anti-inflammatory 

effects of regular physical activity are mediated through changes in visceral fat, 

adipose tissue content, and the inflammatory environment.71,72 Physical activity 

reduces not only pro-inflammatory cytokines, but also releases anti-

inflammatory cytokines such as IL-6 by contracting skeletal muscles.73 Even 

though IL-6 is pro-inflammatory, intramuscular release of IL-6 mediates the 

anti-inflammatory response by increasing the synthesis of anti-inflammatory 

cytokines, including IL-1 antagonists and IL-10, and inhibiting the release of pro-

inflammatory cytokines such as TNF-alpha, etc.74 Evidence shows that higher 

levels of physical activity decrease inflammation even after adjusting for BMI and 

waist-to-hip ratio, indicating that the effects of physical inactivity are 

independent and additive to the effects of obesity.75 

Health impact assessments of increased walking and cycling 
The WHO has developed the Health Economic Assessment Tool (HEAT) based 

on a meta-analysis of mortality in relation to active commuting and air pollution 

exposure as a way to estimate the expected reduction in mortality and the 

economic implication for an increased amount of bicycling and walking in a 

population.34 The HEAT applies published data on relative risks of all-cause 

mortality associated with physical activity (walking or cycling) and PM2.5 relative 

to the volume of walking or cycling in the study area in order to estimate the 

potential reduction in mortality rate. 

The HEAT uses a relative risk of 0.90 for cycling and 0.89 for walking, for 100 

minutes per week of cycling and 170 minutes per week of walking, respectively, 

at common physical activity exposure level. These levels of cycling and walking 
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correspond to 11.25 MET-hours per week. The 11.25 MET-hours per week was 

selected based on 150 minutes per week of moderate intensity physical activity, 

which is the minimum amount of physical activity in the WHO global 

recommendations on physical activity and health. The recommended 150 

minutes per week was translated into 11.25 MET-hours per week by taking the 

mean of moderate intensity (3–6 METs) activities, resulting in the intensity 4.5 

MET. For cycling, 11.25 MET-hours per week was calculated by using an average 

of 6.8 METs because cycling is generally done at vigorous intensity, and this 

represents 100 minutes per week of cycling. For walking, an average intensity of 

4 METs representing 170 minutes per week was used to calculate the same 11.25 

MET-hours per week for walking. 

The tool also implement a relative risk of all-cause mortality associated with 

PM2.5 of 1.07 per 10 µg/m3 based on a meta-analysis including 14 international 

cohort studies.34 

Rationale of the thesis 
Physical inactivity and ambient air pollution are considered to be important 

determinants of NCDs. The promotion of physical activity through active 

transportation has been suggested to be an effective strategy to mitigate the 

modern-day challenges of physical inactivity and transport-related air 

pollution.76 However, increased air pollution exposure for active commuters 

during commuting may be a problem due to the adverse effects of air pollution. 77 

Similarly, most forms of exercise such as running, walking, and cycling take place 

outside, which exposes the individuals to outdoor air pollution. 78  

The underlying mechanism through which physical activity provides protection 

against CVD is based on anti-inflammation, and the pathophysiological 

mechanisms behind the cardiovascular effects of long-term PM exposure are 

based on inflammation, atherosclerosis, and metabolic changes. It is thus 

plausible that the harmful inflammatory effects of air pollution can be 

counteracted by the anti-inflammatory effects of physical activity. However, it is 

uncertain whether these effects of air pollution and physical activity are 
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independent or if there is any interaction effect between air pollution and physical 

activity on the incidence and recurrence of CVD at the individual level. 

Although a wide range of studies have investigated the beneficial impact of LTPA 

on NCDs, a very limited number of studies have investigated the impact of active 

commuting on chronic diseases. Even though the benefits of LTPA are well 

established 79, knowledge is limited as to how much the risk is reduced with an 

increased amount of physical activity.60,80 As far as we know, no previous meta-

analysis has investigated quantified amounts of active commuting and their dose-

response relations with NCDs.  

Physical inactivity and obesity are consistently related to low-grade systemic 

inflammation, which induces NCDs. Therefore, body mass index (BMI) is 

considered to be a potential mediator on the causal pathway and should not be 

adjusted for. However, there is uncertainty about the extent of this effect because 

physical activity independently reduces the risk of disease regardless of BMI and 

obesity. 

There is limited evidence concerning the combined impact of air pollution and 

physical activity on health, and the emerging evidence has been inconclusive.81–

83 Andersen et al. (2015) conducted a study in the Danish Diet, Cancer, and Health 

cohort and reported that participation in sports, cycling, and gardening had an 

inverse association with total mortality and diabetes and cardiovascular mortality 

that was not modified by residential NO2.82 However, the reduction in risk for 

respiratory mortality associated with cycling and gardening was more 

pronounced among individuals who were exposed to moderate/low NO2 levels 

than those who were exposed to high NO2 levels. They also investigated the 

association between the incidence of diabetes and leisure time physical activity 

and NO2 in the same cohort. 81 They reported that residential NO2 was associated 

with increased incidence of diabetes, but only among physically active 

individuals.  

Health impacts from a shift towards more active transport are usually 

investigated using the Health Impact Assessment (HIA) approach to explore the 
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health impacts of different transport interventions in order to compare harms 

and health benefits.84 The HIA focuses on changes in mode of transport from car 

trips to bicycling to evaluate health benefits in terms of increased physical activity 

for commuters, decreased air pollution for the general population, and increased 

health risks in terms of air pollution and accidents for active commuters. Previous 

studies investigating a mode shift to increased active travel have used different 

approaches to estimate air pollution exposure for commuters and the general 

population. Moreover, some of these studies have employed the HEAT to quantify 

the economic consequences of health benefits in terms of the impact of increased 

cycling on mortality. Even though HEAT estimates considers changes in air 

pollution, they do not incorporate impacts on morbidity or possible interaction 

effects between air pollution and physical activity. 

Investigating the combined impact of air pollution and physical activity is an 

important research area given the rapid increase in urbanisation, physical 

inactivity, and CVD globally. To increase current level of knowledge, systematic 

reviews of current methods, updated and improved meta-analyses, and 

prospective cohort studies can be performed. 
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Aims of the thesis 

Overall aims 
The overall aim of the thesis was to improve the knowledge base for assessments 

of the total impact on health of a transport mode shift resulting in increased 

physical activity and changes in air pollution exposure, especially regarding the 

combined effects on cardiovascular risks. 

The specific aims were: 

x To review the methodological approaches used to estimate air pollution 

effects in previous HIA studies of a transport mode shift from cars towards 

more active transport. 

x To estimate the association between quantitative amounts of leisure time and 

commuting physical activity and incidence of CVD, type 2 diabetes, breast 

cancer, and colon cancer, and additionally to assess to what extent these 

associations are affected by BMI adjustment. 

x To estimate the risk of first-incident IHD associated with residential particle 

air pollution exposure and physical inactivity, including possible interaction 

effects. 

x To estimate the risk of IHD and stroke recurrence associated with residential 
particle air pollution exposure and physical inactivity, and to assess possible 
interaction effects. 
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Materials and Methods 

Study I 
Study I was conducted to review how previous HIA studies of a shift in transport 

from cars to bicycles in order to guide future assessments. 

The included studies were identified primarily by searching through PubMed and 

Google Scholar using combinations of different keywords including health impact 

assessment, transport intervention, active transportation, alternative transport, 

cycling, physical activity, air pollution, air quality, and transport traffic emission. 

To be included in the review, studies had to meet the following inclusion criteria: 

x Published from January 2000 to May 2016.  

x Aiming at interventions in the transport sector to enhance physical 

activity and/or reduce the amount of short car trips in urban areas. 

x Evaluating the health benefits of alternative transport scenarios. 

x Quantifying air pollution exposure and presenting results about the 

effects of vehicle emissions on health due to a mode shift from motorised 

transport to active commuting and public transport.  

x Using comparative risk assessment, cost–benefit analysis, risk 

assessment, or benefit assessment as the methodology for HIA.  

x Quantifying the effects on at least one health outcome.  

x Reporting either health measures such as health risk or benefit or 

equivalent economic measures such as economic cost and benefit 

relationships. 

Study II 
Study II reviewed studies on the associations between leisure time and 

commuting-related physical activity and chronic diseases including CVD, type 2 

diabetes, breast cancer, and colon cancer as well as the extent to which these 

associations are affected by adjustment for BMI. A literature search was 

conducted according to guidelines created by the Preferred Reporting Items for 
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Systematic Reviews and Meta-Analyses (PRISMA) 85 and Meta-Analysis of 

Observational Studies in Epidemiology (MOOSE) group.86 The studies included 

in the review were published in English between 1 January 1990 and 30 June 

2019. The studies were identified by searching through PubMed including the 

keywords prospective, incidence, cohort, follow up, physical activity, leisure-time 

physical activity, active transport, commuting, walking, cycling, exercise, 

cardiovascular disease, coronary heart disease, ischemic heart disease, 

myocardial infarction, heart failure, stroke, cerebrovascular disease, type 2 

diabetes, breast cancer, breast carcinoma, colon cancer, colon carcinoma, colo-

rectal cancer and colorectal carcinoma.  

To be included in the meta-analysis, studies had to report the following:  

x Physical activity during leisure time or active commuting. 

x The amount of physical activity as MET-hours/week or day or as intensity 

and duration. 

x Duration of commuting physical activity as minutes per day or per week 

x Association with CVD, myocardial infarction (MI), heart failure (HF), 

type 2 diabetes, breast cancer, or colon cancer. 

x Risk estimates as relative risk (RR), hazard ratio (HR), or odds ratio (OR) 

from prospective cohort analyses. 

x The quality score of the included studies as assessed by the Newcastle–

Ottawa Quality Assessment Scale should be greater than 5.  

 

Studies were excluded if commuting or leisure time activities were combined with 

other types of physical activities as well as studies that did not report the type, 

nature, or intensity of activities. 

Studies III and IV 
Studies III and IV were performed as prospective cohort studies based on data 

from the Västerbotten intervention programme (VIP). VIP is a population-based 

health screening and intervention programme designed to reduce the incidence 

of CVD and was initiated in 1985.87 All inhabitants living in the County of 
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Västerbotten are invited to their local primary health care centre for a health 

examination and counselling in the years they turned 40, 50, and 60 years of age. 

The participants complete an extensive questionnaire including physical activity, 

education, smoking, occupation, and alcohol intake. Written informed consent 

was obtained from all VIP participants before enrolment in the study. 

Included in these studies were only individuals that lived in Umeå municipality. 

In Study III, 34,748 individuals of aged 40–60 years of age were included, with 

no previous history of IHD at baseline. In Study IV, 1,403 first-incident IHD cases 

and 818 first-incident stroke cases were included after excluding missing 

information on PM2.5, exercise in training clothes, and active commuting.  

Figure 2 illustrates that the recruitment into the cohort continued also during the 

study period between years 1990 and 2013. It also illustrates that the follow-up 

time for first incident IHD may differ for individuals with the same year of 

recruitment. The cases (first incident IHD) in Study III, and also first incident 

stroke cases, were in Study IV, followed-up for IHD and stroke recurrence, 

respectively (Figure 4). Since individuals are recruited at different time points 

and also had their first incidence of IHD and stroke at different time points the 

period of follow-up differ also in the analyses of disease recurrence in Study IV 

(Figure 3). 

The residential history of the participants was obtained by linking personal 

identification numbers with records of residential addresses at Statistics Sweden 

or the Swedish Taxation Authority. These residential addresses were geocoded by 

matching against the Swedish Mapping Cadastral and Land Registration 

Authority databases. The same set of explanatory variables and potential 

confounders was used in studies III and IV. In both of these studies, information 

about physical activity and individual level covariates included as potential 

confounders were obtained at baseline recruitment before the first incidence of 

disease (Figure 4). As also illustrated in Figure 4, particulate air pollution 

concentrations at individual´s home addresses were however time variable in 

these analyses.
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Exposure assessment 

Leisure time exercise and active commuting 
The participants were asked about their frequency of exercise in training clothes 

during the previous 3 months. The activity level in Study III was categorised as 

“At least twice a week´ if they exercised with a frequency of 2 times per week or 

more, “At most once a week´ if they exercised rarely or once per week, and 

“Never´ if no activity was performed. In Study IV, the activity level was 

dichotomised as “At most once a week´ if they exercised never, rarely, or once per 

week and “At least twice a week´ if they exercised 2 or more times per week. 

Information on active commuting was collected by inquiring about the mode of 

travel to work in each of the four seasons with the response options travelling by 

car, bus, walking, and cycling. In Study III, participants were classified in three 

categories as “Non-active commuter´ if commuting every season by car or bus, 

“At most two seasons out of four´ if cycling or walking at most half a year, and 

“More than two seasons out of four´ if cycling and walking more than half a year. 

In Study IV participants were classified as less frequent active commuters if they 

commuted by car or bus or by walking and cycling at most two seasons out of four, 

or as frequent active commuters if they walked or cycled to work more than two 

seasons out of four. 

Air pollution 
The Swedish clean air and climate (SCAC) programme provided air pollution data 

for Studies III and IV. The annual average concentration of PM10 and PM2.5 was 

calculated between the years 1990 and 2011 at home addresses using high-

resolution dispersion models such as the Airviro Gauss Finite length line source 

model for traffic and Operational Meteorological Air Quality Models for point 

sources.88 Pollutant concentrations were extrapolated linearly from year 2011 to 

2014. The concentration was modelled for each hour of the year and averaged 

annually for an area of 3km × 3km in rural areas and around 35m × 35m along 

major roads and close to smokestacks.  
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The input data for the model were provided by different emission inventories 

based on local pollutant sources including road traffic exhaust, road traffic non-

exhaust, residential wood burning, shipping, and other sources including 

industrial processes, energy production, off-road machinery, agriculture, etc.  

Dispersion models provided annual average estimates of local pollutants for the 

study area. Modelled estimates were well validated with measurements at 

monitoring stations with r2 values of 0.87 and 0.65 for PM10 and PM2.5, 

respectively.  

The long-range transport contribution to PM10 and PM2.5 was estimated 

indirectly by subtracting the total concentrations measured at monitoring 

stations and local particle concentrations that were modelled at the same 

locations. Thereafter, total PM10 and total PM2.5 was calculated at every grid 

point by adding annual averages of long-range transport pollutants to the 

dispersion modelled local concentrations. Finally, pollutant exposure for the 

study participants was estimated by assigning the modelled total annual 

concentration of PM10 and PM2.5 to the participant¶s home addresses. 

Covariates 
In Studies III and IV, selected covariates in the individual level were alcohol 

intake (once/month or sometimes, 2-4 times/month, 2-3 times/week, or ≥4 

times/week), smoking habits (never smoker, previous non-regular smoker, non-

regular smoker, previous regular smoker, cigarette smoker, or cigar or pipe 

smoker), gender, occupation (gainfully employed, unemployed, or non-gainfully 

employed), and education level (compulsory, high school, or university). At the 

area level, the neighbourhood mean income was used.  

Health outcomes 
First-incident IHD cases and recurrence of IHD/stroke were determined by 

linking personal identification numbers with the patient and cause of death 

registers.89 The International Classification of Diseases Ninth Revision (ICD-9) 

codes 410–414 and ICD-10 I20-25 were used to define IHD, and ICD-9 codes 

431–436 and ICD-10 codes I61–I65 were used to define stroke.90,91 Recurrent 
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IHD and stroke cases were defined as cases that occurred after more than 28 days 

from the recorded first-incident IHD or stroke episode. 

Statistical analysis 
In Study II, a meta-analysis was performed by using random effect models to pool 

the effect sizes of the included studies. Before combining the results from the 

included studies, the log of the RR was taken. The pooling method was based on 

the weighted average of the log RR of the individual studies. Weights were 

assigned by taking the inverse of the variance of the log RRs, and the random 

intercept enabled us to account for heterogeneity between studies that might 

remain even after considering physical activity type, intensity, and health 

outcomes. In this meta-analysis, the physical activity category of 11.25 MET-

hours per week, which was the minimum amount of physical activity 

recommended by the WHO, was compared with the lowest activity category. The 

dose-response analysis was performed separately for each health outcome by 

employing a mixed-effect model. All analyses were implemented in R version 

3.4.2. The shapes of the dose-response relations were linear, log-linear, and non-

linear fits with the amount of physical activity to the power of deciles between 0 

and 1. The Akiake information criterion was used to determine the most 

appropriate dose-response relation, and disease-specific funnel plots and Egger 

tests 92 were used to assess any possible publication bias.  

In Studies III and IV, the association between the outcomes of IHD incidence and 

IHD/stroke recurrence and air pollution and physical activity were assessed using 

Cox proportional hazards models. In Study III, PM10 and PM2.5 concentrations 

were measured with a five-year moving average to determine the cumulative risk 

associated with this exposure, whereas in Study IV PM2.5 exposure was assessed 

as the annual mean residential PM2.5 concentration one year preceding the 

event. 

For each outcome, associations were modelled in two steps. First, models were 

fitted to assess the overall associations with air pollution and physical activity 

(frequency of exercise/active commuting) without incorporating any interaction 
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terms. In a second step, a multiplicative interaction was incorporated to estimate 

associations with exercise/active commuting among individuals with high/low 

(above/below median) residential air pollution as well as associations with air 

pollution among less and more frequently physically active individuals. The 

models were adjusted for gender, smoking, alcohol intake, highest education 

level, occupation status, and registry data on area-level mean income. Age was 

used the underlying time scale because it is an important confounder and 

provides less biased estimates. T-tests, global analysis of variance tests (ANOVA), 

and chi-square tests were used to test for differences in means and proportions 

of covariates between categories of exercise in training clothes. Schoenfeld 

residuals tests were conducted to assess the assumptions of the proportional 

hazards. 

In Study III, a sensitivity analysis was also performed to assess the impact of 

follow-up duration by excluding participants with follow-up time below the 25th 

percentile. Another sensitivity analysis was conducted with PM concentrations in 

tertiles to determine the dose-response association. 

In study IV additional analyses were also performed to evaluate the impact of 

time duration between recruitment and first incidence of disease as well as 

change in physical activity between two cohort examinations on diseases 

recurrence. All analyses were performed in R version 3.4.2.93 
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Results 

Study I 
The literature search identified a total of 5059 articles. After removal of 

duplicates, 2957 studies remained for title and abstract screening, of which 57 

studies were retained for full text review. Of these, 18 studies that met all of the 

inclusion criteria were included in this systematic review. Almost all of these 

studies were conducted in developed countries. Most of these studies investigated 

change in transport mode in sub-populations with some exceptions where the 

mode shift was studied in the whole population.94–96 Mostly hypothetical 

transport scenarios were formulated to determine the criteria for trip durations 

and distances according to which motorised transport will be shifted towards 

more active transport. 

A comparative risk assessment was used in 17 studies to investigate the health 

impact of a mode shift by using published risk estimates. The economic impacts 

of transport interventions were estimated in four studies using a cost-benefit 

analysis approach. Furthermore, some studies also examined the health effects of 

walking and cycling considering the economic value of change in mortality by 

applying the HEAT.  

A total of 9 out of 18 studies investigated health impacts in the general population 
94–102, 4 studies investigated the health impact among active commuters 103–106, 

and 5 studies examined the effect among both active commuters and the general 

population.107–111 Although a range of particulate and gaseous pollutants were 

considered in these studies, PM2.5 was mainly used as the determinant for health 

due to its strong relevance with health outcomes.  

To estimate the change in air pollution exposure in the general population, some 

studies used published cost estimates directly from previous studies. However, 

most of these studies employed an approach that was based on the estimation of 

change in concentration with the help of dispersion models. Thereafter, the 
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impact of this change in concentration on health was calculated using RRs and 

exposure response functions from previous studies. 

Air pollution exposure among active commuters differed in the studies based on 

what methods they used to estimate the pollutant concentrations and what 

ventilation they assumed for commuters. Most of these studies calculated mode-

specific concentrations in relation to background concentrations, and they 

employed mode-specific concentrations from the studies conducted in Barcelona 

and adjusted by background mean air pollution concentration.112,113 De Hartog et 

al. (2010) used a mean ratio comparing car and cycle exposure without taking 

into consideration the background air pollution concentration.114 Rabl and De 

Nazelle, (2012) calculated the mode-specific exposure by applying scaling factors 

retrieved from the European Environmental Agency on the concentrations 

measured in major cities of Europe.108 One study estimated the mode-specific 

concentration by multiplying the average pollutant concentration by mode-

specific scaling factors related to vehicle type and road position. The average air 

pollution concentration was estimated by applying average daily estimates of 

PM2.5 concentrations over a fine grid for central London in year 2008 on the 

modelled mode-specific routes.106 

With regard to air pollution impacts on health due to change in transport mode, 

studies generally reported small health benefits for the general population while 

slight risks were reported for commuters who changed their travel mode towards 

more active transport. However, some studies reported large health benefits for 

general population due to change in transport mode towards more cycling.97,98,102 

Study II 
A total of 13606 records identified from the database, and 100 records were 

retained after screening for title and abstract. After full texts review, 59 records 

that met all inclusion criteria were retained for meta-analysis. Studies 

investigating the effect of LTPA were more common than studies on active 

commuting. LTPA was investigated in 51 studies, and active commuting was 

investigated in 4 studies, while 4 studies included estimates in relation to both 
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LTPA and active commuting. With reference to LTPA, the numbers of included 

studies were 6 for CVD, 14 for MI, 7 for stroke, 4 for heart failure (HF), 15 for type 

2 diabetes, and 12 for breast cancer and colon cancer. Regarding active 

commuting, 3 studies were on MI and 5 were on type 2 diabetes. The number of 

included studies did not add up to 59 because some studies investigated both 

LTPA and active commuting as well as multiple outcomes. The average follow-up 

duration was as follows: 13.5 years for MI, 13.1 years for stroke, 14.3 years for HF, 

13 years for CVD, 11.2 years for type 2 diabetes, 11.4 years for breast cancer, and 

9.5 years for colon cancer.  

The RR and 95% confidence interval (CI) for NCDs associated with 11.25 MET-

hours per week (the minimum amount of physical activity recommended by 

WHO) of LTPA and active commuting, as well as the effects of BMI adjustment, 

when compared with limited or no such activity are presented in Figure 5. For 

LTPA, the meta-estimated relative risk for MI, CVD, HF, stroke, type 2 diabetes, 

breast cancer, and colon cancer decreased by 22% (95% CI: 16–27%), 26% (95% 

CI: 17–34%), 27% (95% CI: 14–38%), 23% (95% CI: 9–35%), 22% (95% CI: 11–

32%), 7% (95% CI: 2–12%), and 15% (95% CI: 6–22%), respectively (Figure 5). In 

relation to active commuting, the relative risk for MI and type 2 diabetes was 

reduced by 18% (95% CI: 1–33%) and 22% (95% CI: 4–37%), respectively (Figure 

5). Adjusting associations with LTPA for BMI resulted in a decreased risk 

reduction by 5–10% for the health outcomes of MI, stroke, HF, CVD, type 2 

diabetes, and colon cancer, whereas there was no change in risk for breast cancer. 

Similarly, for active commuting, there was a risk reduction for MI and type 2 

diabetes by 11% and 8%, respectively, after BMI adjustment. 
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Figure 5. Relative risks (RRs) for disease outcomes within the 11.25 MET-hours/week categories of 
LTPA and commuting physical activity are compared with the reference (lowest) category. RRs are 
also presented based on the studies that reported both BMI adjusted and unadjusted results. 

Figure 6 and Figure 7 show the dose-response relations between LTPA, active 

commuting, and NCDs. A non-linear relationship (with the amount of physical 

activity to the power of deciles between 0.1 and 0.9) was found between LTPA 

and MI, CVD, stroke, HF, type 2 diabetes, and colon cancer with risk reductions 

of 23%, 20%, 20%, 26%, 18%, and 16% at 11.25 MET-hours per week of LTPA, 

respectively (Figure 6). The corresponding estimates at 22.5 MET-hours per week 

of LTPA were 25%, 27%, 27%, 34%, 31%, and 17%. However, a linear relationship 

was observed between LTPA and breast cancer with a risk reduction of 2% for 

every 11.25 MET-hours per week increment in LTPA. 
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Figure 6. Dose-response plots of the association between LTPA and MI, CVD, HF, stroke, type 2 
diabetes, breast cancer, and colon cancer. 

 

Figure 7. Dose-response plots of the association between active commuting and MI and type 2 
diabetes. 
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For active commuting, the risk of MI was reduced by 16% and 19% at 11.25 MET-

hours per week and 22.5 MET-hours per week, respectively, depicting a non-

linear relationship between active commuting and MI (Figure 7). There was, 

however, a linear relationship between active commuting and type 2 diabetes 

where the risk of type 2 diabetes decreased by 15% for every 11.25 MET-hours per 

week of active commuting. 

Study III 
During a mean follow-up of 12.4 years, 1,148 first-incident IHD cases occurred 

among individuals above the age of 40 years in the VIP cohort living in Umeå 

municipality. The proportion of first-incident IHD was lower among individuals 

who exercised at least twice a week compared to those who exercised never or 

exercised at most once a week. Table 1 shows the characteristics of the study 

participants at different levels of exercise in training clothes. 

About 19% of the participants reported exercising at least twice per week, thus 

denoting a moderate to high level of physical activity. They were most likely men 

(51.2%), never smokers (51.7%), and active commuters (38.1%). The least active 

participants who exercised never (38%) were older (47.3 years) and more likely 

to be female (54.2%), non-active commuters (48.8%), and to belong to a lower 

socioeconomic group. Annual mean PM10 and PM2.5 concentrations were lower 

among individuals that exercised at least twice per week. After calculating moving 

average over lags of 1 to 5 years, the 5-year means of PM10 and PM2.5 were 9.6 

µg/m3 and 5.7 µg/m3, respectively. The distributions of PM10 and PM2.5 are 

presented in Figure 8. 
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Figure 8. Distributions of moving averages (lags of 1±5 years) of PM10 and PM2.5 concentrations 
for the person-years included in Study III. 
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Overall effect of physical activity and air pollution 
LTPA and active commuting were associated with lower risk of first-incident 

IHD. There were 24% and 13% decreased risks of first-incident IHD associated 

with exercise in training clothes at least twice a week and active commuting more 

than two seasons of four, respectively. 

Hazard ratio estimates for first-incident IHD indicated increased risks in relation 

to PM10 and PM2.5. Compared with low PM10 and PM2.5, high concentrations 

of PM10 and PM2.5 increased the risk for IHD by 14% and 1%, respectively. These 

risk increases were however not statistically significant. 

Association with physical activity at different levels of PM 
Among individuals exposed to high residential PM10 and PM2.5 concentrations, 

there was a significant risk reduction of first-incident IHD by 45% and 40%, 

respectively, among individuals who exercised at least twice a week compared 

with individuals who did not exercise (Figure 9). There were significant 

interaction effects by 44% and 36% between exercising at least twice a week and 

high PM10 and PM2.5 concentrations, respectively, when compared to no 

exercise and low concentr ations of PM10 and PM2.5. 
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Figure 9. Adjusted HRs (95% CI) for first-incident IHD associated with exercise in training clothes 
compared with no exercise, overall, and in categories of (A) PM10 and (B) PM2.5 concentrations. 

Low PM10: �9.6 µg/m3; High PM10: >9.6 µg/m3. Low PM2.5 �5.7 �J/P3; High PM2.5: >5.7 µg/m3. 

For active commuting, no statistically significant interaction effect was found 

between active commuting and first-incident IHD by residential PM10 and 

PM2.5 concentrations (Figure 10). Among individuals exposed to low PM10 and 

PM2.5 concentrations, the IHD incident risks associated with actively commuting 

one or two seasons per year were found to be 17% and 18% higher compared with 

non-active commuting. Correspondingly, active commuting more than two 

seasons out of four was associated with lower risk of IHD by 7% and 3%, 

respectively. None of these estimates were, however, statistically significat. 

Among those exposed to high residential concentrations of PM10 and PM2.5, 

there was ststistically significant risk reduction of IHD by 18% and 21%, 

respectively, in relation to commuting at most twice per week.  
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Figure 10. Adjusted HRs (95% CI) for first-incident IHD associated with active commuting 
compared with non-active commuting, overall, and in categories of (A) PM10 and (B) PM2.5 
concentrations. 

Low PM10: �9.6 �J/P3; High PM10: >9.6 µg/m3. Low PM2.5 �5.7 �J/m3; High PM2.5: >5.7 µg/m3 

Association with air pollution at different levels of physical activity 
The adverse effects of high residential PM10 and PM2.5 concentrations on first-

incident IHD were consistent among individuals who never exercised in training 

clothes and those who exercised at most once a week (Figure 11). However, among 

those who reported exercising at least twice a week the risks for IHD associated 

with high PM10 and PM2.5 decreased by 32% and 26%, respectively. However, 

only the increased risk in relation to PM10 among those who exercised at most 

once a week and the reduced risk among those that exercised at least twice a week 

were statistically significant. 

0.0

0.5

1.0

1.5

2.0

≤ 2 > 2
Commuting seasons out of four

H
az

ar
d 

ra
tio

Overall Low PM10 High PM10
A

0.0

0.5

1.0

1.5

2.0

≤ 2 > 2
Commuting seasons out of four

H
az

ar
d 

ra
tio

Overall Low PM2.5 High PM2.5
B



38 

Figure 11. Adjusted HRs (95% CI) for first-incident IHD associated with high PM10 (>9.6 µg/m3) 
and high PM2.5 (>5.7 µg/m3) compared with low air pollution, overall, and in categories of exercise 
in training clothes. 

For active commuting, there were statistically significant increased risks for IHD 

in relation to high compared with low PM10 and PM2.5 by 26% and 24%, 

respectively, among those who did not perform any active commuting (Figure 12). 

Among those who commuted at most two seasons of four, risks decreased by 5% 

and 9%, respectively, whereas among those commuting more than two seasons 

out of fours risks increased by 10% and 1%, respectively. However, none of these 

estimates were statistically significant.  
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Figure 12. Adjusted HRs (95% CI) for first-incidence IHD associated with high PM10 (>9.6 µg/m3) 
and high PM2.5 (>5.7 µg/m3) compared with low air pollution, overall, and in categories of active 
commuting. 

Sensitivity analyses 
A sensitivity analysis conducted by excluding individuals with follow-up times 

below the 25th percentile of 3.4 years did not change the results on interactions 

(Appendix: Table A and Table B). However, hazard ratio estimates for IHD in the 

relationship to PM10 changed from 1.14 to 1.22.  

An additional sensitivity analysis on the effect of exercise in training clothes in 

tertiles of PM suggested a dose-response for the interaction effect (Appendix: 

Table C). Compared with no exercise, exercising at least twice a week was 

associated with 5%, 17%, and 49% decreased risk of IHD among individuals 

exposed to low, moderate, and high concentrations of PM10. Similar estimates 

were found in relation to PM2.5. 

0.0

0.5

1.0

1.5

2.0

PM10 (>9.6) PM2.5 (>5.7)
PM concentration (�g/m³)

H
az

ar
d 

ra
tio Overall

Never

≤ two four

> two four



 

40 

With regard to air pollution exposure, no dose-response for interaction effects 

was observed between PM and first-incident IHD by different levels of exercise. 

Risk estimates associated with PM10 and PM2.5 were higher among those who 

exercised at most once a week when compared with those who never exercised, 

whereas no increased risk associated with either PM10 or PM2.5 was observed 

among those who exercised at least twice a week (Appendix:Table D). 

Study IV 
The characteristics of the study participants at baseline according to different 

levels of exercise in training clothes are presented in Table 2. Mean ages at 

baseline were 52 and 53 years for first-incident IHD and stroke, respectively. A 

total of 2,221 participants, including 1,403 with first-incident IHD and 818 with 

first-incident stroke were recruited at baseline. For the IHD group, the 

proportions of individuals with frequent active commuting, high level of 

education, and non-smoking behaviour were higher among individuals who 

exercised at least twice a week than individuals who exercised at most once a 

week. Similar tendencies, except for frequent active commuting, were observed 

in the first-incident stroke group. 

During a mean follow-up of 5.5 years, 428 and 156 participants developed IHD 

and stroke recurrence, respectively. The average time to recurrence of IHD and 

stroke was shorter among those who exercised twice per week or more. 

The median concentration of residential PM2.5 was 5.48 µg/m3 in participants 

during follow-up. 
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Overall effect of physical activity and air pollution 
Generally, a positive but non-statistically significant relation was observed 

between air pollution, physical activity, and recurrence of diseases.  

After adjustment for potential confounders, high residential PM2.5 concentration 

was associated with 13% and 21% increased risk of IHD and stroke recurrence, 

respectively, compared with low PM2.5 concentrations. Compared with those 

who exercised at most once a week, individuals who exercised at least twice a 

week showed a increased risk by 35% and 75% for IHD and stroke recurrence, 

respectively. Active commuting was inversely related to IHD recurrence, whereas 

the relation with stroke recurrence was positive.  

Association with air pollution at different levels of physical activity 
For different levels of exercise in training clothes, a trend of adverse effects of air 

pollution on IHD and stroke recurrence were consistent only among individuals 

who participated in exercise activities at most once a week but not among those 

who exercised at least twice a week. Compared with low PM2.5, a non-statistically 

significant inverse association was estimated for high PM2.5 among individuals 

who exercised at least twice a week of 38% and 3% decreased risk for IHD and 

stroke recurrence, respectively (Figure 13). 
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Figure 13. Adjusted HRs (95% CI) for (A) IHD and (B) stroke recurrence associated with high PM2.5 
(>5.48 µg/m3) compared with low PM2.5 (<5.48 µg/m3), overall, and in categories of exercising in 
training clothes. 

Similar estimates were observed among frequent active commuters except for 

stroke recurrence where an increased risk also was found in relation to high 

PM2.5 concentrations (Figure 14). However, none of these associations or 

interaction effects were statistically significant.  
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Figure 14. Adjusted HRs (95% CI) for (A) IHD and (B) stroke recurrence associated with high PM2.5 
(>5.48 µg/m3) compared with low PM2.5 (<5.48 µg/m3) overall and in categories of active 
commuting. 

Association with physical activity at different levels of PM2.5 
The analysis at different levels of PM2.5 exposure showed a positive association 

between exercising at least twice a week and stroke recurrence, with both low and 

high residential PM2.5 exposure (Figure 15). The risk increased by 107% and 61%, 

respectively. For recurrence of IHD, exercising at least twice a week was 

estimated to increase the risk by 96% in low residential PM2.5, but not in high 

residential PM2.5. All of these associations, except for the effect of exercise on 

IHD recurrence in low residential PM2.5 exposure, were statistically non-

significant. Furthermore, there was no significant interaction effect between air 

pollution and physical activity for recurrent IHD or stroke. In the case of active 

commuting, the associations were less apparent (Figure 16). 
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Figure 15. Adjusted HRs (95% CI) for (A) IHD and (B) stroke recurrence associated with exercise in 
training clothes, overall, and in categories of PM2.5 concentrations. 

Figure 16. Adjusted HRs (95% CI) for (A) IHD and (B) stroke recurrence associated with active 
commuting, overall, and in categories of PM2.5 concentrations 
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Additional analysis among participants in between two cohort examinations 

showed that increased risks of IHD and stroke recurrence were mainly observed 

in those participants who change their volumes of habitual exercise from high to 

low (Appendix: Table E). Furthermore, the time duration between recruitment 

and first incidence of disease did not modify the increased risk associated with 

the frequency of exercise at baseline. 
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Discussion 

Summary of findings 
In Study I, small health benefits within the general population and small health 

risks in active commuters were observed in health impact studies of change in 

transport mode due to increased cycling. However, these health effects were 

mostly based on exposure response functions from studies with exposure 

comparisons between cities, which might underestimate the effect of traffic-

related air pollution. Study II reported inverse associations between physical 

activity and chronic diseases, in line with previous findings. In Study III the 

beneficial effects of exercise and active commuting on IHD incidence was 

observed only among individuals residing in areas of high PM10 and PM2.5 

concentration but not in areas with low concentrations. In Study IV there was an 

apparent tendency for an association between high PM2.5 and risks on IHD and 

stroke recurrence, but only among participants who exercised at most twice a 

week.  

The impact of physical activity on chronic diseases 
Several studies have reported that physical activity is protective against NCDs, 

and this was also the result of the meta-analysis in Study II. In that study we 

observed a decreased risk of NCDs, including MI, stroke, HF, CVD, type 2 

diabetes, and breast and colon cancer associated with 11.25 MET-hours per week 

of LTPA when compared with minimum or no such activity. Risk reduction for 

MI and type 2 diabetes was also found to be associated with 11.25 MET-hours per 

week of active commuting. Results were in accordance with a previous meta-

analysis investigating the impact of LTPA on chronic diseases.115 They reported a 

decreased risk of type 2 diabetes by 26% among those who performed LTPA at 

11.25 MET-hours per week, which corresponds to 150 minutes per week of 

moderate intensity physical activity. The corresponding estimates in Study II was 

somewhat lower with a risk reduction of 22%. Sattelmair (2011) found a 14% 

lower risk of coronary heart diseases at 150 minutes per week of LTPA (3–6 

MET), whereas the risk reduction was 20% at 300 minutes per week of LTPA.116 
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The result for MI in Study II was a 22% lower risk of MI for 11.25 MET-hours per 

week. Other previous meta-analyses investigating MI 61, breast cancer 117, and 

colon cancer 118, however, cannot be compared directly with this study¶s findings 

because they also included studies that did not quantify the amount of physical 

activity. Previous meta-analyses examining the association between active 

commuting and the risk for MI 65–67, type 2 diabetes, and breast cancer 66 reported 

only qualitative estimates of active commuting such as comparing active and non-

active estimates without any specification of the amount of physical activity. As 

far as we know, this is the first study to quantify the amount of active commuting 

in MET-hours per week. Previous meta-analyses investigating the dose-response 

relations between physical activity and disease incidence indicated a non-linear 

association between LTPA and the risk for coronary heart disease 116 and type 2 

diabetes 115, whereas some observed a linear association with HF 119, breast cancer 
117, and colon cancer 118. Kyu et al. (2016) reported a greater benefit at a lower level 

of total physical activity indicating a non-linear association with IHD, ischemic 

stroke, type 2 diabetes, breast cancer, and colon cancer.60 In accordance with this, 

Study II showed a non-linear risk reduction for chronic diseases, except for breast 

cancer, with increasing amounts of LTPA. Similarly, increasing amounts of active 

commuting were associated with decreased risks of diseases, which was linear for 

type 2 diabetes but non-linear for MI. This is the first study that has quantified 

the dose-response associations between active commuting and MI and type 2 

diabetes. Using the same level of physical activity as in study II, Wahid et al. 

(2016) also reported a largest risk reduction for type 2 diabetes and CVD 

incidence including MI, stroke, HF and coronary heart diseases by raising the 

physical activity level from inactivity to the recommende physical activity level.80 

However, they also included studies reporting different domains of physical 

activity such as occupational and household activities. Consistent with previous 

studies, a greater benefit was also observed in study II between 0 and 10 MET-

hours/week of physical activity for all disease outcomes except for breast cancer 

in relation to LTPA and for type 2 diabetes in relation to active commuting. 

Numerous studies have demonstrated likely mechanisms for explaining the 

possible association between physical activity and chronic diseases. One potential 
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mechanism hypothesised by Pedersen (2017) is that muscle contraction during 

exercise releases IL-6, which has an anti-inflammatory effect on chronic 

diseases.120 In addition, physical inactivity leads to the accumulation of fat, which 

may further increase the inflammatory process and thus the development of 

chronic diseases. BMI is usually used as a surrogate for obesity due to its fairly 

strong relation with body fat.121–124 

Combined impact of physical activity and air pollution on 
disease incidence and recurrence  
The estimates in study III are in accordance with the results from the Danish and 

Korean cohorts suggesting that physical activity to a larger extent reduces the risk 

for CVD among individuals with higher residential air pollution concentrations.  

Study III showed beneficial effects of physical activity on IHD incidence, whereas 

air pollution was associated with adverse effects. The beneficial effect of exercise 

and active commuting was maintained only among individuals who were exposed 

to high residential PM10 and PM2.5 concentrations, and risks associated with 

high residential PM10 and PM2.5 concentrations were not observed among 

individuals who exercised at least twice a week. A statistically significant 

interaction effect was found between exercise in training clothes and IHD by high 

residential PM10 and PM2.5 concentrations. For active commuting, frequent 

active commuting was associated with reduced risk of first incident IHD among 

individuals with high PM10 and PM2.5 residential concentrations. Further, there 

was an indication of increased risk associated with high PM10 and PM2.5 

concentration among non-active commuters but not among infrequently active 

commuters. There was no statistically significant interaction between air 

pollution and commuting physical activity on IHD. 

In IHD and stroke patients (Study IV), air pollution was not statistically 

significantly associated with increased risk of IHD and stroke recurrence; 

however, indications of increased risks were observed only among individuals 

who exercised at most once week. No statistically significant interaction of the 

effect of the association between PM2.5 and IHD/stroke recurrence by physical 
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activity or the association between physical activity and IHD/stroke recurrence 

by PM2.5.  

The findings in studies III and IV were consistent with previous studies that 

investigated the combined impact of physical activity and air pollution on CVD 

incidence, recurrence and mortality.82,125,126 These studies did however not find 

any statistically significant interaction effect. Kubesch and colleagues (2018) 

conducted a prospective cohort study on MI within the Danish Diet, Cancer, and 

Health cohort and reported 9%, 15%, and 25% lower risks of first-incident MI at 

low (<14.3 ǋg/m3), medium (14.3–21 ǋg/ m3), and high (>21 ǋg/m3) residential 

NO2, respectively, among individuals who engaged in sports activities, which was 

in line with findings in Study III.126 Also for CVD mortality Andersen and 

colleagues, in the same cohort, reported greater risk reductions for CVD mortality 

in relation to activities such as gardening and cycling among those who were 

exposed to high residential NO2 (≥ 19 ǋg/m3) than among individuals who were 

exposed to moderate/low residential NO2.82 The reported risk reductions at high 

residential NO2 were 30% and 23%, respectively, but 17% and 15% among low 

exposed. 

A recent study by Kim and colleagues in the Korean National Health Insurance 

Service cohort on CVD observed that moderate to vigorous physical activity more 

than five times a week was associated with higher risk reductions at high 

residential PM2.5 and PM10 concentrations than low residential particle 

concentrations.125 The observed risk reductions for CVD, coronary heart disease 

and stroke incidence among individuals exposed to high PM2.5 concentrations 

were 38%, 27% and 47%, respectively, and 26%, 21% and 32% among low 

exposed. 

For the health outcome type 2 diabetes, Andersen and colleagues in Danish 

cohort found a 10% increased risk of type 2 diabetes per interquartile range (4.9 

mg/m3) of residential NO2 among physically active participants, but not in 

inactive individuals.81 The authors argued that this discrepancy of increased risk 

of type 2 diabetes only among physically active individuals may possibly be due 
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to an additive interaction effect rather than multiplicative between NO2 and 

physical activity. 

The only existing study that investigated the effect-modifying role of long-term 

residential NO2 on the relation between physical activity and recurrence of CVD 

has also been conducted in the Danish Diet, Cancer, and Health cohort study.126 

They reported 3% and 15% increased risks of MI recurrence among individuals 

performing sport activities for between half an hour to four hours per week and 

for more than four hours per week, respectively. The findings of increased risk in 

relation to baseline physical activity are in agreement with results in Study IV, 

however in Study IV much larger risk increases were found. Although not 

statistically significantly different, the risk increases were in the Danish cohort 

higher among individuals with medium and high residential NO2 concentration. 

Participation in sports was associated with a 25% increased risk for recurrent MI 

among median and high exposed, whereas there was a reduced risk of recurrent 

MI by 18% among those who were least exposed, which is opposite to findings in 

Study IV. In Study IV increased risks for IHD recurrence was only observed 

among individuals with low PM2.5 residential concentrations. Estimates of 

increased risks were 96% and 1% at low and high residential concentrations of 

PM2.5, respectively.  

This finding in Study IV of increased risks of IHD and stroke recurrence was not 

expected. This is also opposite to the findings reported by Hållmarker et al. (2015 

& 2016) who investigated the effect of physical activity on IHD and stroke 

recurrence among long distance ski race participants.127,128 They reported a 32% 

lower risk of recurrent MI among long distance ski race participants compared 

with non-participants. For stroke, no statistically significant association was 

observed. Compared with the highly physically active participants in study IV, 

long distance skiers may have had healthier lifestyle as majority and otherwise 

more physically active as majority of them exercised at least 4 hours per week. 

This discrepancy might be attributed to genetic factors in patients with first-

incident IHD and stroke at baseline that make participants performing high levels 
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of physical activity more susceptible to IHD and stroke recurrence when 

compared with individuals performing physical activities at a low level. Another 

possible explanation for this finding might be the short average time to disease 

recurrence, which was 142 days for IHD and 157 days for stroke. One might 

speculate that individuals who were physically active prior to the first-incident 

IHD/stroke had not yet resumed their activities and thus had an increased risk 

for recurrent IHD/stroke. This possibility is further supported by the fact that in 

a sub-analysis of individuals with two health examinations (10 years apart), there 

was an increased risk of stroke and IHD recurrence among those who reduced 

their physical activity from a high to low level. However, these data must be 

interpreted with caution due to the small sample size.  

Another important aspect is that the discrepancy between studies regarding the 

selection of pollutants and the levels of air pollution concentration which hinder 

the comparison of findings between the studies described above. For example, 

studies investigating the Danish cohort chose NO2 as a surrogate for local 

variations in traffic-related air pollution, while PM was chosen as a proxy for 

traffic-related air pollution in Studies III & IV. PM was selected because a growing 

body of literature suggests that particulates are the main contributors to 

cardiovascular health effects ascribed by air pollution 129 and because NO2 is to a 

varying degree a secondary pollutant and the concentrations based on locations 

can have different relations to exhaust particles.130 Although the annual mean 

concentration of PM2.5 in a recent study conducted within the Danish cohort was 

found to be twice as high as in Studies III & IV, there was an increased risk of 

first-incident IHD and IHD/stroke recurrence despite this low level. 

Although Studies III and IV estimate the risk for first incident IHD and recurrent 

IHD and stroke in relation to long-term air pollution exposure the risk estimates 

may also to some extent capture short term effects since areas with high annual 

mean air pollution concentration generally also have more days with particularly 

high concentrations (peak days). Acute exacerbations of IHD incidence and 

IHD/stroke recurrence may occur due to triggering effects of such short-term 

exposure.  
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Also, short term physical activity may trigger the acute and transient increase risk 

for first incident IHD among habitual less-active individuals who suddenly 

perform vigorous physical activity. 

The literature has indicated a pro-inflammatory role for air pollution through 

inflammatory cytokines such as CRP, IL-6, and IL-8 that lead to endothelial 

dysfunction, blood coagulability, and atherosclerosis progression, which further 

exacerbate the myocardial ischemia.131 Physical activity is usually considered an 

effective tool to improve haemostasis and endothelial function and to slow the 

progression of atherosclerosis through its anti-inflammatory effects, which are 

exerted through myokines such as IL-1, IL-6 and IL-10. Considering the 

interaction between physical activity, air pollution, and CVD, it can be 

hypothesised that physical activity might modify the harmful effects of air 

pollution. The results of greater beneficial effects of physical activity on first-

incident IHD among individuals with high air pollution exposure and of 

decreased change in risk associated with physical activity for IHD and stroke 

recurrence provide support for this hypothesis. 

HIAs of a change in transport mode  
Most of the current literature on the health impact of a change in transport mode 

has employed hypothetical scenarios in order to identify criteria regarding trip 

distance and durations that would be shifted from motorised transport to cycling. 

These assumptions about average distances and durations of trips have mainly 

been made because of a lack of data. However, some researchers have adopted 

different strategies in order to avoid unrealistic assumptions. For example, 

Johansson et al. (2017) used individual-level data on home and work addresses 

and physical capacity to construct real-life scenarios.97  

Emissions from motorised transport were in these HIA studies estimated using 

an emission prediction model based on emission factors. However, previous 

studies have used different approaches to estimate emissions and exposure levels. 
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For air pollution exposure in the general population, many researchers have 

employed different dispersion models to estimate the changes in pollutant 

concentration after a mode shift from motorised to active transport. These 

models have been used to estimate the impact of such changes in concentration 

on health including mortality or burden of disease by using RRs and exposure-

response functions. However, some studies used previously published cost 

estimates to determine the avoidance of health costs due to changes in transport 

mode. 

Air pollution exposure among active commuters was estimated by calculating 

mode-specific air pollution exposure by trip duration and implemented 

ventilation rates during bicycling. For mode-specific concentrations, most of 

these studies took estimates from previously published studies. However, some 

studies estimated pollution exposure by applying mode-specific scaling factors to 

either background urban concentrations or to concentrations obtained from fixed 

monitoring sites. Overall, studies have reported higher air pollution 

concentrations in car users than bicyclists (for PM2.5 50% higher and for BC 

65%) 132–134, and the mode-specific ventilation rate was assumed to be between 

2–8 times higher in bicyclists than in car users. 

Regarding health impacts due to changes in transport mode, most studies used 

exposure-response functions based on between city comparisons of PM2.5 (RR 

of all-cause mortality 1.06 per 10 µg/m3) and reported small health benefits for 

the general population and also small health risks for active commuters due to 

changes in air pollution concentration. One study employed a exposure-response 

function from a study based on local sources (RR of all-cause mortality: 1.17 per 

10 µg/m3) indicating larger health benefits compared to studies using RR based 

on background concentration.98 In all studies the largest health impact was 

caused by increased physical activity among additional cyclists.  
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The development of the Health Economic Assessment Tool 
(HEAT) and remaining limitations 
The WHO has developed an economic assessment online tool (HEAT) to facilitate 

evidence-based decision making in order to estimate the economic benefits of 

reduced mortality as a result of cycling and walking in the population. The HEAT 

applies published data on RRs for all-cause mortality associated with physical 

activity (walking or cycling) and PM2.5 to the volume of walking or cycling in the 

study area in order to estimate the potential reduction in the mortality rate. The 

meta-analyses result from Study II on benefits of quantified amounts of LTPA 

and active commuting could be incorporated into the HEAT since it currently 

does not calculate any impact on morbidity. Also, interaction results from Study 

III and IV is of relevance for these health impact calculations, however more 

studies are needed to gain enough scientific evidence. 

Strengths and weaknesses of the studies 
Study II quantified the amount of physical activity, which is important for the 

assessment of the impact and the dose-response relationships with physical 

activity. Previous estimates were primarily based on studies investigating the 

relationship with qualitative categories of physical activity. Furthermore, all 

included studies in the meta-analysis were prospective cohort studies, and 

thereby reduced the risk of reversed causation. The major strengths of Studies III 

and IV are their prospective cohort design and the ability to include a number of 

important confounders and detailed data on air pollution concentrations at home 

addresses. In comparison with previous studies, a high-resolution dispersion 

model was employed for air pollution estimation at home addresses, and this also 

accounted for participants¶ changes of address by using the population address 

registry.  

A number of important limitations should however be considered. In Study I, it 

was typically not possible to specify what might have been the results if the 

authors would have used another method to estimate air pollution impacts. The 

more relevant exposure-response functions must also be used together with a 

corresponding exposure estimate e.g. high spatial resolution. In Study II, one of 
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the fundamental challenges was the limited generalisability because most of the 

included studies were conducted in developed countries. Furthermore, there was 

a limited number of eligible studies due to inclusion criteria restricted to studies 

investigating only the beneficial effect of quantified amounts of physical activity 

on chronic diseases. In Studies III and IV, there was also a risk of reverse 

causation if participants in study had poor health either due to any disease before 

baseline examination and also after incident CVD in Study IV. Although estimates 

were adjusted for many important possible confounders, residual confounding 

may still be a challenge. Specifically, in Study IV the statistical power was fairly 

low due to the limited number of eligible individuals. Further, there is also a risk 

for survival bias in study IV if individuals particularly sensitive to air pollution 

exposure or low levels of physical activity had a higher risk of death before their 

first incidence of IHD or stroke or chance of surviving their first incidence of IHD 

or stroke. There may also be a selection bias for participation in Study IV since 

individuals that frequently exercised but still had IHD or stroke event may have 

some other unaccounted risk factors such as inherited genetic risks. A bias in 

estimated associations with air pollution may also occur if individuals with higher 

occupational air pollution exposure to a lesser extent are active commuters. If so 

this would cause a possible bias towards the null as the air pollution exposure 

may therefore be underestimated among less frequent active commuters, and 

since individuals with occupational air pollution exposure may have increased 

risk for CVD also due to factors not adjusted for in this analysis. A positive bias 

could occur if individuals with occupations with a high physical work load also to 

a lesser extent are active commuters and as a group have higher risk for CVD. 

Furthermore, only the frequency of physical activity was reported since 

information about intensity and duration was not available at baseline. 

Ethical consideration 
To study how exposure to air pollutants affects incidence of cardiovascular 

disease, one needs a way to estimate the exposure. For that, the residential 

address was used to estimate the exposure since people spend most of their time 

in the area around their home. There is no medical risk for the subjects by this 

calculation of levels of air pollution around their home. When personal data is 
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handled in the study, however, there is a risk of privacy breaches, but since only 

pseudonymized data was used in the analysis, the privacy breach for the 

individual was minimal. The benefit of the project is potentially great as the 

results can guide how we protect society's citizens from ill health as a result of 

influencing environmental factors. We therefore make the assessment that the 

risk for the subjects is acceptable from an ethical perspective compared to the 

scientific value that the project can add to the benefit of society, including the 

subjects and their relatives. The project otherwise means no immediate benefit to 

the participants. Analysis results for the individual participant in this research 

were not communicated to the participants, as these results apply at the statistical 

group level with unclear benefit and relevance to the individual. It however also 

should be considered that even if the results are at group level, individuals who 

belong to a group that due to, for example, living habits such as the amount of 

physical activity in leisure time can be designated as less healthy and thus 

designated as those who require a larger share of care resources. The results could 

also cause anxiety among individuals that live at an address with high air 

pollution exposure. 

Implication of the findings and suggestions for future research 
This thesis has expanded the current knowledge about the impact of traffic-

related air pollution and physical activity on CVD in the following ways. First, it 

has through a review and meta-analysis estimated the association between 

quantified amounts of LTPA and active commuting on the incidence of NCDs. 

Additionally, dose-response analyses were performed to obtain information 

about threshold amounts of physical activity that are necessary for optimal health 

benefits. Second, it has extended our knowledge about the effect of physical 

activity and air pollution as well as their interaction for CVD. Thirdly, the thesis 

has explored different methodologies for air pollution estimation in previous HIA 

studies about changes in transport mode towards more active transport. It also 

brings to light different methodological issues in previous health impact studies 

as well as possible improvements in using the HEAT for walking and cycling.  
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Implications for policy makers 
More than half of Europe¶s population 135 lives in urban areas where increased 

traffic-related air pollution is an emerging problem, and air pollution 

concentrations in some of these areas exceed the level that is recommended by 

the WHO.37 The promotion of physical activity by increasing active transport is 

an important method to reduce traffic-related air pollution and physical 

inactivity. Moreover, different forms of activities such as exercising, running, and 

cycling take place outside. Thus, it is of public health interest to further 

investigate the combined impact of air pollution and physical activity on CVD to 

create a knowledge base for development of future policies. Furthermore, these 

findings may also have implications for the HEAT, which does not currently 

include morbidity estimates or interaction effects between air pollution and 

physical activity. Thus, including morbidity and interaction effects between air 

pollution and physical activity will lead to more comprehensive economic 

appraisals of the health effects of transport interventions. The results have 

implications for future health impact studies of changes in transport mode 

because health benefits are reported in relation to quantitative measures of 

physical activity. 

Implications for general population and active commuters 
The results of this thesis reinforce the public health message that the promotion 

of physical activity is an effective strategy to reduce the risk of NCD. Findings 

showed that both LTPA and active commuting decreases the risk of chronic 

diseases. Dose-response relationships show that individuals who increases their 

amount of physical activity from no activity to low level will get relatively larger 

health benefits. The results also indicate that physical activity may be additionally 

beneficial for individuals with high residential air pollution exposure but there is 

a need for further studies on these possible interaction effects.  

Future research 
The limited literature on the combined impact of air pollution and physical 

activity and the rather contrasting findings on IHD recurrence compared with 

Kubesch et al. (2018), as well as the limitations in these studies merit further 
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research. It is also important to further study the combined impact of active 

commuting and air pollution by taking into consideration the air pollution 

inhalation dose during commuting. 
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Conclusion 

It is well known that air pollution increases the risk for CVD. The results 

presented suggests that the risk of air pollution causing these effects decrease if 

an individual is physically active. This is most likely true also if physical activity 

is in the form of active commuting. Therefore, overall message from this thesis is 

that public health policies as well as urban transport policies should seek to 

improve population health through the promotion of active transport, even in 

areas with air pollution. Health impact assessments to support such policies 

should employ source relevant dose-response functions, and consider also the air 

pollution effects in the general population. 

The rationale for this take-home message includes the following conclusions:  

x Performing physical activity according to WHO guidelines reduces the 

risk for NCD, for both LTPA and active commuting. 

x The risk reduction per MET-hour per week for NCD is larger at the lower 

compared with higher range of physical activity. 

x Exercise is beneficial for the risk of first incidence IHD among individuals 

with high residential PM concentrations. 

x There is an indication that air pollution increases the risk for IHD 

incidence among less-active individuals, but not among individuals that 

frequently exercise. 

x Air pollution may also increase the risk for IHD/stroke recurrence among 

less-active individuals but not among highly active individuals. 

x The use of different strategies for estimating air pollution exposures in 

previous health impact studies hinders comparisons between studies. 

More holistic assessments would be achieved by including both the 

general population and the travellers, and by applying more specific 

exposure-response functions. 
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