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1 Abstract 
Introduction: Part of the European Strategy to achieve climate 
neutrality in the transport sector is to increase the proportion of electric 
vehicles (EVs) and active commuting. Health co-benefits from reduced air 
pollution and increased active commuting are assumed to follow; 
however, all dimensions of expected health effects are not quantified nor 
valued monetarily. Current state-of-the art health impact assessments 
(HIAs) of air pollution assume immediate change in health with exposure; 
however, the time-window of importance for health outcomes is 
unknown. Moreover, the currently applied risk estimate of sick leaves in 
relation to air pollution is poorly generalizable due to outdated exposure 
assessment and subjective data on outcome. The overall aim of this thesis 
is to assess the health economic effects of sustainable urban transport 
solutions and improve the epidemiological knowledge base of air 
pollution effects.  
Methods: The health effects of increased active commuting and the 
resulting change in air pollution exposure were valued monetarily from a 
health care perspective, and a cost-effectiveness analysis of investment in 
bicycle infrastructure was conducted. A health economic assessment from 
a societal perspective was also conducted for an increased proportion of 
EVs in the vehicle fleet, considering a change in both exhaust and non-
exhaust particles. The exposure-lag response between air pollution and 
risk for ischemic heart disease (IHD) and stroke was assessed in a multi-
cohort study using distributed lag-nonlinear models (DLNMs). A case 
cross-over study design was applied to estimate the odds of sick leaves in 
relation to short-term PM2.5 exposure, and production losses were valued 
using the human capital method.  
Results: Investing in bicycle infrastructure to enable increased active 
commuting was estimated to be cost-effective from a health care 
perspective. An increased proportion of EVs was estimated to decrease 
population-weighted PM2.5 concentrations without the use of studded 
winter tires, but was estimated to increase with the current use of studded 
winter tires in Stockholm Sweden. For a 0-50% use of studded winter tires 
the health economic costs ranged between €20 and €122 million (M). An 
independent effect of PM2.5 on sick leaves was estimated to correspond to 
€2M per year in productivity loss for the population of Stockholm 
municipality. Exposure time windows closer in time and local sources of 
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air pollution were suggested to be of greater importance for incident IHD 
and stroke.  
Conclusions: This thesis has demonstrated the health economic 
potential in policies seeking to transform the transport sector towards 
sustainability. Investment in the transport sector could lead to decreased 
morbidity and decreased monetary burden in the health care sector. Non-
exhaust particles should be considered in order to fully assess the health 
economic effects of EVs. Moreover, the risk estimate of sick leaves in 
relation to air pollution exposure could be included in international HIAs.  
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2 Abbreviations 

BC – black carbon  

CO2 – carbon dioxide  

COPD – chronic obstructive lung disease 

DALY – disability-adjusted life year 

DLNM – distributed lag non-linear model 

ERF – exposure response function 

EV – electric vehicle  

IHD – ischemic heart disease  

HEA – health economic assessment  

HIA – health impact assessment  

ICV – internal combustion vehicle 

PM10 – concentration of particles with aerodynamic diameter less than 
10 µm 

PM2.5 – concentration of particles with aerodynamic diameter less than 
2.5 µm 

QALY – quality adjusted life year 

STA – Swedish Transport Administration 

UN – United Nation   

WHO – World Health Organization  
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3 Enkel sammanfattning på svenska 

Syftet med denna interdisciplinära avhandling är att kombinera metoder 
från olika vetenskapliga grenar för att analysera hälsoekonomiska effekter 
av olika strategier för omställning till hållbarhet inom transportsektorn. 
Denna avhandling är högst relevant för internationella organisationers 
arbete och i arbetet med: 1) målkonflikter mellan Förenta nationernas 
hållbarhetsmål (Agenda 2030), och 2) rekommendationer från en 
expertgrupp (Lancet-kommissionen) för förbättrad integrering och 
värdering av luftföroreningars hälsoeffekter. Slutligen bidrar 
avhandlingen till ett förbättrat kunskapsunderlag vad gäller 
korttidseffekterna av luftföroreningar på sjukfrånvaro, vilket är högst 
relevant i det pågående arbetet med att sätta mål och regler för 
luftkvaliteten i Europa. 

Över halva världens befolkning bor i städer och den trenden 
förväntas att hålla i sig även i framtiden. Detta leder också till att den 
ekonomiska verksamheten är koncentrerad till städer som därmed även 
genererar stora delar av koloxidutsläppen vilket driver på 
klimatförändringar. Den urbana miljön påverkar också befolkningens 
hälsa och beteende. För att minska städers negativa klimateffekter har två 
policyförslag inom transportsektorn lyfts: ökad cykling och ökad andel 
elbilar. Båda åtgärderna sägs ha positiva hälsoeffekter. Att cykla till jobbet 
i stället att ta bil skulle leda till ökad fysisk aktivitet som i sin tur skulle 
minska risken för kroniska sjukdomar (t.ex. hjärtinfarkt, typ II diabetes, 
stroke, cancer osv). Ökad andel elbilar tros leda till lägre 
luftföroreningshalter tack vare att de inte genererar avgasutsläpp vilket 
skulle leda till minskad risk för flera kroniska sjukdomar för befolkningen. 
Elbilar är dock tyngre jämfört med konventionella bilar och den högre 
vikten bidrar till ökat vägslitage, vars partiklar också har effekter på 
hälsan. Genom att värdera de resulterande hälsoeffekterna kan man 
inkludera de i beslutsunderlag och även avgöra vilka åtgärder som är 
kostnadseffektiva.  

Syftet med avhandlingen var att ekonomiskt värdera 
hälsoeffekterna förknippade med fysisk aktivitet och luftföroreningar och 
sedan visa på hur dessa kan användas för bedömning av hållbara 
transportlösningar i den urbana miljön. Därtill undersöktes hur lång tid 
efter en förändring i transportsystemet som dessa hälsoekonomiska 
vinster relaterad till minskning av luftföroreningar kan förväntas uppstå. 
Vad gäller de omedelbara effekterna kvantifieras sjukskrivningstalens 
påverkan av luftföroreningar.  
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Genom att nyttja registerdata om vart man bor och arbetar, samt aktuell 
andel bilpendlare, beräknades att lite över hundra tusen individer i 
Stockholm som skulle kunna cykla till jobbet inom 30 minuter i stället att 
köra bil. Därefter antogs Stockholms stads investeringsplaner i 
cykelbanor för att erhålla förväntade investeringskostnaden för en sådan 
infrastruktur. I ett sådant scenario med ökad cykling beräknades de 
förväntade förändringarna i befolkningens hälsa tack vare ökad fysisk 
aktivitet, förändring i luftföroreningshalter, och trafikolyckor, vilka sedan 
värderades ekonomiskt utifrån ett sjukvårdsperspektiv. Investeringar i 
cykelbanor bedömdes vara en väldigt kostnadseffektiv åtgärd ur 
sjukvårdsperspektiv. 

Vid en omställning till en större andel elbilar i Stockholm beräknas 
en ökning av befolkningens exponering för luftföroreningar utifrån 
dagens andel av dubbdäcksanvändning. I beräkningen togs hänsyn till de 
förväntade förändringarna i både avgas- och slitagepartiklar. Dock 
beräknades en minskning av exponeringen för luftföroreningar om 
elbilarna vintertid inte har dubbdäck. De årliga samhällsekonomiska 
ohälsokostnaderna attribuerade på elbilars extra vikt beräknades variera 
mellan €20 och €122 miljon för scenarier med 0–50% 
dubbdäckanvändning. 

Genom att följa personer som deltagit i olika hälsostudier av 
insjuknade i hjärtkärlsjukdom studerades hur lång tid det förväntas ta 
mellan påverkan på exponering för luftföroreningar och sådan påverkan 
på hälsa. Resultaten blev något osäkra men indikerade att skillnader i 
exponeringen närmare i tid var av större betydelse för utvecklingen av 
ischemisk hjärtsjukdom och stroke.  

För att bestämma korttidseffekten av luftföroreningar på dagligt 
antal korttidssjukskrivning användes statistiska centralbyråns register 
samt dygnsvis mätdata på dygnsmedelvärdet av luftföroreningar i staden. 
Över en miljon sjukfrånvarofall analyserades och resultaten visar att 
risken för sjukskrivning ökade i relation till luftföroreningshalten 2-4 
dagar tidigare. 

Sammanfattningsvis ger denna avhandling stöd för att 
investeringar i infrastruktur för cykling är kostnadseffektiva utifrån ett 
sjukvårdsperspektiv, samt att hur omställning till elbilar påverkar 
luftföroreningsnivåerna i staden beror på den lokala kontexten. Nordiska 
städer som har hög dubbdäckanvändning beräknades få ökade 
luftföroreningshalter vilket skulle öka de samhällsekonomiska 
ohälsokostnaderna. En betydande andel, 3%, av den årliga sjukfrånvaron 
bland förvärvsarbetare i Stockholm bedöms bero på korttidseffekter av 
luftföroreningar. 
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5 Introduction 

5.1 Preface  
This thesis assesses the health economic consequences of sustainable 
transport mode solutions in urban environments. Efforts are made to 
improve the knowledge base with regards to air pollution epidemiology 
and economic input to such health economic assessments (HEAs). Due to 
the interdisciplinary nature of this thesis no general overview of the 
included research fields is provided.  

5.2 Environmental exposures in urban 
environments  

There is a global trend towards urbanization with more than half of 
world’s population living in cities in 2020. A higher proportion of 79.2% 
are living in the cities in developed economies, and this is projected to 
increase up to 86.6% by 2050 (1). Urban environments therefore have a 
strong influence on population health and quality of life. Most of the 
population living in urban environments is exposed to hazardous 
environmental risk factors such as air pollution, heat islands, noise, and 
lack of green spaces in proximity to residential neighborhoods. The World 
Health Organization (WHO) estimates that 24% of global deaths and 23% 
of the disease burden are attributable to environmental hazards (2), and 
the latest Lancet Commission on Pollution and Health concluded that 
deaths due to ambient air pollution have increased by 7% since 2015 (3). 
According to the European Environmental Agency, in 2021 97% of urban 
population were exposed to a higher annual mean concentration of 
particles with aerodynamic diameter less than 2.5 µm (PM2.5) than the 
new WHO guideline level of 5 µg/m3 (4). 

5.3 Climate effects from transport emissions  
According to the UN, cities are responsible for the majority of carbon 
dioxide (CO2) emissions and therefore are primary drivers of climate 
change (5). The transport sector is responsible for 27% of the annual 
emissions generated in Europe (6), and in contrast with other sectors the 
emissions from the transport sector have been steadily increasing since 
2013, where road traffic stands for 72% of the total transport sector 
emissions (7). Due to its negative impact on climate change, the transport 
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sector is under pressure to become climate neutral by 2045 in Sweden (8) 
and by 2050 in Europe (9). Simultaneously, the urban transport network 
needs to adapt to increasing populations while maintaining or improving 
its quality for citizens. Thus, if policies planned for carbon neutrality are 
only assessed one dimensionally, measures taken in different policy areas 
towards reaching set goals might have opposite effects and in the worst 
case have zero or negative effects. 

5.4 Health and environmental exposures in urban 
settings 

Beyond being a dominant driver of climate change, the transport sector 
also affects urban population health. For example, the transport sector is 
a major source of air and noise pollution, both which are associated with 
increased mortality and morbidity (10, 11). Moreover, the prioritization of 
the motorized traffic fleet has decreased the space for engaging in physical 
activity in urban environments, which in turn has been associated with 
increase of sedentary lifestyles and with a surge in non-communicable 
diseases (12). Additionally, traffic accidents are estimated to contribute to 
1.3 million deaths and 20–50 million non-fatal injuries annually (13). 

Striving towards climate neutrality in transport sector solutions 
with potential health co-benefits are suggested. Policies seeking to 
increase active commuting such as bicycling and the transition of vehicle 
fleets to electrical vehicles (EVs) have been promoted, and both are a part 
of the European strategy for low-emission mobility (14). The expected 
climate benefits of the proposed policies have been studied extensively  
(15-17) and the potential co-benefits for health have been pointed out to 
strengthen the argument, but they have not been sufficiently quantified 
and monetized. 

Hypothetical scenarios of a transport mode shift from cars to 
bicycling and the expected health benefits due to increased physical 
activity have been modelled previously (15, 16). However, no previous 
transport mode shift assessments have used register data to obtain actual 
commuter trips between work and home addresses and calculated mode-
specific exposures along the routes (18).  

 EVs have been heavily lobbied as climate neutral, with extra 
health benefits due to their lack of tailpipe emissions. However, this 
assumption neglects non-exhaust emissions that are dependent on vehicle 
weight. Due to strict regulations of tailpipe emissions, exhaust emissions 
have shown a decreasing trend over the past decade (19). After all, non-
exhaust particles are estimated to account for 90% of the total PM2.5 
produced by road traffic (20, 21), and urban background concentrations 
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of PM10 have not shown any decreasing trend during the last 10–15 years 
in cities like Stockholm (22). EVs have 20–24% greater weight compared 
to the same-size internal combustion vehicles (ICVs) in the same size 
category due to their heavy batteries (23, 24), which leads to increased tire 
and road wear emissions. Therefore, it is not straightforward that 
increased proportions of EVs per se lead to improved air quality in urban 
environments and therefore to better health. A detailed future vehicle fleet 
scenario study by Alam et al. (2018) (25) in Ireland, demonstrated that an 
increases in both travel demand (i.e. mileage) and in the proportion of 
comparatively higher weight EVs result in significant increases in non-
exhaust PM2.5 emissions. In Sweden the government heavily subsidizes 
vehicle fleet transitions towards a climate neutral vehicle fleet that 
includes both hybrid vehicles and EVs. Latest annual state audit report 
concludes that these polices are not effective and have net negative 
socioeconomic effects (26). However, these economic assessments of 
climate policies do not include the health economic burden attributable to 
air pollution from the vehicle fleet or predicted changes due to changes in 
the composition of the vehicle fleet. Currently, the total health economic 
burden of replacing the fossil fuel vehicle fleet with EVs on total PM2.5 

concentrations after accounting for both exhaust and non-exhaust 
emissions is unknown, and this highlights the importance of integrating 
the climate change and air pollution policy together with health economic 
assessment (HEAs). 

The Lancet Commission on Pollution and Health made concrete 
policy recommendations to effectively confront pollution in 2017. A 
recommendation was to make air pollution a high priority and integrate it 
into urban planning processes, with a focus on more intersectional 
collaboration between health and environmental agencies. Additionally, 
they recommended integrating pollution mitigation into the planning 
process for reducing non-communicable diseases (27). 

A health impact assessment (HIA) is an evidence-based 
assessment tool that aims to inform decision-making processes and is 
primarily applied in non-health sectors such as housing, transportation, 
and employment, which have potential impacts on population health 
outcomes (28). The WHO has defined HIAs as “a means of assessing the 
health impacts of policies, plans and projects in diverse economic sectors 
using quantitative, qualitative and participatory techniques”.  

The inclusion of HIAs in urban development projects 
unfortunately is low because there is no legally binding requirement to 
conduct an HIA in contrast to environmental impact assessments (29). 
Promoting interdisciplinary collaboration to identify the possible goal 
conflicts between sectors affecting population health is an imperative for 
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achieving climate neutral and healthy cities as envisioned by the UN’s 
Sustainable Development Goals (30).  

5.5 Health outcomes included in HIAs of air 
pollution 

Currently, international tools and projects designed for HIAs of air 
pollution, such as BenMap, AirQ+ and Alpha Risk Poll, are generally 
restricted to premature mortality and short-term health effects (e.g. 
hospital admissions, restricted activity days, etc.) (31-33). Unfortunately, 
the risk estimates of health effects have not been updated in accordance 
with new emerging epidemiological knowledge. There is a consensus in 
environmental epidemiological research that links a wide range of chronic 
diseases with long-term air pollution exposure, including stroke, 
myocardial infarction (MI), type 2 diabetes, premature birth, chronic 
obstructive lung disease (COPD), and asthma (34). The latest update to 
BenMap developed by the US Environmental Protection Agency (EPA) 
included some long-term health effects (incident cases of stroke, asthma, 
allergic rhinitis and lung cancer) (33). However, some health outcomes 
included in international HIA tools, such as restricted activity days, have 
not received any attention in the past three decades within environmental 
epidemiology research, and the WHO HRAPIE recommends (35) using a 
risk estimate that originates from a study based on questionnaire data and 
outdated air pollution exposure measuring techniques from 1980s (36). 

The epidemiological evidence suggests that adverse health effects 
are dependent on both the concentration and the length of exposure, 
where long-term exposures have larger effects (37). However, the 
predictive validity of HIA, that is, to what degree the predictions are 
confirmed by real-life observations, has rarely been addressed because it 
requires outcome evaluation. This is often assessed to be unfeasible due 
to long time lags, changes in demographics, measurement issues, and the 
fact that predictions might affect future outcomes (38). Nevertheless, 
Laden et al. (2006) demonstrated based on the Harvard Six City Study 
material that a decrease in mean PM2.5 levels between two follow-up 
periods was associated with improved mortality (39), suggesting that the 
mortality effects of long-term air pollution exposure might be partially 
reversible. Laden et al. (2006) (39) showed that previous-year exposure 
might be of importance for mortality outcome, where PM2.5 is likely to 
exacerbate the existing disease. Later studies on the Harvard Six City 
Study material also demonstrated that 1-year moving average PM2.5 

exposure captured in essence the entire effect of mortality (40, 41). In 
addition, the Laden et al. (2006) discussed that PM2.5 also seems to have 
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a secondary independent effect on to the development of chronic disease 
(39). However, it is currently unknown what might be the length of 
exposure for chronic disease to manifest and thus what might be a 
reasonable time lag for expected health benefits to occur if exposure levels 
were lowered.  

5.5.1 Time lags  
The US Environmental Protection Agency recommends using the 
following distribution of expected change in mortality due to reduced air 
pollution: assume 30% of the benefits in the first year, 50% of the benefits 
uniformly in years 2–5, and the remaining 20% between years 6 and 20 
(33, 42). However, these assumptions are based on recommendations 
from the Advisory Council on Clean Air Compliance Analysis and are not 
based on empirical work, which they acknowledged as a major limitation 
already in 2004. Lepeule et al. (2012) (41) discussed that based on 
empirical findings on the Harvard Six City material, that a reduction in 
mortality could be expected almost immediately after reduction in PM2.5 

levels. Similarly, for the expected decrease in morbidity due to an increase 
in active commuting, the WHO HEAT tool suggests factoring in the time 
interval between the physical activity exposure and the realized health 
benefits. For example, to reach the 50% risk reduction for MI and stroke 
one should assume 2 years of increased physical activity exposure and 6 
years for full risk reduction compared to the no physical activity level or 
without intervention (43). These recommendations again are based on 
expert assessments, and the knowledge base on the importance of the time 
windows is limited.  

5.5.2 Health economic assessments 
The importance of time lags for expected health benefits is related to 
HEAs, which are often the next logical step following HIAs. HEAs value 
the health burden monetarily, allowing health effects to be included in the 
cost-benefit analyses which form the basis for decision-making. The 
assumptions of time lags, e.g. for mortality, can directly affect the 
monetary value estimated in the present time because, according to 
economic theory, the predicted future benefits are discounted. For 
example, if applying the expected benefit distribution in BenMap, the net 
present value of mortality would be reduced by 18% (with a discount rate 
of 3.5%).  

The Lancet Commission on Pollution and Health in 2017 also 
called for improved economic cost estimates of air pollution and 
pollution-related diseases and for integrating health into these in cost-
benefit analyses in the planning process for intervention policies against 
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pollution (27). Previous HEAs of air pollution accounted for mortality and 
short-term health effects (hospital admissions due to respiratory disease 
and cardiovascular disease, non-fatal heart attacks, aggravated asthma 
attacks) where the economic burden of mortality dominates (44, 45). As 
demonstrated in the BenMap effect pyramid, the magnitude of PM2.5-
attributable morbidity effects are greater than mortality but constitute 
less than 10% of the total economic burden (45). The long-term monetary 
burden of non-communicable diseases (e.g. stroke, MI, type 2 diabetes, 
premature birth, COPD, etc.) attributable to air pollution exposure has not 
been fully accounted for nor integrated into current HEAs. Moreover, the 
short-term air pollution effect on sick leaves and consecutive effects on 
labour productivity have not been assessed using objective data. 
Therefore, it is plausible to assume that current HEAs underestimate the 
health economic burden attributable to air pollution by firstly not 
accounting for the full monetary value of long-term morbidity and 
secondly by anticipating long lag times for the potential gains so the net 
present value decreases due to discounting. This might alter the 
prioritization and ranking of air pollution interventions against other 
interventions in decision-making processes and subsequently undermine 
the efforts at prioritizing air pollution in planning processes.  

The Swedish Transport Administration (STA) applies a societal 
perspective in planning for infrastructure projects and accounts for 
adverse health impacts of traffic-induced air pollution in their cost-benefit 
analyses; however, these health economic estimates are currently not 
applied for inter-sectional policy planning.  

5.6 Motivation for this thesis  
This thesis aims to improve HEAs, health and economic assessments, of 
sustainable transport in urban environments.  

Specifically, this thesis has the objectives to:  
• Monetize the health benefits of increased bicycling from a 

health care perspective 
• Monetize the health outcomes attributable to air pollution 

from a societal perspective  
• Demonstrate how HEAs can be used in the planning 

process of sustainable transport solutions in urban 
environments  

• Estimate the exposure-lag response between air pollution 
exposure and risk for ischemic heart disease (IHD) and 
stroke incidence by applying distributed lag non-linear 
models (DLNMs) 
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• Estimate the association between short-term PM2.5 
exposure and sick leave 
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6 Materials and Methods 

6.1 Study I  

6.1.1 Scenario development  
The Municipality of Stockholm had an aim to increase the proportion of 
bicycle commuters to 15% and allocated funds for developing bicycle 
infrastructure. Potentially 111,487 individuals currently driving a car were 
estimated to have the physical capacity and distance to switch transport 
mode to bicycling between home and work (46). Thereafter, annual 
investment costs were assumed to lead to a proportional number of new 
bicyclists from the estimated number of potential converters. The planned 
investment period for bicycle infrastructure was 12 years. Health impacts 
were calculated for the coming 50 years, which was the assumed lifetime 
of the bicycle path infrastructure (47). Scenarios for different health and 
economic outcomes were compared to the disease burden in the year 
2017, which was assumed to be constant during the assessment. Changes 
in health burden were estimated due to increased physical activity and 
changes in air pollution exposure and traffic accidents among potential 
new bicycle commuters, the general population, and current bicycle 
commuters. 

6.1.2 Health outcomes  
Changes in morbidity and mortality outcomes due to changes in physical 
activity, air pollution exposure, and risk of traffic accidents were 
estimated in a study by Sommar et al. (2021) who quantified the health 
impacts in terms of decreased risk due to increased physical activity for 
type 2 diabetes, MI, stroke, dementia, colon cancer, breast cancer, and 
heart failure (18). Changes in air pollution exposure were assumed to lead 
to decreased risks for current bicyclists and the general population, but 
increased risk for additional active commuters in terms of asthma, lung 
cancer, type 2 diabetes, stroke, and MI. Finally, increased risk of traffic 
injuries among potential active commuters was also estimated. Health 
impacts were quantified as disability-adjusted life years (DALYs) using 
disability weights reported by the WHO Global Burden of Disease and 
expected changes in disease incidence (48). Life table calculations with 
mortality data from Stockholm County were used to calculate the duration 
of disease and expected remaining life years based on age and gender. 
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6.1.3 Estimating long-term healthcare costs  
Long-term health care costs were retrieved from the literature for all 
morbidity outcomes (Table 1). To ensure comparability of health costs 
with Sweden, we searched for cost-of-illness studies from high-income 
countries where health care costs are covered by public funds. In addition, 
only cost-of-illness studies with administrative data on healthcare costs 
matched with clinical diagnoses were included. The search was conducted 
in Google Scholar, PubMed, and Web of Science between 1995 and 2018. 
The search terms were the health outcome of interest and “lifetime/long-
term costs”. Due to lack of studies reporting life-time healthcare costs for 
asthma, MI, and cancer outcomes, the estimates were based on 1-year 
average healthcare cost for asthma, 6-year averages for MI, and 5-year 
averages for cancer outcomes.  

The cost per bicycle injury was based on a study from Netherlands 
that linked national register data with hospital data for the years 1998–
2012 and reported an average cost of €2,765 per injury (49).  

6.1.4 Cost-effectiveness analysis  
Investment costs were obtained from the Stockholm Traffic Planning 
Office (50) by personal communication, and the expected life cycle for new 
bicycle paths constructed in 2018 was estimated to be 50 years (47). A 
build up time of 2018–2030 to reach the full potential of additional 
bicyclists was used. The annual investment costs were assumed to vary 
due to political uncertainty. The proportion of new bicyclists estimated to 
start active commuting each year was based on the year’s investment 
allocation, and changes in health outcomes were estimated 
simultaneously. After 2030 all potential 111,487 bicycle commuters were 
expected to have changed their transport mode, and health outcomes were 
modelled for the remaining lifetime of bicycle paths. Changes in 
healthcare costs were estimated in accordance with the changes in health 
outcomes (See Figure 1). These costs are presented in absolute terms and 
as a proportion of Stockholm Municipality’s health care budget in 2017. 
All costs are reported in euros (2017).  
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Figure 1. Flow chart for the estimated chain of events as the basis for conducting 
the cost-effectiveness analysis.  

The following lag times between changed physical activity and 
realized health benefits were assumed: 2 years for 50% and 6 years for 
100% for MI and stroke, 17 years for 50% and 20 years for 100% for 
dementia, breast, and colon cancer (43), and 3 years for 50% and 8 years 
for 100% for type 2 diabetes (51). However, immediate changes in health 
were assumed for changes in air pollution exposure and traffic injuries.  
Consolidated Health Economic Evaluation Reporting Standard 
(CHEERS) guidelines were applied for the health economic modelling 
(52). A yearly reinvesting in health care costs was assumed, which is why 
discounting was not applied; however, a discount rate of 3% was 
additionally reported.  

6.1.5 Sensitivity analyses  
We assumed constant investment costs; however, a range of 25–100% of 
potential active commuters was assumed. The subsequent reduction in 
expected changes in health outcomes and healthcare costs were provided, 
and changes in the cost-effectiveness ratio were reported.  
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6.2 Study II  

6.2.1 Air pollution exposure  
An atmospheric dispersion model and a diagnostic wind model were used 
to estimate the relationship between local traffic emissions and exposure 
(53). Segersson et al. (2017) conducted a detailed particle exposure and 
impact assessment for the greater Stockholm area using 35 km × 35 km 
model domains at 100 m × 100 m grid cell resolution. The population 
mean concentrations for PM2.5 for every grid space were obtained using a 
climatology of 360 weather cases. Emissions outside the study domain 
were not considered. For a more detailed description, please see the study 
by Segersson et al. (2017).  

Detailed descriptions of road networks with traffic volumes for 
light and heavy-duty vehicles were developed in combination with 
measurements and modelling. The national vehicle register was used to 
derive detailed vehicle fleet compositions, and HBEFA version 4.1 (54) 
was used to calculate PM exhaust emission factors for different vehicle 
types, speeds, and driving conditions for the years 2015 and 2035. A 
combination of measurements (e.g. road tunnel) was used to estimate 
non-exhaust emissions, which included brake, tire, and road wear. The 
emission factor of road wear depends on the proportion of studded winter 
tires in the vehicle fleet (55), and studded winter tires were assumed to be 
used from November until April. The non-exhaust PM2.5 fraction was 
assumed to be 30% of the non-exhaust of PM10 fraction (53).  

6.2.2 Scenario development  
The business-as-usual 2035 (BAU-2035) scenario was compared with the 
fossil fuel-free 2035 (FFF-2035) scenario in which the proportion of EVs 
is assumed to be much higher for different vehicle types (busses, heavy 
goods vehicles, light goods vehicles, and passenger cars) (Table 1). The 
total vehicle kilometres and proportion of different vehicle types was 
assumed to be constant between the scenarios.   

Additionally, to illustrate the vehicle weight impact on total PM2.5 
concentrations, two different assumptions were used in FFF-2035 (Table 
2). The FFF2035-0 calculation assumed no change in tire and road wear 
for EVs compared to conventional vehicles, but a 30% reduction in brake 
wear. The FFF2035-1 calculation assumed a 50% increase in tire and road 
wear among EVs in comparison to conventional vehicles and kept the 
assumption of a 30% decrease in brake wear due to regenerative braking.  
To demonstrate the studded winter tire impact on total PM2.5 
concentrations, the proportion of studded winter tires was varied (0%, 
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30%, and 50%). The current use of studded winter tires is 30–40% along 
inner city roads up to 50–60% outside the inner city (56).  

Table 1. Future vehicle fleet scenarios.  

Scenario Vehicle fleet composition 

Business as usual 2035 

(BAU2035) 

The Swedish road traffic administration projection of the 

vehicle fleet in 2035, where both fossil and fossil-free vehicles 

are present. 

Fossil fuel free (FFF2035) Fossil-free vehicle fleet in Stockholm 2035 according to traffic 

experts at the Swedish Transport Administration and in the 

city of Stockholm.  

 

Table 2. Change in particle emissions factors for brake, tire, and road wear 
among EVs compared to conventional vehicles. HGV = Heavy goods 
vehicles, LGV = Light goods vehicles, PC = Passenger cars. 

Vehicle type Material  FFF2035-0 FFF2035-1 

  
Change (%) compared to 

non-EVs 

Change (%) compared to 

non-EVs 

Bus Brake -30 -30 

Bus Tire 0 +50 

Bus Road surface 0 +50 

HGV Brake -30 -30 

HGV Tire 0 +50 

HGV Road surface 0 +50 

LGV Brake  -30 -30 

LGV Tire 0 +50 

LGV Road surface 0 +50 

PC Brake -30 -30 

PC Tire 0 +50 

PC Road surface 0 +50 
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6.2.3 Non-exhaust emissions comparing EVs with 
conventional vehicles  

A comparison study was performed by Simons et al. (2013), and non-
exhaust particle emissions were estimated to increase by 50% with a 25% 
increase in vehicle weight (57). Timmers and Achten (2016) (23) 
compared EVs and their conventional counterparts and reported 
approximately 25% higher weight among EVs. In Sweden, the most-sold 
EVs’ weights ranged between 1500 kg and 2500 kg (58). Regenerative 
braking was assumed to decrease brake wear among EVs by 30%, and 
relevant percent changes were applied to all vehicle types in the vehicle 
fleet (Table 2).  

6.2.4 Tailpipe CO2 emissions  
HBEFA 3.1 was used to calculate the change in fossil fuel tailpipe emission 
CO2 for the years 2015 and 2035 (Table 3). For EVs, the tailpipe CO2 
emissions were assumed to be zero. In addition, the expected increased 
proportion of biofuels in diesel, gas, and petrol was accounted for in the 
BAU2035 scenario (based on the STA’s report to the Swedish Government 
in 2019). To enable comparisons with other studies on CO2 abatement 
costs and the social cost of carbon, we calculated the ‘offset’ cost for CO2 
for the FFF2035 scenario to imply benefits for society.  
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Table 3. Emissions factors for CO2 in BAU2035. PC = Passenger car, HGV 
= Heavy goods vehicles, LGV = Light goods vehicles, PC = Passenger cars. 

 
Power technology Grams CO2/km 

Bus ethanol 0 

Bus electricity 0 

Bus diesel 0 

Bus CNG 93 

HGV petrol 287 

HGV diesel 457 

LCV petrol 119 

LCV electricity 0 

LCV diesel 119 

PC petrol 122 

PC electricity 0 

PC diesel 89 

PC flex-fuel E85 135 

PC biofuel CNG/petrol 10 

6.2.5 Population-weighted PM2.5 exposure  
The population annual mean concentration of PM2.5 was calculated as the 
sum of all products of the population times the annual mean 
concentrations in each grid cell (100 m × 100 m) divided by the total 
number of people in the model domain. We used the same climatology for 
both scenarios, which means that the differences in exposure between 
scenarios was due to changes in emissions.  

Home addresses of the population were used to calculate the total 
population-weighted mean concentrations of PM2.5. Impact calculations 
were thereafter performed in age classes 0–1 years, 1–5 years, every 5-year 
interval up to 85 years, and finally >85 years.  

6.2.6 Adverse health outcomes and calculation of incident 
cases  

The Swedish ASEK report, which presents values, rationales, and 
principles recommended by the STA, was used to estimate the adverse 
health impacts due to PM2.5 exposure. Included health outcomes 
attributable to long-term PM2.5 exposure were mortality, stroke, MI, type 
2 diabetes, COPD, childhood asthma, preterm birth, and restricted 
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activity days. Incident cases for both mortality and morbidity outcomes 
were calculated as follows (Equation 1):  

 
Equation 1: 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸𝐸𝐸𝐸𝐸 𝑥𝑥 𝐶𝐶 𝑥𝑥 𝑃𝑃 𝑥𝑥 𝑓𝑓  

The ERF stands for exposure-response function, where a linear 
increase in risk per concentration is assumed (59), C is the population-
weighted concentration, P is the number of individuals exposed by age 
and sex, and f is the baseline incidence. All ERFs are applied from age 
>30years except for preterm birth.  

6.2.7 Valuation of mortality  
The number of quality-adjusted life years (QALYs) lost due to long-term 
PM2.5 exposure was calculated and adjusted by the average age-specific 
health-related quality of life estimates among the general population in 
Sweden (60). Thereafter, the lost QALYs were multiplied by the monetary 
value for a QALY, which was retrieved from the Swedish population-based 
study by Persson and Olofsson (2019) (61).  

6.2.8 Valuation of morbidity outcomes  
PubMed was searched to obtain health economic costs per case for all 
morbidity outcomes. The search terms and their combinations were based 
on the study by Pimpin et al. (2018) (62), who estimated the economic 
burden of air pollution for the National Health Service (NHS) in England. 
We adjusted the search combinations to identify the cost data of relevance 
for a Swedish policy setting. The following inclusion criteria were applied: 
a) published between 2005 and 2020, b) used register data and was 
conducted in Sweden or in other European countries, c) health outcome 
defined by ICD-code, d) costs represented the outcome in question, and 
e) formal health care costs and/or production loss were reported.  

Total costs were calculated for each morbidity outcome as the Net 
Present Value for the following cost categories: formal health care costs, 
costs due to production loss, and the value of lost QALYs (Equation 2). 
The total costs for each cost category were calculated based on the 
duration of the morbidity outcome (63). We applied a 3.5% discount rate 
for the Net Present Value calculation. All costs were reported in euros and 
2017 values.  
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Equation 2. 

 𝑁𝑁𝑃𝑃𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐 =  �
𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐

(1 + 𝑟𝑟)(𝑐𝑐−𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖)

𝑇𝑇

𝑐𝑐=𝑐𝑐𝑖𝑖𝑖𝑖𝑖𝑖

 

Where:  

NPV = Net Present Value 

tinc = life-year when incidence occurred 

T = years of life expectancy 

r = annual discount rate 

ccat,t = cost category or sub-category 

6.2.9 Valuation of loss of QALYs 
To value the quality of life losses due to premature mortality and 
morbidity, the total number of QALYs lost for all health outcomes was 
calculated and thereafter multiplied by the monetary value of a QALY. For 
morbidity outcomes, the number of QALYs lost was calculated as the 
reduction in health-related quality of life compared to the population 
average and multiplied by the expected duration of the specific outcome. 
Outcome-specific QALY weights were based on a literature search with the 
above-mentioned criteria with one additional criterion: f) utility weights 
were based on validated questionnaires such as the EQ-5D or SF-36.  

6.2.10 Calculating the health monetary burden per scenario  
To estimate the total monetary burden due to changes in population PM2.5 
exposure, each outcome was multiplied by the estimated average cost per 
outcome. For intangible costs, the number of cases attributable to PM2.5 
exposure was multiplied by the estimated average loss of QALYs and then 
multiplied by the monetary value of a QALY. The total and intangible costs 
per outcome were summed. The total monetary burden was the sum of all 
costs for both mortality and morbidity outcomes.  

6.2.11 Uncertainty of the exposure-response function and cost 
estimates  

Monte Carlo simulation was applied to account for uncertainties related 
to both relative risks and costs estimated for all health outcomes. For the 
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ERF, the standard deviation for log estimates of relative risks was 
extracted from the original studies. However, for cost estimates where the 
original study did not report any uncertainty range, an uncertainty range 
of ±20% was assumed as suggested by Briggs et al. (64). Original studies 
for health costs of mortality, stroke, MI, and type 2 diabetes did not report 
any uncertainty estimates. A gamma-distribution was applied to describe 
the distribution of cost estimates. Thereafter, 1000 random iterations 
were generated and 95% confidence intervals were calculated.  

6.2.12 Uncertainty of emissions  
Sensitivity analysis including a wide range of emission factors was 
conducted. The following assumptions were considered: a) an increase in 
the proportion of personal EVs, b) an additional increase in road and tire 
wear among EVs, and c) a decrease in brake wear emission from EVs due 
to regenerative braking (where tire and road wear were assumed to be 
50% higher).  

6.3 Study III  

6.3.1 Air pollution exposure measurement 
Monitoring data were retrieved from the Swedish Meteorological and 
Hydrological Institute air pollution database (SMHI). Daily average 
concentrations of PM2.5 for Stockholm were obtained from an urban 
background monitoring station at Södermalm, which is 20 meters above 
the ground. The monitoring station is within the regulatory air pollution 
control network together with reference instruments to ensure the 
measuring of air pollution levels according to EU air quality directives. 
PM2.5 was measured with gravimetric methods by a TEOM 1400A 
instrument (Thermo Fisher Scientific, USA). These data had been 
previously used in environmental epidemiology studies (65).  

6.3.2 Outcome  
Statistics Sweden was responsible for collecting statistics on the 
individual level of sick leave during the period (1–14 days) that the 
employer pays the wage (80%). All employers in the public sector are 
obligated to report sick leave data, while a sample of 40% of private-sector 
sick leaves are represented. The data were available at the individual level 
per day for the time period 2011–2019. Cases were defined as the date of 
the first day of sick leave registration per employee (binary variable). To 
avoid bias between exposure and outcome, we chose to analyse cases 

https://datavardluft.smhi.se/portal/concentrations-in-air?C=1&S=1280&S=7093&S=8198&S=9503&S=18292&S=20416&S=30043&S=36242&AC=6&SC=1&SC=3&vs=426:0:2100:120:0:0:0:0
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registered in the middle of the week and excluded vacation periods in 
Sweden. The following selection criteria were applied: sick leaves that 
occurred on Tuesday–Thursday, for weeks 2–24 and 33–51, were shorter 
than 14 days in duration, and had exposure data. See Figure 1 for the 
number of individuals excluded due to the selection criteria. For this 
study, we restricted the analysis to the population living in Stockholm 
Municipality (from here on out referred to as Stockholm), with an average 
of 922,263 inhabitants for the time period 2011–2019 (66), out of which 
463,100 had active employment based on Statistics Sweden’s annual 
Labor Force Survey (67).  

6.3.3 Statistical methods 
To estimate the short-term air pollution effects on sick-leave, a case-
crossover design was applied. In the case-crossover design individuals act 
as their own controls and thereby control for individual time-invariant 
confounders (68). We selected two control periods, the week before and 
after, matched by weekday.  

A conditional logistic regression was used to estimate the odds 
ratio of sick leaves per 10 μg/m3 PM2.5. To identify the time window of 
importance, associations were assessed in relation to exposure the day 
before (lag 1), an average of 2–4 days before the sick leave (lag 2–4), and 
an average of 5–7 days before the sick leave (lag 5–7). To assess the shape 
of the dose response, odds ratios were estimated in relation to a smooth 
function of PM2.5 and in PM2.5 deciles. Subgroup analyses were done 
stratifying by gender, age, employment in the public or private sector, and 
duration of sick leave (1–2 days, 3–7 days, and 8–14 days). In addition, 
we adjusted the results for pollen (birch and grass) exposure.  
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Figure 2. The total number of incident cases of sick leaves in Stockholm and the 
number of sick leaves included in the main model after applying the selection 
criteria.  

6.3.4 Economic valuation  
The human capital method was applied to estimate the monetary value of 
production losses attributable to PM2.5 exposure. In the human capital 
method, the market value of the wage is used to value the time units (days) 
of sick leave, meaning that the time for sick leave is valued equally with 
the employer’s willingness to pay for time at work (63). The average 
monthly wage in 2019 in Sweden was 36,100 SEK (69), and the average 
number of workdays per month was 21. We calculated the average 
monetary value for one working day to be approximately 1700 SEK per 
employee. All monetary values were reported in SEK2019 and Euro2019 

values to ease international comparison. One euro corresponded on 
average to 10.59 SEK in 2019 (70). 

6.3.5 Ethical considerations  
This study was approved by the ethical review board (2020-00578). 
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6.4 Study IV  

6.4.1 Materials and methods  
Five cohorts from four Swedish cities were included in this multi-cohort 
study. The study period ranged from 1990 to 2016 for the different cohorts 
but differed between cohorts. Information on cardiovascular risk factors 
was collected at baseline, and high-resolution dispersion models were 
applied to estimate the annual concentrations of air pollutants at the place 
of residence and accounted for changes in addresses during the study 
period. The national patient registry and cause of death registry were 
linked by the personal identity numbers to identify incident cases of IHD 
and stroke.  

6.4.2 Cohorts  
Gothenburg 
Individuals living in Gothenburg were randomly invited to two cohorts 
with an aim to study risk factors of cardiovascular disease. Men born 
between 1915 and 1925 were invited to the Primary Prevention Study (PPS 
(71)) during 1970–1973. Individuals aged 25–64 years were invited to 
participate in the Gothenburg MONICA study in 1985, 1990, and 1995 
(GOT-MONICA (72, 73)), which was part of the international multicohort 
project “Multinational Monitoring Trends and Determinants in 
Cardiovascular Disease”. For both cohorts, self-administrated surveys 
were used to collect baseline information on individual cardiovascular risk 
factors complemented with examinations by health care professionals. 
Malmö 
The Malmö Diet and Cancer Study (MDCS (74)) aimed to study the effects 
of the western diet (defined as a high fat and calorie diet with low intake 
of fruits and vegetables) on the risk of developing different forms of cancer 
(e.g. breast, colon, etc.).  A randomly selected cohort of individuals living 
in Malmö and born between 1923 and 1950 were sent an invitation letter 
between 1991 and 1996. In total 28,098 individuals completed the self-
administrated questionnaire, body composition measurements, and 
dietary assessment.  
Stockholm 
The Cardiovascular Effects of Air Pollution and Noise Study (CEANS) 
cohort consisted of four individual sub-cohorts. The CEANS cohort was 
created to study the long-term effects of ambient air pollution exposure as 
a risk factor for cardiovascular disease (75). The sub-cohorts were:  

1. The Diabetes Prevention Program, which aimed to study both 
individual and environmental risk factors of impaired glucose 
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tolerance and diabetes. A random selection among adults (35–
59 years old) living in Stockholm County was acquired during 
1992–1994 and 1996–1998. Baseline data on risk factors were 
collected with a self-administrated health questionnaire.  

2. The cohort of 60-year-olds, which aimed to study the 
predictors of cardiovascular disease. The cohort consisted of a 
random sample of individuals who were born in 1987 or 1938 
and living in Stockholm County and who were invited to 
participate in 1997–1998. A self-administrated questionnaire 
was used to collect baseline data together with a health 
examination.  

3. The Screening Across the Lifespan Twin study and TwinGene, 
which aimed to study the genetic and environmental risk 
factors related to disease development. Twins born before 
1958 and registered in the Swedish twin registers were invited 
individually between 1998 and 2002. A self-administrated 
questionnaire was used to collect baseline data together with 
medical screening for a wide spectrum of diseases. Cohort 
participants living in Stockholm were also included.  

4. The Swedish National Study on Aging and Care in 
Kungsholmen (SNAC-K), which aimed to identify methods to 
improve health among the elderly. Age-stratified random 
sampling for recruitment among those 60 years of age living in 
home or in an institution in Kungsholmen was conducted 
between 2001 and 2004. A self-administrated questionnaire, a 
nurse-administrated questionnaire, and an extensive medical 
examination were conducted at baseline. 

Umeå  
The Västerbotten Intervention Programme (VIP) was started in 1985 with 
the aim to reduce cardiovascular disease and diabetes-induced morbidity 
and mortality. All individuals living in Västerbotten County were invited 
to participate in a health examination and individual counselling at their 
local primary health care centre the year they turned 40, 50, and 60 years 
of age. Systematic medical screening of cardiovascular disease, a self-
administrated questionnaire, and body measurements and blood samples 
were used for the baseline data collection. A detailed description of the 
VIP has been published previously (76).  

6.4.3 Health outcomes  
Incident cases of IHD and stroke were determined by linking the personal 
identification number to national in-patient and cause of death registries 
provided by the Swedish National Board of Health and Welfare 
(https://www.socialstyrelsen.se/en/statistics-and-data/registers/). 

https://www.socialstyrelsen.se/en/statistics-and-data/registers/
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International Classification of Diseases, Ninth Revision (ICD-9) codes 
410–414, and ICD-10 codes I20–25 were used to define IHD cases, and 
ICD-9 codes 431–436 and ICD-10 codes I61–65 were used to define stroke 
cases (77). Cases occurring prior to 5 years before recruitment were 
excluded. Additionally, individuals with a diagnosis of late effects of a 
previous stroke at baseline were excluded (ICD-9 code 438 and ICD-10 
codes I69.1-I69.8). 

6.4.4 Air pollution exposure assessment  
Individual home address history was obtained from Statistic Sweden or 
the Swedish Taxation Authority. The geocoded addresses were then 
automatically matched with the Swedish Mapping Cadastral and Land 
Registration Authority database and checked manually for 
inconsistencies. For Stockholm, Umeå, and Gothenburg, a detailed 
description of air pollution exposure models is provided by Segersson et 
al. (2017) (53) and for Malmö in a study by Hasslöf et al. (2020) (78). Both 
studies used a high-resolution dispersion model to assess locally 
generated PM2.5 and black carbon (BC) concentrations in 50 m × 50 m 
squares based on local emission inventories. The main contributors to 
local particle emissions were road traffic exhaust, road traffic non-
exhaust, residential wood combustion, shipping, and other sources (e.g. 
industrial processes). The regional concentration from long-range 
transport was added to locally generated concentrations to obtain the total 
PM2.5 concentrations.  

Total BC concentrations were obtained by adding a constant of 0.3 
μg/m3 in Stockholm, 0.2 μg/m3 in Gothenburg and Umeå, and 0.6 μg/m3 
in Malmö to the modelled local annual average. 

6.4.5 Statistical methods  
Separate analyses assessing the association between air pollution and 
morbidity outcomes (IHD and stroke) were conducted for individual 
cohorts because ethical permissions did not allow for pooling of the data. 
A meta-analysis of cohort-specific estimates was performed. We applied a 
common statistical protocol and R-scripts, and R version 4.0.3 was used 
for all analyses (79).  

Participants with no previous stroke or IHD event and with a 
follow-up time of at least 10 years were included in the analyses. Cox 
regression was used with age as the underlying time scale because age has 
been demonstrated to be a stronger predictor of cardiovascular disease 
events compared to calendar year (80). All CEANS sub-cohorts were 
allowed to have their own baseline hazard in the model. The baseline data 
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for all cohorts were from self-administrated questionnaires, where the 
specific questions varied between cohorts.  

Previous studies have linked the pathophysiological mechanisms 
for cardiovascular effects of long-term PM exposure with inflammation, 
atherosclerosis, and metabolic changes (81). Therefore, cardiovascular 
risk factors such as body mass index, diabetes, lipids, and hypertension 
were considered as possible mediators along the causal pathway and were 
therefore not adjusted for. Model 1 was adjusted for calendar year (as a 
non-linear function) and sex, Model 2 was also adjusted for individual risk 
factors (smoking, alcohol consumption, physical activity, marital status, 
education level, and occupational class), and Model 3 was additionally 
adjusted for neighbourhood income. 

6.4.6 Specification of DLNMs and model selection 
The associations between air pollution (at different lags) and the log 
hazards of IHD and stroke were assumed to be linear. Cox regression 
DLNMs, fitted by restricted maximum likelihood, were used to estimate 
the exposure lag-response. The DLNM adds a lag dimension between 
exposure and outcome, called the cross-basis function, that specifies the 
basis type and the maximum number of lags (82). One should aim to 
achieve a compromise between sufficient complexity to capture details 
while being simple enough to allow for generalization (83). We used 
penalized splines and the Akaike information criterion to select the best-
fitting model for each cohort. 

The DLNM estimation of all lags (1–10 years) was simultaneously 
compared to 1) separate estimates of the association with each lag of 1, 2, 
…, 10 years between exposure and the outcome (which will be referred to 
as single-lag estimates) and 2) estimates of the association with the 
average exposure for 1–5 and 6–10 years prior to the outcome (which will 
be referred to as moving average estimates). 

6.4.7 Meta-analyses 
Meta-analyses of cohort-specific estimates were performed by applying 
random effects to account for between-cohort heterogeneity. All meta-
analyses were based on fully adjusted models (Model 3), and cohort-
specific estimates were retrieved from the model with the lowest Akaike 
information criterion value. Heterogeneity between cohorts was 
quantified by the I2 value and tested by the X2 test based on Cochran’s Q 
statistic. Heterogeneity was considered present if I2 was >50% or if the p-
value of the X2 test was <0.05. 

  



 

24 

7 Results 

7.1 Results of Study I  

7.1.1 Investment costs 
The net total cost for infrastructure was estimated to be €101 M, excluding 
communication and maintenance costs. Assuming a life cycle of 50 years 
for bicycle paths, a €2 M annual investment resulted in average annual 
cost of €908 per converter.  

7.1.2 Changes in healthcare costs  
The expected health care costs for the current disease burden were €46 B 
(Table 5.), and this was reduced to €26 B after discounting for the 50-year 
lifetime of bicycle paths (Table 6.). The average annual benefits of 
increased physical activity in terms of reduced chronic disease burden 
were estimated to be €12.5 M (Figure 3), with a net total of €562 M (€241 
M after discounting).  

The annual reduced disease burden among the total population 
and current bicyclists due to reduction in air pollution concentrations was 
estimated to be €1.2 M. However, the increase of disease burden among 
additional bicyclists due to increased exposure to air pollution was 
estimated to be €0.28 M. The increased risk of traffic accidents among 
additional bicyclists was estimated to be €1.96 M.  

A reduction of 1.1% of total monetary burden due to the assumed 
transport mode shift was estimated over the assumed lifetime of the 
investment. This corresponded to 8.7% of the Stockholm County Council 
healthcare expenditures in 2017.  

7.1.3 Costs and benefits  
Costs and benefits were compared to the health burden in 2017 with no 
assumed change in transport mode. For each area of impact, the estimated 
change in healthcare costs and DALYs was calculated. The cost-
effectiveness ratio was calculated by subtracting the investment costs 
from the estimated monetary burden averted and dividing by the sum of 
DALYs averted. The investment was estimated to be cost-effective, 
corresponding to €9,933 per DALY averted.  
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7.1.4 Sensitivity analysis  
A sensitivity analysis was conducted, where a reduction in the number of 
active commuters and a reduction in estimated health benefits and lower 
returns for the monetary burden of health was assumed. Even if only 25% 
of the total number of 111,487 potential bicycle commuters were to change 
their mode of transport, the investment remained cost-effective, with a 
cost-effectiveness ratio of €2,643 for every DALY averted (Figure 4).  
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Table 4. Chronic disease treatment costs per case derived from the literature used to calculate health care costs  

Disease Sample size Sample 
population 

Data 
collection 

Perspective Method Costs per case1 Disease 
duration 

Reference 

Type 2 
Diabetes 

1,000 Newly diagnosed 
type 2 diabetes 

2009–
2010 

Health care Markov 
modelling 

83,155 Lifetime Zhou et al. (84) 

Stroke 9,064 All first stroke cases 
registered in the 
national register 

2009 Health and 
societal 

Aggregated 
costs 

74,125 Lifetime Ghatnekar et. al 
(85) 

Dementia 111,811 Medicare 
beneficiaries ≥65 
years of age 

1997–2005 Health care Cohort-based 
simulations 

13,765 Lifetime Yang et.al. (86)  

Myocardial 
infarction 

41,210 Acute myocardial 
infarction incidences 
in Alberta, Canada 

2004–
2014 

Health care Cohort-based 
aggregated 
costs 

147,262 6 years Tran et al. (87) 

Heart 
failure 

1,054 Olmstead county 
residents who 
fulfilled the special 
criteria established 
for heart failure 

2006 Health care Tiang and 
Huang 
method 

113,975 Lifetime Dunlay et al. 
(88) 
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Disease Sample size Sample 
population 

Data 
collection 

Perspective Method Costs per case1 Disease 
duration 

Reference 

Breast 
cancer 

77,009 Cohort of elderly 
Medicare, newly 
diagnosed cancer 
patients 

1998–
2004 

Health care 5-year 
aggregated 
costs 

21,177 5 years Yabroff et al. 
(89) 

Colon 
cancer 

44,838 Cohort of elderly 
Medicare, newly 
diagnosed cancer 
patients 

1998–
2004 

Health care 5-year 
aggregated 
costs 

42,446 5 years Yabroff et al. 
(89) 

Lung 
cancer 

54,665 Cohort of elderly 
Medicare, newly 
diagnosed cancer 
patients 

1998–
2004 

Health care 5-year 
aggregated 
costs 

43,211 5 years Yabroff et al. 
(89) 

Asthma 49,668 
Control 
group: 
248,340 

Patients with ICD-
10-GM asthma code 
extracted from the 
German sickness 
fund 

2010 Health care Aggregated 
costs 

49,528 2 1 year Jacob et al. (90) 
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Table 5. Estimated health care costs assuming the 2017 disease burden, 
changed disease burden as a result of increased bicycling, and the 
estimated difference in health care costs  

Exposure Health care costs 

with the current 

burden of disease 

Health care costs 

in the scenario 

Estimated 

change in 

health care 

costs in the 

scenario 

Percent 

reduction 

in health 

care costs 

Estimated 

change in 

DALYs in the 

scenario 

Physical activity €2,073,803,338 €1,511,162,940 €562,640,398 27.13 35,060 

Air pollution change 

among the general 

population 

€46,283,254,008 €46,228,719,501 €54,534,507 0.12 21,975 

Air pollution change 

among additional 

bicyclist 

€1,885,540,341 €1,899,564,512 -€14,024,171 -0.74 -7,287 

Air pollution change 

among current 

bicyclists 

€874,825,533 €874,566,906 €258,627 0.03 131 

Traffic injuries* * * -€88,244,441 * -8,210 

Sum €46,283,254,008 €45,768,089,088 
 

€515,164,920 1.01 41,669 

* current costs related to traffic accidents were not available  
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Table 6. Discounted costs assuming the 2017 disease burden, changed 
disease burden as a result of increased bicycling, and estimated 
differences in health care costs.  

Exposure  Health care costs 

with current 

burden of disease  

Estimated change in 

health care costs in the 

scenario  

Percent reduction in 

health care costs  

Physical activity  €1,092,130,168   €241,629,107  22.12  

Air pollution change among 

the general population  

€24,257,656,022  €25,962,558   0.11  

Air pollution change among 

additional bicyclists  

€988,236,242  -€6,687,730  -0.68  

Air pollution change among 

current bicyclists  

€458,507,452  €108,504   0.02  

Traffic injuries*  *  -€42,117,426  *  

Sum  €26,796,529,884  €218,895,013  0.82  

* current costs related to traffic accidents were not available  
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Figure 3. Estimated yearly expenditure averted (in millions of euros) in the healthcare sector due to increased physical 
activity, change in air pollution concentrations, and risk of traffic injuries. 
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Figure 4. Sensitivity analysis of the cost-effectiveness ratio considering number of obtained bicyclists, health impact and 
healthcare costs. 
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7.2 Results of Study II  

7.2.1 Population-weighted concentrations of PM2.5 
Theverage population-weighted exhaust PM2.5 concentrations was 
estimated to decrease by 39% (0.012 μg/m3) in the FFF2035 scenario 
compared to BAU2035 (Table 8). Non-exhaust PM2.5 population-weighted 
concentrations were dependent on the proportion of vehicles using 
studded winter tires (and thus increased tire and road wear) among EVs 
compared to conventional vehicles. Assuming no increase in tire and road 
wear but a 30% decrease in brake wear among EVs, an overall decrease in 
total PM2.5 exposure was estimated in the FFF2035 scenario compared to 
BAU2035 no matter the assumed proportion of studded winter tires. 
However, if assuming an increase in tire and road wear among EVs, an 
increase in total PM2.5 exposure was estimated in combination with a 50% 
proportion of studded winter tires, but an overall decrease when assuming 
30% and 0% studded winter tires.  
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Table 7. Health economic costs for each health outcome and the expected number of QALYs lost based on the average 

duration of disease.  

Health 

outcome 

Years of life 

lost/Duration 

of disease 

Reference Value of a 

QALY/Cost per 

case (€2017) 

Included costs Reference Number of 

QALYs lost 

Reference 

Mortality 11  Söderqvist et al. 

2019 (91) 

250,000 Willingness to pay 

(WTP) 

Persson, 2018 

(61) 

9.7 Burström et al., 

2001 (60) 

Stroke 10 Assumption 260,000 Direct medical costs 

(DMC)+Productivity 

loss (PL) 

Informal care  

Lekander et al., 

2017 (92) 
Persson, et al 

2017 (93) 

2.85 Ghatnekar et al., 

2013 (94) 

MI 1 Assumption 21,000 DMC+PL Mourad et al., 

2013 (95) 

0.09 Gencer et al., 

2016 (96) 

COPD 19 Assumption 11,000 DMC* Ställberg et al., 

2018 (97) 

5.51 Arne et al., 

2009 (98) 

Diabetes type 

II  

9 Gudbjörnsdottir et 

al, 2017 

49,000 DMC+PL Janssen et al., 

2020 (99) 

1.5 Neumann et al., 

2014 (100) 

Childhood 

asthma 

17 Assumption 14,000 DMC Ferreira De 

Magalhães et al., 

2017 (101) 

1.7 Bergfors et al., 

2015 (102) 
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Health 

outcome 

Years of life 

lost/Duration 

of disease 

Reference Value of a 

QALY/Cost per 

case (€2017) 

Included costs Reference Number of 

QALYs lost 

Reference 

Adult asthma 66 Assumption 166,000 DMC+PL Jansson et al., 

2007 (103) 
9.24 Jansson et al, 

2019 (104) 

Preterm birth 84 Assumption 103,000 DMC+PL Mangham et al., 

2009 (105) 

NA NA 

Restricted 

activity days 

NA NA 210 WTP+PL** Statistics Sweden, 

2017b (106); 
Ready et al., 

2004 (107) 

NA NA 

* The average onset of COPD is estimated to be at 65 years of age, and therefore no productivity loss was estimated. 

** PL – productivity loss as the average daily salary in Sweden in 2017 
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Table 8. Population-weighted average PM2.5 concentration differences 
(µg/m3) and resulting health economic costs comparing the FFF2035 
scenario with BAU2035 for different proportions of studded winter tires. 

  Difference between FFF2035 and BAU2035 

(negative values means a decrease) 

Proporti

on of 

vehicles 

using 

studded 

winter 

tires 

FFF – BAU 

case 

PM2.5 exhaust 

µg/m3 (%) 

PM2.5 wear 

µg/m3 (%) 

Net total 

µg/m3 (%) 

Annual 

economic 

costs as 

central 

estimates 

€2017 

0% 

 

FFF2035-0 -0.012 

 (-39%) 

–0.167  

(–24%) 

–0.178 

 (–24%) 

-237,000,000  

 

FFF2035-1 

Increased 

road and 

tire wear 

–0.012  

(–39%) 

–0.152  

(–22%) 

–0.163  

(–22%) 

-217,000,000  

30% FFF2035-0  –0.012  

(–39%) 

–0.075  

(–10%) 

–0.086  

(–12%) 

-114,000,000 

FFF2035-1 

Increased 

road and 

tire wear 

–0.012  

(–39%) 

–0.014  

(–1.9%) 

–0.024  

(–3.3%) 

-32,000,000  

50% FFF2035-0 –0.012  

(–39%) 

–0.013  

(–1.8%) 

–0.025  

(–3.3%) 

-33,000,000 

FFF2035-1 

Increased 

road and 

tire wear 

–0.012  

(–39%) 

0.079 

 (+11%) 

0.067  

(+8.7%) 

89,000,000  
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Figure 5. Health economic cost differences between vehicle fleets in the FFF2035 
and BAU2035 scenarios in relation to the proportion of vehicles using studded 
winter tires. Results are presented for FFF2035-0 assuming no impact of EVs’ 
weight on road and tire wear and for FFF2035-1 assuming that road and tire 
wear increases by a factor 1.5 among EVs. Error bars indicate 95% confidence 
intervals from Monte Carlo simulations.  

7.2.2 Health economic costs associated with changes in total 
PM2.5 exposure  

Adverse health impacts attributable to total PM2.5 exposure were 
estimated to correspond to €1 billion (95% CI 460–2.2 billion) in 
monetary terms given the BAU2035 scenario. An increase in monetary 
burden of €89 M was estimated for the scenario with a 50% proportion of 
studded winter tires, but a decrease of €32 M and €217 M in monetary 
burden with 30% and 0% use of studded winter tires, respectively (Figure 
5). The monetary burden due to increased road and tire wear among EVs 
was estimated to be 20 M with no use of studded winter tires (Table 9). 
However, the monetary burden attributable to EVs’ extra weight in 
combination with 50% use of winter studded tires was estimated to be 122 
M.  



 
 

37 

Table 9. Population-average PM2.5 concentration differences and 
estimated health economic costs attributable to the extra weight of EVs  

Proportion of 

passenger vehicles 

using studded winter 

tires 

Difference between net total 

PM2.5 concentration (µg/m3)  

(FFF2035-1 – FFF2035-0) 

Health economic cost 

estimate applicable 

to EVs (€2017) 

0% 0.015 20,000,000 

30% 0.062 81,000,000 

50% 0.092 122,000,000 

 

7.2.3 Greenhouse gas emissions 
For BAU2035 the CO2 emissions were estimated to increase from 1.5 M 
tons annually in 2015 to 2.3 M tons annually. The annual CO2 emissions 
were estimated to be reduced by 0.7 M tons for the FFF2035 scenario 
compared to BAU2035, and the annual monetary health burden 
attributable to PM2.5 exposure was estimated to be -€350 and €132, 
respectively, per ton of CO2 reduction.  

7.2.4 Sensitivity analysis  
Proportion of EVs  
With increasing proportions of EVs, the difference in net total PM2.5 
average concentrations between the FFF2035 and BAU2035 scenarios 
decreased no matter the proportion of vehicles using studded winter tires. 
Assuming 50% use of studded winter tires and 1% of EVs in the vehicle 
fleet, the health economic burden was estimated to increase by 14% for 
the FFF2035 scenario compared to BAU2035. However, a decrease of 
14.5% and 12.5% in health economic burden was estimated when 
assuming 0% or 30% use of studded winter tires, respectively.  
Road and tire wear among EVs  
Assuming 60% higher road and tire wear emissions among EVs in 
combination with 50% use of studded winter tires, the health economic 
burden was estimated to increase by 21% for the FFF2035 scenario 
compared to BAU2035. There was a smaller increase in health economic 
burden ranging from 9% to 1.5% assuming a 60% increase in road and tire 
wear and 30% use of studded winter tires and 0% use of studded winter 
tires, respectively.  
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Varying the decrease in brake wear for EVs 
EVs’ regenerative braking systems reduce the amount of brake wear 
particles emitted. If assuming a 75% reduction of brake wear due to 
regenerative braking, the total PM2.5 concentration was estimated to 
decrease by 25% given no use of studded winter tires. However, an overall 
increase in total PM2.5 concentrations was estimated with 50% use of 
studded winter tires for the FFF2035 scenario. Assuming 0% use of 
studded winter tires, the health economic burden was estimated to 
decrease for all brake wear factors considered. The health economic 
burden was estimated between a 26% decrease and a 13.5% increase given 
50% use of studded winter tires compared to the main analysis.   

7.3 Results of Study III  

7.3.1 Descriptive results 
The mean PM2.5 concentration was 4.9 μg/m3  with an interquartile range 
of 3.4 μg/m3. 

In total there were 3.7 M sick leaves registered during 2011–2019 
in Stockholm, out of which 32% of cases remained in the model after the 
selection criteria were applied (Figure 2). There was a higher proportion 
of women taking sick leaves compared to men (Table 10). The proportion 
of sick leaves among private sector workers was higher compared to public 
sector workers at 55% and 44%, respectively. The largest proportion of 
sick leaves was among 25–34-year-olds, and thereafter a decreasing trend 
of sick leaves was observed with increasing age. The great majority of sick 
leaves lasted up to a week, out of which 54% lasted 1–2 days and 41% 
lasted 3–7 days.  
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Table 10. Descriptive statistics of stratified sick leaves included in the 
analysis in Stockholm. 

Stratification Total Proportion (%) 

Sex 

Women 

Man 

 

960 540 

531 122 
 

 

64% 

36% 
 

Age 

15-24 

25-34 

35-44 

45-54 

55-64 

65-74 

 

 

150 941 

487 636 

332 137 

280 833 

220 376 

19 660 

  

 

10% 

33% 

22% 

19% 

15% 

1% 

  

Sector 

Private 

Public 

 

823 999 

651 536 
 

 

55% 

44% 
 

Sick-leave duration 

(days) 

1-2 

3-7 

8-14 

 

 

800 005 

604 154 

87 481 
 

 

54% 

41% 

6% 
 

Total number of sick 

leaves included in the 

analysis 

 

1 491 662 
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7.3.2 Association between PM2.5 exposure and sick leave 
The odds of sick leave were estimated to increase by 7% (95% CI: 7–8%) 
per 10 μg/m3 higher PM2.5 exposure for lag 2–4 (Table 11). The model 
estimated slightly higher odds for sick leave among men compared to 
women at 8% and 7% per 10 μg/m3, respectively. Public sector employees 
had 9% increased odds for sick leave compared to 6% for private 
employees in relation to lag 2–4. Using a smooth function to estimate the 
concentration-response function showed odds ratios of sick leave of 
similar size on days with PM2.5 between approximately 4 and 7 μg/m3 
(Figure 6).No dose-response association was observed in relation to lag 1 
or lag 5-7 exposure. Adjusting for pollen did not change the results (data 
not shown). 

All age groups had significantly increased odds of sick leave in 
relation to lag 2–4 exposure (Table 12). The youngest employee group had 
the lowest odds of sick leave compared to the oldest age group at 5% and 
9%, respectively. No increased odds were estimated for previous day or 
for lag 5–7 exposure.  

When stratifying based on duration of sick leaves, increased odds 
of 7% of sick leaves lasting 1-2 days and 8% for sick leaves lasting 3-7 days 
in relation to lag 2–4 exposure were observed (Table 13.). However, there 
were somewhat lower increased odds of 4% for sick leaves lasting 8–14 
days. No increased odds were estimated for previous day or for lag 5-7 
exposure. 

 
Table 11. Odds ratios of a sick leave in relation to a 10 μg/m3 increase in 
PM2.5 for lag 2–4 days prior to the outcome. 

 OR 95% CI 

All 1.07 (1.07-1.08) 

Women 1.07 (1.06-1.09) 

Man 1.08 (1.07-1.09) 

Public sector 1.06 (1.08-1.10) 

Private sector 1.09 (1.05-1.07) 
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Table 12. Age-specific odds ratios of sick leave in relation to a 10 μg/m3 
increase in PM2.5 for lag 2–4 days prior to the outcome.  

Age OR 95% CI 

15–24 1.05 (1.03-1.07) 

25–34 1.07 (1.06-1.09) 

35–44 1.09 (1.07-1.10) 

45–54 1.08 (1.06-1.09) 

55–64 1.07 (1.05-1.08) 

65–74 1.09 (1.04-1.15) 

 

Table 13. Duration-specific odds ratios of sick leave in relation to a 10 
μg/m3 increase in PM2.5 for lag 2–4 days prior to the outcome.  

Duration (days) OR 95% CI 

1-2 1.07 (1.07-1.08) 

3-7 1.08 (1.07-1.09) 

8-14 1.04 (1.02-1.07) 
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7.3.3 Economic evaluation  
On average there were 466 439 sick leaves registered annually in 
Stockholm with an average duration of 4.0 days. Utilizing the estimate of 
7% increased odds per 10 μg/m3 PM2.5 exposure for lag 2–4, we estimated 
that 15,674 sick leaves were attributable to the annual average PM2.5 
exposure (Table 14). This corresponded to a monetary burden of 102 M 
SEK (€10 M).  

 
Table 14. The annual average number of sick leaves and number of sick 
leave days attributable to PM2.5 exposure in Stockholm and the 
corresponding monetary values.  

 Number of incident 

cases of sick leave 

attributable to 

PM2.5 exposure 

Number of sick 

leave days* 

attributable to 

PM2.5 exposure 

Monetary value of 

productivity loss 

SEK/€ 

Per 4.9 

μg/m3 PM2.5 

15 210 60 840 102 000 000 SEK 

€ 10 000 000 

Per 1 μg/m3 

PM2.5 

3 242 12 970 22 000 000 SEK 

€ 2 000 000 

* The average duration of a sick leave was 4 days 
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Figure 6. The estimated concentration-response relation 
(with 95% CI) between PM2.5 and odds of sick leave in 
Stockholm, using penalized splines with 7 degrees of 
freedom.  

 

 

 

. 

 

 

Figure 7. Estimated monetary value per person in relation 
to the annual mean concentration of PM2.5 exposure based 
on the odds ratio of sick leave in Stockholm and the average 
wage in Sweden in 2019 
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7.4 Results of Study IV  

7.4.1 Descriptive results  
In total, 99,490 individuals were included from all cohorts (Table 15). The 
median age ranged from 46 years in GOT-MONICA to 57 years in CEANS 
and MDC at recruitment. There were slightly higher proportions of 
women compared to men in all cohorts except PPS, which consisted only 
of males. The lowest proportion of current smokers was in the VIP cohort 
and the highest was in PPS at 21% and 39%, respectively. Sedentary 
physical activity was reported by 14–24% of participants in the four 
cohorts. The questionnaires were differently designed within CEANS, but 
the cohort likely had the highest proportion of inactive participants at 
baseline. The lowest proportion of weekly alcohol consumption was found 
in VIP and the largest in CEANS. However, alcohol consumption was not 
measured at baseline in PSS. The education levels varied largely; for 
example, 11% of participants in PPS had a university degree compared to 
29% and 31% among VIP and CEANS participants, respectively. PPS had 
a higher proportion of blue-collar workers compared with MDC and 
CEANS.  

During the study period the annual mean exposure to total PM2.5 
was highest in MDC at 10.9 μg/m3 and lowest in VIP at 5.9 μg/m3 (Table 
16). The annual mean local (source) PM2.5 concentrations ranged from 1.3 
μg/ m3 in VIP to 3.1 μg/m3 in PPS. The annual mean exposure for BC 
ranged from 0.5 μg/m3 in VIP to 1.0 μg/m3 in PPS.  

For the final analysis, there were 5,142 incident cases of IHD and 
3,614 incident cases of stroke included. The analyses included 769,065 
and 764,937 person-years for incident IHD and stroke, respectively (Table 
17).  
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Table 15. Participant baseline characteristics for each cohort. 

  

Gothenburg, 

GOT- 

MONICA 

Gothenburg, 

PPS 

Malmö,  

MDC 

Stockholm, 

CEANS 

Umeå,  

VIP 

Participants (n)  4,500 5,850 25,722 21,549 41,941 

Baseline data collection  

(calendar years) 
 

1985, 1990,  

1995 
1970–1974 

1991–

1996 

1992–

2004 

1990–

2013 

Age at enrolment  

(years; median (range)) 
 

46  

(25–66) 

51 

 (46–56) 

57  

(44–73) 

57 

 (35–104) 

54  

(29–84) 

Women (%)  52 0 62  58 52 

Smoking status (%) Current smoker 29 39 27 21 21 

 Former smoker 23 33 31 36 27 

 Never smoker 42 27 37 41 43 

 Missing data 5 0.1 6 2 0 

Leisure time physical  

activity (%) 
Sedentary 17 24 18 61a 14 

 Moderate 62 58 59 26b 41 

 
Intermediate and 

vigorous 
18 17 17 8c 44 

 Missing data 2 1 6 4 1 

Alcohol consumptiond 

(%) 
Daily 1   7  5  

 Weekly 24   55  13 

 Seldom 38   31 44 

 Never 5   6 34 

 Missing data 31   2 8 

Married/living  

with partner (%) 
No 21 14 31  29 17 

 Yes 47 86 63 69 79 

 Missing data 31 0 6  1 4 

Education level (%) 
Primary school or 

less 
12 66 68 30 37 

 
Up to secondary 

school or equivalent 
32 21 17 36  25 

 
University degree or 

higher 
19 11 14 31  29 

 Missing data 3 0 1 3 9 

Occupation (%) Gainfully employed   57 66 80 
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Gothenburg, 

GOT- 

MONICA 

Gothenburg, 

PPS 

Malmö,  

MDC 

Stockholm, 

CEANS 

Umeå,  

VIP 

 
Unemployed/not 

gainfully employed 
  7 6 4 

 Retired   30 27 3 

 Missing data   6 1 13 

Socioeconomic index by  

occupation (%) 
Blue collar  47 35 26  

 

Low and 

intermediate white 

collar and self-

employed 

 23 48 51  

 

High-level white 

collar and self-

employed 

professional with 

academic degrees 

s 30 10 18  

 Missing data  0 6 4  

Mean income by SAMS  

1994 (SEK) 
 154,780 148,602 144,641 304,384e 130,076  

       

Note: CEANS - Cardiovascular Effects of Air Pollution and Noise Study; MONICA - Multinational 
Monitoring of Trends and Determinants in Cardiovascular Diseases; MDC – Malmö Diet and Cancer 
Cohort; PPS - Primary Prevention Study; SAMS - Small Areas for Market Statistics; SEK - Swedish 
Krona; VIP - Västerbotten Intervention Programme. 

a Once a month or less, <1 h/week. 

b About once a month, ~1 h/week. 

c 3 times a week or more, >2 h/week. 

d Alcohol consumption within MDC was calculated as grams per day, where the median was 7.20 g/day 
ranging between 0 and 194 g/day . 

e Mean income by SAMS in 2009. 
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Table 16. Distribution of air pollution particle concentrations at 
residential addresses for each cohort. 

Exposure 

(µg/m3) 

Gothenburg, 

GOT-MONICA 

Gothenburg, 

PPS 

Malmö, 

MDC 

Stockholm, 

CEANS 

Umeå, 

VIP 

 Mean Range IQR Mean Range IQR Mean Range IQR Mean Range IQR Mean Range IQR 

Total                

PM2.5 8.5 2.9-16.4 2.68 9.1 2.9-16.8 2.44 10.9 6.6-18.4 1.63 7.7 4.6-24.9 2.52 5.9 3.7-

22.5 

1.18 

BC 0.9 0.2-4.3 0.39 1.0 0.2-4.5 0.39 0.9 0.7-1.9 0.15 0.7 0.4-4.8 0.42 0.5 0.2-7.8 0.13 

Local                

PM2.5 2.7 0.2-9.9 1.42 3.1 0.2-9.6 1.27 1.4 0.3-6.5 0.55 1.7 0.1-18.7 1.23 1.3 0.2-6.9 0.55 

Note: BC – black carbon; CEANS – Cardiovascular Effects of Air Pollution and Noise Study; MDC – 
Malmö Diet and Cancer; MONICA – Multinational Monitoring of Trends and Determinants in 
Cardiovascular Disease; PM2.5 – particulate matter with aerodynamic diameter ≤ 2.5µm; PPS – 
Primary Prevention Study; VIP – Västerbotten Intervention Program. 

7.4.2 Associations with IHD  
No clear associations were found for total PM2.5 concentrations and 
incident IHD, and the DLNM curve estimated mainly negative 
associations over lags of 1–10 years (Figure 8). Other common methods 
utilized to estimate the delayed effect showed similar results. No 
associations were found using either single lag models or models in 
relation to lag 1–5 or 6–10-year moving averages (Figure 8). 

DLNM estimated a 20% (95% CI 2–41%) per μg/m3 increased risk 
for IHD between lag 1–2 years in relation to local (source) PM2.5 
concentrations at lag 1 (Figure 9). However, no association was estimated 
for lag times 3–10 years. No association was found with single lag models 
or models with moving average exposure.  

No clear associations were estimated with the DLNM models for 
BC exposure (Figure 10). Single lag and moving average models estimated 
small decreased risks, but these were not statistically significant. No 
significant heterogeneity was observed in these models. 
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Table 17. Cohort-specific numbers of IHD and stroke cases, the average 
age at incident IHD or stroke, the average follow-up time, and the total 
number of person-years. 

 Gothenburg, 

MONICA 

Gothenburg, PPS Malmö, MDC Stockholm, 

CEANS 

Umeå, VIP 

Number of IHD 

cases (% women) 

233 

(33) 

557 

(0) 

2026 

(46) 

1343 

(47) 

983 

(54) 

Average age at 

IHD incidence in 

years 

70.8 84.1 76.3 72.9 67.5 

Number of stroke 

cases (% women) 

153 

(46) 

400 

(0) 

1578 

(54) 

941 

(54) 

542 

(50) 

Average age at 

stroke incidence 

years 

71.4 84.0 77.4 75.5 66.4 

Average follow-

up time (years) 

IHD 

Stroke 

 

 

 

9.2 

9.3 

 

 

7.0 

7.2 

 

 

20.1 

20.1 

 

 

10.6 

10.6 

 

 

8.5 

8.5 

Total number of 

person-years 

 

IHD 

 

Stroke 

 

 

 

35,010 

 

35,794 

 

 

 

17,245 

 

18,819 

 

 

 

287,531 

 

281,621 

 

 

 

220,314 

 

225,226 

 

 

 

208,965 

 

203,477 

Note: CEANS – Cardiovascular Effects of Air Pollution and Noise Study; MDC – Malmö Diet and 
Cancer; MONICA – Multinational Monitoring of Trends and Determinants in Cardiovascular Disease; 
PPS – Primary Prevention Study; VIP – Västerbotten Intervention Program. 
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7.4.3 Associations with stroke  
For total PM2.5 concentrations, the DLNM risk estimates varied between 
lag times, though there was suggestive evidence for an increased risk for 
lags 2–4 and 6–8 (Figure 11). However, the heterogeneity was large and 
the precision was low for these lag times. Similar patterns for increased 
risk were estimated with single lag models, but with lower risk estimates 
for lags 2–4 years. The moving average exposure method showed no 
associations.  

The DLNM method showed no clear association between stroke 
and local PM2.5 concentrations (Figure 12). Single lag models estimated a 
negative association with wide confidence intervals, and no associations 
were found in relation to moving averages.  

The risk estimates varied with lag times for incident stroke in 
relation to BC concentrations with low precision, similarly as with total 
PM2.5 exposure (Figure 13). Single lag estimates showed no association, 
but moving average models estimated small risk increases by 2% and 4% 
per μg/m3 in relation to lag 1–5 and 6–10 years, respectively, but these 
were not significant. 
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Figure 8. Meta-estimate hazard ratios for the association between total PM2.5 
and IHD using 1) DLNMs with penalized splines with 10 degrees of freedom 
within each cohort, except for MDC with 11 degrees of freedom, where the red 
curve represents the meta-estimate hazard ratios and the black dashed lines 
represent the corresponding confidence intervals and 2) separate year-specific 
(single lag) hazard ratios represented as point estimates and confidence 
intervals in black. The light blue dots represent the heterogeneity of the cohort 
estimates at different lag times, with I2 values on the right axis. 
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Figure 9. Meta-estimate hazard ratios for the association between local PM2.5 
and IHD using 1) DLNMs with penalized splines and 10 degrees of freedom 
within each cohort except for GOT-MONICA and MDC with 11 degrees of 
freedom, where the red curve represents the meta-estimate hazard ratios and 
the black dashed lines represent the corresponding confidence intervals and 2) 
separate year-specific (single lag) hazard ratios represented as point estimates 
and confidence intervals in black. The light blue dots represent the heterogeneity 
of the cohort estimates at different lag times, with I2 values on the right axis. 
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Figure 10. Meta-estimate hazard ratios for the association between BC total 
and IHD using 1) DLNMs with penalized splines and 10 degrees of freedom 
within each cohort, where the red curve represents the meta-estimate hazard 
ratios and the black dashed lines represent the corresponding confidence 
intervals and 2) separate year-specific (single lag) hazard ratios represented as 
point estimates and confidence intervals in black. The light blue dots represent 
the heterogeneity of the cohort estimates at different lag times, with I2 values on 
the right axis 
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Figure 11. Meta-estimate hazard ratios for the association between total PM2.5 
and stroke using 1) DLNMs with penalized splines and 10 degrees of freedom 
within each cohort except for CEANS with 11 degrees of freedom where the red 
curve represents the meta-estimate hazard ratios and the black dashed lines 
represent the corresponding confidence intervals and 2) separate year-specific 
(single lag) hazard ratios represented as point estimates and confidence 
intervals in black. The light blue dots represent the heterogeneity of the cohort 
estimates at different lags, with I2 values on the right axis.  
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Figure 12. Meta-estimate hazard ratios for the association between local PM2.5 
and stroke using 1) DLNMs with penalized splines and 10 degrees of freedom 
within each cohort except for MDC with 11 degrees of freedom, where the red 
curve represents the meta-estimate hazard ratios and the black dashed lines 
represent the corresponding confidence intervals and 2) separate year-specific 
(single lag) hazard ratios represented as point estimates and confidence 
intervals in black. The light blue dots represent the heterogeneity of the cohort 
estimates at different lag times, with I2 values on the right axis. 
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Figure 13. Meta-estimate hazard ratios for the association between total BC 
and stroke using 1) DLNMs with penalized splines and 10 degrees of freedom 
within each cohort except for MDC with 11 degrees of freedom, where the red 
curve represents the meta-estimate hazard ratios and the black dashed lines 
represent the corresponding confidence intervals and 2) separate year-specific 
(single lag) hazard ratios represented as point estimates and confidence 
intervals in black. The light blue dots represent the heterogeneity of the cohort 
estimates at different lag times, with I2 values on the right axis  
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8 Discussion 

This interdisciplinary thesis has the ambition to combine methods from 
different scientific fields to analyze the health economic effects of 
transport transformation policies towards sustainability. This thesis is 
highly relevant in the light of UN Sustainable Development Goals 2030, 
and the Lancet Commission on Pollution and Health recommendations 
and for developing new air quality assessments, strategies and limits for 
EU and Sweden. In this thesis, we demonstrated that investment in 
bicycle infrastructure is cost-effective from a health care perspective. A 
negative effect of increased proportions of EVs to PM2.5 concentrations 
and population health was found for Stockholm; however, as 
demonstrated the direction of the effect varies between contexts. The 
economic burden of morbidity outcomes attributable to air pollution were 
valued monetarily from a societal perspective, and a positive association 
between short-term PM2.5 exposure and sick leaves were described. The 
potential application of this thesis’s results and its strengths and 
limitations is discussed in the following. 

8.1 What are the health economic impacts of a 
mode shift towards sustainable transport? 

8.1.1 The resulting health economic impact of investing in 
bicycle infrastructure  

The results in the Stockholm scenario showed the investment in increased 
bicycle infrastructure to be cost-effective from a health care perspective. 
This health economic evaluation relied on registry-based scenarios on 
individual geolocation, demographics and mode and destination of 
commuting, whereas previous studies were mainly based on hypothetical 
scenarios (108-110). Moreover, an effort to quantify the life-time costs of 
morbidity outcomes from a health care perspective extends the benefit 
side with monetary estimates beyond the normative cost-effectiveness 
study where investment costs are considered against expected change in 
a general health metric. Regardless of the vast differences between studies 
with respect to the number of health effects included due to increased 
physical activity, regardless of whether the health effects due to changes 
in air pollution concentrations and traffic injuries were included, and 
regardless of the differences in methods of valuing and measuring the 
health effects, all health economic evaluations have concluded that 
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investment in increased active commuting is an effective measure for 
improving population health (108-110).  

8.1.2 The resulting impact of an increased proportion of EVs 
on PM concentrations and the health economic impact  

The assessment of impact of an increased proportion of EVs in vehicle 
fleet regarding exhaust and non-exhaust particles, shows that it is not 
straight forward that such an increase would lead to decreases in total 
PM2.5 concentrations. By combining the data on the actual composition of 
the vehicle fleet and detailed source specific air pollution concentration 
modelling for Stockholm together with the proportion of vehicles using 
studded winter tires, an increase in the health economic burden was 
estimated when assuming an increased proportion of EVs. Other studies, 
have also demonstrated that the increased weight of EVs contributes to 
increased non-exhaust emissions compared to their conventional vehicle 
counterparts (24, 111) and have estimated monetary impacts of such 
increases (112). Nevertheless, as discussed in previous studies the impact 
of EVs on total PM2.5 has been shown to be dependent on study area-
specific conditions (17) and assumptions regarding the extent of the effect 
of PM emissions on regenerative breaking (24, 113). For example, Liu et 
al. (2022) estimated that the total PM2.5 concentration and subsequent 
monetary impact would increase in the United Kingdom, assuming no 
impact of regenerative breaking on urban roads (112). However, if 
emissions due to regenerative breaking was assumed to decrease by 68%, 
a decrease in overall PM2.5 concentrations was estimated. The subsequent 
monetary impact on values in urban area varied from approximately -15% 
to + 5% assuming no impact on PM emissions from regenerative breaking 
and 68% decrease due to regenerative breaking, respectively. On the 
contrary, a scenario study in Turin, Italy, accounting for the effect of 
increased vehicle weight on road and tire wear and estimated a quite large 
decrease in PM10 concentration associated with an increased proportion 
of EVs, at least for the peak hours (114). However, their baseline scenario 
emissions reflected the 2018 vehicle fleet composition, and the change in 
population-weighted mean exposure was not estimated. The health 
economic impacts reported by Liu et al. (2022) are not directly 
comparable with Study II due to a difference in both the health outcomes 
that were included and the valuation methods that were applied. For 
example, in Liu et al. (2022) the damage costs included the short-term 
health impact (e.g. hospitalizations) and some of the chronic disease 
outcomes (i.e. coronary heart disease, stroke, diabetes), but the latter were 
valued monetarily only through decreased utility (i.e. excluding direct and 
indirect costs related to disease). In contrast, in Study II, we also valued 
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the direct and indirect costs of disease incidences. Therefore, the impact 
of EVs’ increased weight on non-exhaust particles and the following 
health economic impacts are of importance, although such impacts are 
largely dependent on the local context.   

8.1.3 Included morbidity outcomes and included costs for 
monetary valuation 

In this thesis improvements were made regarding the monetary valuation 
of the morbidity effects of PM2.5 exposure. In Study II the direct, indirect, 
and intangible life-time costs of the morbidity outcomes attributable to 
PM2.5 exposure was valued monetarily from a societal perspective. This 
was also recommended by the Lancet Commission of Pollution and Health 
in 2017 (27). International tools and projects specifically designed to 
conduct HIAs of air pollution include and value monetarily only mortality 
and mostly short-term morbidity effects (31, 32, 45), where the dominant 
monetary burden is attributed to premature mortality. Mortality is valued 
either using the measure of the value of statistical life (45) or as the 
productivity loss due to premature death (3). As illustrated in the BenMap 
PM2.5 impact pyramid, with the included ERFs, 90% of the monetized 
value is attributable to mortality, but the magnitude of PM2.5’s adverse 
health effects in terms of incident cases of morbidity for the population is 
much larger (45). However, by including additional morbidity outcomes 
and using a more complete valuing method, Study II estimated that 42% 
of the total monetary burden is due to morbidity outcomes attributable to 
long-term PM2.5 exposure. However, these morbidity monetary estimates 
are probably underestimated because all cost components were not 
included in the monetary estimates due to lack of data. Therefore, the true 
health economic burden of morbidity outcomes attributable to PM2.5 

exposure are probably higher, and more detailed cost-of-illness studies 
are needed.  

8.2 Methodological considerations for HIAs 

8.2.1  Scenarios, ageing populations, and other uncertainties 
Uncertainties regarding the assumed health effects  
In Study I the health benefits of increased physical activity were assumed 
to be linear because data on current physical activity levels on the 
individual level were not available. However, as discussed by Sommar et 
al. 2021 (18) there is evidence that the effects of physical activity on 
morbidity might be non-linear (115-117). If so, then the health benefits of 
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increased active commuting would be overestimated for individuals with 
high activity levels and underestimated for people with low activity levels 
at baseline. Such an assessment was made by Mueller et al. (2020) (118) 
where they applied curvilinear ERF on baseline physical activity levels to 
estimate the effects of increased walking and cycling on all-cause 
mortality in a hypothetical scenario, as suggested by Woodcock et al. 2011 
(116).  

 
Aging population in HIAs  
The scenario studies in this thesis did not account for other long-term 
trends in the population. For example, Statistics Sweden projects an 
increase in the proportion of elderly people (119). It is plausible to assume 
that for aging populations the increase in active commuting would 
probably increase the expected health gains due to increased physical 
activity and due to reduction in air pollution concentrations. If so, the 
health effects would be underestimated in both scenario studies. On the 
other hand, it is also plausible that other health protective trends that are 
emerging might minimize the chronic disease risk in the population, 
which would mean that the scenario studies overestimate the health 
effects. 
 
Uncertainty regarding the lifetime of bicycle infrastructure 
In Study I an assumption was made that the bicycle infrastructure lifetime 
would be 50 years, which might be an overestimation. However, the 
investment would remain cost effective even if the lifetime of the bicycle 
infrastructure were only 25 years. In addition, the annual communication 
and maintenance costs of bicycle infrastructure were not included. 
Maintenance costs are difficult to disentangle from different road types 
because the budgets for winter maintenance are general for all road types. 
Lamu et al. (2020) (110) modelled the cost-effectiveness of bicycle 
infrastructure in Oslo and included annual maintenance costs 
corresponding to 7% of total investment. They also did a sensitivity 
analysis regarding the lifetime of the infrastructure (varying between 20 
and 40 years) and found the investment to remain cost-effective 
regardless of the assumed lifetime of the infrastructure. However, they 
estimated a decrease in only four chronic disease outcomes (i.e. coronary 
heart disease, cancer, stroke and diabetes type II) due to increased 
physical activity and did not consider the health effects of air pollution 
change or traffic injuries compared to Study I. Regardless of the vast 
differences in effect estimates and the uncertainties regarding the lifetime 
of the infrastructure, the literature demonstrates that investment in 
bicycle infrastructure remain cost-effective.  
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8.2.2  Uncertainties in particle emission comparing EVs with 
ICVs 

The total PM2.5 exposure levels were based on detailed data on traffic 
emissions in Stockholm and were estimated with atmospheric dispersion 
models with high spatial resolution (53). The high-resolution modelling 
in combination with both detailed road network composition and the 
emission factors from HBEFA created a credible base to separately 
analyse separately the changes in both exhaust and non-exhaust 
emissions of a future fossil fleet vehicle scenario to estimate the change in 
health economic burden. The proportion of non-exhaust particles in total 
PM2.5 was estimated to increase with an increasing number of EVs in the 
vehicle fleet, and this illustrates the importance of assessing changes in 
both exhaust and non-exhaust emissions in relation to total PM2.5. 
However, there are still large uncertainties regarding both the effects of 
vehicle weight on road and tire wear and the effect of regenerative braking 
effect on total PM2.5 emissions regarding EVs as discussed previously 
(113). More studies are needed to follow up and assess the effect of EVs on 
non-exhaust particles.  
 
The assumption of increased weight among EVs compared to ICVs  
In Study II the assumptions of 24% increased weight of EVs compared to 
ICVs was based on comparative estimates reported by Timmmer and 
Achten (2016) (23), which included the comparison of light, medium, and 
heavy weight categorized passenger cars. In more recent comparative 
studies by Beddows and Harrison (2021) (113) and Liu et al. (2021) (24), 
an increased weight by 21% and 20%, respectively, was reported. The 
studies compared the weight of EVs and ICVs matched by model type and 
power output (selected to be within 15% of each other). Therefore, the 
assumption of average weight increase due to electrification among 
passenger vehicles seems to be in line with later published studies.  
 
Uncertainties regarding vehicle weight on tire and road wear 
In Study II we assumed a 50% increase in tire and road wear among EVs 
due to increased weight for all vehicle categories with no use of studded 
winter tires. The latest comparison studies evaluating the weight effect on 
non-exhaust particles between EVs and ICVs (including separate 
estimates for gasoline and diesel vehicles), estimated on average an 8% 
increase in tire wear (24, 113) and a 14% increase in road wear (24)  for 
EVs on urban roads. Later studies have estimated a lower weight impact 
on road and tire wear.  
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Uncertainties regarding the effect regenerative braking in EVs 
When Study II was conducted, there were few experimental studies 
estimating the effect of regenerative braking systems on brake wear, and 
the range of reported effect estimates was wide (39–100%) (120-124). A 
previous study by Alam et al. (2018) (25) assumed no effect of 
regenerative breaking on brake wear among EVs. However, more recent 
studies by Beddows and Harrison (2021) (113) and Liu et al. (2021) (24) 
conducted a separate analysis where a decrease in brake wear for EVs was 
assumed to vary from 0% to 100% based on a United Kingom national 
emission inventories. Liu et al. (2021) (24) estimated an increase of ≈10% 
in brake wear due to increased weight among EVs assuming no effect on 
PM2.5  of regenerative braking. Beddows and Harrison (2021) (113) 
concluded that without regenerative braking the EV non-exhaust PM2.5 

emissions from EVs would exceed the current emission levels from ICVs. 
However, when assuming 100% regenerative braking a decrease in total 
PM2.5 by up to ≈23% and ≈27% was estimated, respectively, in urban areas 
(24, 113). The sensitivity analyses in Study II assumed up to a 90% 
decrease in brake wear due to regenerative breaking among EVs and 
estimated an approximately 5% reduction in total PM2.5 concentrations 
compared to the main analysis where a 30% reduction was assumed. The 
proportion of the total PM2.5 emission from different sources varies 
between geographical contexts (both between cities and countries). In 
Stockholm traffic induced PM2.5 is largely dependent on the proportion of 
vehicles using studded winter tires, which is however not the case in the 
UK. Similarly, the contribution of exhaust to the total PM2.5 differs 
between UK and Stockholm due to differences in proportion of diesel 
driven vehicles and the age of the vehicles in the vehicle fleet. Therefore, 
how sensitive the results are to assumptions about break wear emissions 
depend on the geographical contexts. Large uncertainties remain 
regarding the effect of regenerative braking on non-exhaust emissions 
among EVs. 
 
Uncertainties regarding the resuspension of road dust  
A recent literature overview of sources of non-exhaust emissions lists 
resuspension as a prevailing source (21), and increased weight of 
passenger cars has been demonstrated to increase the resuspension 
emission factor by up to 22% (113). However, due to the large 
heterogeneity of the sources of road dust, it is however difficult to 
distinguish between direct wear emissions and “resuspended” wear 
emissions and to separate the relative contributions to PM-levels and was 
therefore not included in the analysis in Study II analysis. Recent 
literature reviews suggest that the exclusion of resuspension might have 
caused an  underestimation of the total PM2.5 concentrations (21, 111).   
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Uncertainties regarding the future trends in vehicle fleet composition 
and demand  
Alam et al. (2018) demonstrated that together with the expected trend of 
increased vehicle kilometres and increased proportion of comparatively 
higher weight EVs, the trenf of total PM2.5 would start to increase again in 
2028 after a steady decline from 2015 (25). In Study II, the number of 
vehicle kilometres was assumed to be constant, for both the FFF2035-0 
and the alternative FFF2035-1 scenario. Based on the Stockholm City 
Environmental Barometer calculations, the number of vehicle kilometres 
per person travelled by car showed an increasing trend before the COVID-
19 pandemic (125). However, STA projects up to a 30% increase in 
kilometres travelled with personal vehicles in 2040 compared to 2014 
levels, assuming the effect of current policies applied towards reaching 
climate neutrality in transport sector (126). In addition, there is a clear 
consumer trend towards heavier weight personal cars in Sweden (127). 
Therefore, together these trends might alter the final direction of the PM2.5 

concentration levels and resulting health economic burden.  

8.2.3 DALYs and QALYs as measures of health impact 
In Study I the DALY measure was used as a health metric in cost-
effectiveness analyses from a health care perspective, and in Study II the 
QALY measure was used to value the health effects from a societal 
perspective. In the literature it is common that both QALYs and DALYs 
are used interchangeably in both HIAs and health technology 
assessments. QALY measures the life years lived with their associated 
utility. Utility estimates represents the individual preferences or values 
and based on the central tenet of welfare economic theory, where the sum 
of individual utilities is the basis for improved societal welfare. Therefore, 
the QALY metric is often used in economic evaluations adopting a societal 
perspective. The DALY measure was developed to assess the disease 
burden at a population level and to compare health across geographic 
settings (128). Although, there are theoretical differences between both 
health measures, studies discussing them conclude that both measures 
serve well when studying resource allocation and in a priority setting. For 
example, a comparative study by Augustovski et al.(2018) (129) compared 
both measures on the effectiveness of two vaccination programs and 
reported that the choice of health measure (either QALY or DALY) could 
alter the estimated health benefits and therefore alter the conclusions of 
the effectiveness of the program (129). However, they argued that the 
magnitude of uncertainty associated with the health measurement was 
similar to other uncertainties in economic evaluations. A later study by 
Feng et al. (2020) (130) attempted to quantify the difference of previously 
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published cost-effectiveness evaluation based on either QALYs or DALYs 
measure. The authors concluded that the differences between cost-
effectiveness ratios were modest, and in most of the studies assessed the 
choice of health metric would not alter the main conclusion of the analysis 
or the decisions made based on commonly applied thresholds for cost-
effectiveness (130). The choice of health metric is often made based on 
data availability (131); for example, the QALY measure is more often used 
in high income countries, whereas the DALY measure has been more used 
in low- and middle-income countries due to lack of resources (131). 
Regardless of the health metric, it is important to include health effects in 
economic evaluations and to clearly state the reasons for choosing either 
of the metrics in order to provide a more complete basis for decision-
making.  

8.2.4  Perspectives for the economic assessment 
The aim of Study I was to monetize the potential co-benefits in health due 
to increased active commuting as a function of investment in bicycle 
infrastructure in Stockholm Municipality. As a result, the reduction in 
morbidity was concluded to be cost-effective from a health care 
perspective. However, a limitation was that the societal perspective was 
not applied in Study I. Therefore, there is a risk of opposing investing in 
improved health through health care spending (132). We fully 
acknowledge that applying a narrow health care sector perspective might 
contribute to strengthening the argument for decision-makers to cut the 
budget for the health care sector. However, the contribution of Study I 
should rather be seen as an initial attempt to quantify the monetary value 
of decreased morbidity as a potential result of increased active commuting 
and thereby broaden the basis for decision planning in the transport 
sector.  

If applying a societal perspective, potential changes in wellbeing 
for individuals opting for active commuting and for the general population 
experiencing a reduction in air pollution concentrations should be 
considered. According to the systematic review and meta-analysis by 
Marquez et al. (2020), there is strong evidence from randomized 
controlled trials that moderate physical activity contributes to improved 
quality of life and wellbeing among the adult population (133). In 
addition, there is evidence that people value time commuting by bike 
more than time spent in motorized transport (134). Moreover, an increase 
in air pollution has been associated with a reduction in wellbeing (135). 
Therefore, there is likely an underestimation of the possible benefits due 
to the transport mode change to active commuting on both the individual 
and societal level. If a societal perspective is applied, there is a possibility 
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to address specific policy issues from different perspectives within the 
assessment. The societal perspective helps to determine the incentives for 
different stakeholders by estimating the distribution of costs and benefits 
(132). A cost-benefit analysis of bicycle infrastructure from a societal 
perspective in Denmark on the effects of increased bicycling concluded 
that a 10% increase in kilometres bicycled would lead to annual socio-
economic gains of €70 M (136). Moreover, Garret (2019) concluded that 
investment in bicycle infrastructure has been one of the most profitable 
infrastructure projects in Denmark (136). Therefore, future cost-benefit 
analyses of investment in bicycle infrastructure should include the 
lifetime monetary estimates of chronic diseases as demonstrated by Study 
II to account for all other monetary effects for optimal decision making.  

8.2.5 Generalization of the findings 
The finding of this thesis supports the main conclusions of previous health 
economic evaluations that it is cost-effective to invest in bicycle 
infrastructure to facilitate an increase in active commuting. The result on 
EVs impact on non-exhaust emissions due to a higher weight, and 
subsequent population health economic burden, is also consistent with 
the conclusions of previous literature reviews (21), and therefore should 
not be considered as “zero impact vehicles”. However, the direction of the 
total PM2.5 concentration due to an increased proportion of EVs in the 
vehicle fleet is dependent of the local context. Nordic countries with a high 
proportion of studded winter tires are expected to experience an increase 
in total PM2.5 exposure. However, in line with the literature an overall 
reduction of PM2.5 exposure might be achieved in countries without 
studded winter tires. 

8.3 What does this thesis add to the knowledge 
about health effects of air pollution? 

8.3.1 Effects on sick leave 
In Study III a positive association between short-term PM2.5 exposure and 
short-term sick leaves was estimated based on register data. Currently, the 
HIAs relied on a risk estimate between PM2.5 and restricted activity days 
(RADs) based on a study from 1987 recommended by WHO HRAPIE (35). 
Few epidemiological studies have been published during the past decades; 
however, those that have been published all demonstrated a positive 
association between short-term PM2.5 exposure and sick leaves (36, 137, 
138). Previous observational studies have had different methodological 
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issues undermining both the credibility and the generalizability of the 
results; however, both of these were improved in Study III. First, the 
outcome of sick leaves was based on register data, which was available on 
the individual level over a nine-year period, whereas previous studies 
assessing the association between work loss days and RADs and PM 
exposure have used questionnaire data as outcome (36, 138). 
Questionnaire data are known to introduce recall bias into the analysis. 
Objective data on sick leaves were used in the studies by Hanssen et al. 
(1997) (137) and Holub et al. (2020) (139). However, in the study by 
Hansen et al. (1997) (137) the sick leave data were available for only one 
private company, with approximately 1,500 workers, over a 5-year period, 
limiting the generalizability of the results. In contrast, the study by Ostro 
et al. (1987) (36) studied responders in a annual national Health Interview 
Survey data consisting of a sample from six metropolitan areas in the US, 
and the study by Willers et al. (2007) (138) used data from the National 
Environmental Health Survey that included answers from a random 
sample of Swedish households. Even though the outcome measure was 
based on questionnaire data in these studies, the sampling method 
ensured better representativeness of the population. However, in Study 
III the sick leave data covered all public workers and a representative 
sample of 40% of private-sector workers, and will thereby capture the 
variation of sick leaves among the entire working population in the study 
area.  

8.3.2 Pathways for a short-term PM2.5 ‘s effect on sick leaves  
Previous studies have associated short-term PM2.5 exposure with 
increased influenza (140) and sars-covid-19 (141). The duration of mild 
influenza is 3-7 days, but for some individuals cough can persist up to two 
weeks (142). Although we did not have the diagnosis related to the sick 
leaves, the results showed a higher increased odds of sick leave lasting 3-
7 days in relation to lag 2-4 exposure. Therefore, theoretically it is 
plausible to assume that some of these air pollution associated sick leaves 
lasting 3-7 days are due to influenza or another respiratory virus. This 
provides supportive evidence that PM2.5 might be a potential modifier of 
viruses causing respiratory disease.  

Moreover, individuals with chronic respiratory disease such as 
asthma and COPD might experience increased symptoms during days 
with higher PM2.5 exposure. For example, a systematic review reported a 
meta-estimate of a 2.5% increase in COPD emergency department visits 
and hospital admissions per 10 μg/m3 increase in PM2.5  exposure (143). 
In addition, the multi-day average PM2.5 exposure was demonstrated to 
have stronger relationship compared to single day exposure. Similarly, in 
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Study III, the increased odds of sick leave were estimated in relation to lag 
2-4 but not lag 1. In Sweden, the risk for asthma and respiratory disease-
related ED visits have been reported to increase by 4.4% and 1.9%, 
respectively, per 10 μg/m3 increase in PM10 exposure (144). Besides 
respiratory disease, short-term PM10 exposure has been associated with 
increased ED visits due to psychiatric problems in Sweden (145). A report 
by Holub et al. (2020) demonstrated stronger associations with PM10 
exposure and sick leaves due to depression and dementia diagnoses (139). 
Already, in the 1980s, Ostro et al. (1987) found air pollution’s effects to be 
stronger among individuals with chronic diseases (36). Although we did 
not have data on individual health status, it is plausible to assume that air 
pollution has stronger effects in already vulnerable groups.  

8.3.3 Exposure-lag response  
In Study IV the results of exposure-lag times of IHD and stroke in relation 
to air pollution exposure were rather inconclusive; however, we 
demonstrated that the DLNM method can be used to study the long-term 
effects of air pollution on morbidity outcomes. There is suggestive 
evidence that previous years of exposure are of importance for IHD and 
stroke outcome, suggesting that air pollution exposure might contribute 
to exacerbate the existing disease. A study by Hart et al. (2015) also 
showed increased risk for incident MI and stroke in relation to exposure 
closer in time (1–2 years) using moving averages of PM2.5 (146). However, 
no supportive evidence was found that a continuous exposure to PM2.5 

contributes to the development of chronic disease as theorized previously 
(39). Still, there are several important limitations that might be improved 
in future research; for example, the precision of the DLNM estimates 
could be improved by using larger datasets in combination with high-
resolution exposure data.  

8.4 Methodological considerations in air 
pollution epidemiology 

8.4.1  Precision in outcome classification 
IHD outcome  
It is important that the outcome of interest is well captured. In Study IV 
we used ICD codes I20-25 as an outcome measure for incidence of IHD. 
The choice of studying incident IHD, which was motivated by the desire 
to increase the number of cases included in the analysis in order to 
improve statistical power, might have introduced more noise due to 
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outcome misclassification. The individual definitions of the codes are 
“unstable angina (I20), acute MI (I21), subsequent MI (I22), certain 
current complication following acute MI (I23), other acute ischemic 
heath disease (I24) and chronic ischemic heart disease (I25)” (77). A 
meta-estimate by Alexeef et al. (2021) that included a group of ICD codes 
for the incidence of IHD reported a non-significant risk estimate with low 
precision in relation to long-term PM2.5 exposure (147). A multi-cohort 
study by Cesaroni et al. (2014) (148) defined the incident cases as “acute 
myocardial infarction” or “other acute and sub-acute forms of ischemic 
heart disease” (ICD-9-CM codes: 410, 411; ICD-10 codes: I21, I23, I20.0, 
I24) and reported a meta-estimate of 12% (95%CI: 1–22%) increased risk 
per 10 µg/m3 PM10 exposure. A study by Madrigano et al. (2013) (149) 
validated the incidence of acute MI diagnoses by screening the hospital 
records for suggestive clinical history. Two criteria for inclusion needed to 
be fulfilled, namely increased serum biomarker levels and serial 
electrocardiographic findings suggestive of MI. An average risk increases 
of 0.8% (95% CI:0.5–1%) for acute MI per 10 µg/m3 in relation to area-
level PM2.5 was estimated. Standardizing the classification of IHD 
outcome within air pollution epidemiology would ease comparison 
between studies. 

 
Stroke outcome 
Study IV included ICD-9 codes 431–436 and ICD-10 codes I61–65 
corresponding to haemorrhagic and ischemic stroke outcomes. The 
classification and identification of stroke is more straightforward 
compared to IHD. The latest meta studies of stroke in relation to PM2.5 

exposure estimated a 13–26% increased risk per 10 μg/m3 increase in 
PM2.5 (147, 150, 151). Meta-estimates of both stroke and IHD outcomes in 
relation to long-term PM2.5 exposure suggest a higher risk increase with 
better precision for stroke compared to IHD (147, 151). This might be 
because the misclassification is smaller for stroke or that PM2.5 has a 
stronger causal relationship with stroke. The meta-estimate by Yuan et al. 
(2019) (150) for stroke reported a high I2-value of 77% (150), meaning 
high heterogeneity in the weighted estimate, in contrast to the I2-value of 
0% in the study by Alexeeff et al. (2021) (147). As discussed by Alexeef et 
al. (2021) (147), the meta-estimate by Yuan et al. (2019) (150) included 
two studies (152, 153) that had assessed the prevalence of stroke based on 
questionnaire data. The latest umbrella review of previous meta-analyses 
concluded that there is sufficient epidemiological evidence for increased 
risk of stroke in relation to long-term PM2.5 exposure (154).  
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8.4.2  Accuracy of exposure assessments  
In Study IV we theorized that the exposure time window could be of 
importance in developing stroke and IHD in relation to PM2.5 exposure. If 
so, then some of the high heterogeneity reported by the previous meta-
analyses (147, 150, 151, 155, 156) might be partly explained by the 
heterogeneity of exposure data in individual studies. Only one of these 
meta-analyses (156) performed a sub-group analysis based on the method 
of exposure assessment applied by individual studies. The results showed 
increased risks for MI in relation to PM10 only among studies using 
spatiotemporal or chemical transport models for exposure assessment. 
However, the number of individual studies was low, and the heterogeneity 
of the meta-estimates was high (80–88%).  

A systematic review and meta-estimate study by Vodonos et al. 
(2018) (157) reported a significantly higher long-term PM2.5 effect on risk 
estimates of mortality based on hybrid or fixed monitor exposure 
assessments compared to land use regressions. Therefore, the accuracy of 
the exposure assessment method seems to be of importance for HIAs. A 
study by Segersson et al. (2021) (158) illustrated the magnitude of the 
effect in relation to the scale of spatial variability in concentrations in 
studies estimating the mortality impacts of PM2.5 exposure, where local 
exposure data (resolution higher than 1 km x 1 km) resulted in higher 
average risk estimates that decreased with decreasing resolution (158). 
We assessed separately the exposure measurement characteristics 
(modelling technique and resolution) of individual studies included in the 
previous meta-analyses of morbidity outcomes (147, 150, 151, 155). A 
similar pattern was observed for morbidity outcomes where studies with 
high resolution exposure data (less than 1 km × 1 km) consequently 
reported higher effect estimates with increased precision (151, 159-162).  

8.4.3  Are the estimated effects causal? 
Studying long-term health effects: cohort study design and exposure 
data 
According to the Global Burden of Disease Report, 72% of DALYs from 
the total burden of morbidity are attributable to individual behaviour risk 
factors and 15% to outdoor air pollution exposure (163). Approximately 
one third of the air pollution-attributable morbidity burden is estimated 
to be due to stroke and IHD (163). Therefore, the quality of data on 
individuals’ risk factors is of great importance when assessing the 
association between long-term PM2.5 exposure and morbidity. However, 
the cohort data available for individual-level covariates in Study IV were 
collected at baseline, and for some cohorts this was more than a few 
decades ago. During the past decades several health-improving trends 
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have emerged that might have altered individual lifestyle habits towards 
risk minimization. Therefore, having only baseline data on individual-
level risk factors that have proportionally the greatest effect on the studied 
morbidity outcomes reduces the possibility to adjust for individual 
confounding over time and decreases the ability to estimate the risk of air 
pollution. For cohort studies, repeated follow-ups on individual-level risk 
factors would help to capture the changes in these factors.  

In addition, studies on long-term adverse health effects are based 
on modelled annual average concentrations, assigned to individuals based 
on for instance zip codes. However, although PM2.5 concentrations were 
based on high resolution modelling, which captured well the local source 
contribution and spatial variation, both temporal and spatial residual 
errors remain. A simulation study by Wei et al. (2022) (164) assessed the 
impact of the exposure assessment error on the concentration-response 
relationship between mortality and long-term PM2.5 exposure, using high 
resolution exposure assessment predictions. They concluded that both 
classical measurement error (i.e. random error added to the true 
concentration) and Berkson error (i.e. the true concentration may vary 
randomly between individuals due to for instance differences in time 
spent in traffic) can bias the risk estimates stowards the null, thus 
suggesting that the magnitude of the effect from epidemiological studies 
using high resolution data are likely an underestimation. The size of the 
bias was however assessed to be small, and they concluded that 
epidemiological findings based on high-resolution exposure data are 
relatively robust against exposure measurement error.  

In addition, the DLNM method requires a very large dataset in 
order to estimate the effect of air pollution, and this is especially the case 
when using time units of years instead of daily units, where enough 
datapoints are easier to obtain for this kind of three-dimensional risk 
analysis. Although we had almost 100,000 individuals pooled in the 
analysis, more person-years are required to help identify the time 
windows of importance.  

 
Studying short-term health effects: Case-crossover study design and 
exposure data 
Epidemiological studies on short-term exposure and health effects use 
daily average concentrations from monitoring data within the study 
domain, and all individuals within the study domain are assigned the 
same value. Similarly, in studies on long-term health effects, 
measurement error of exposure that probably also introduces downwards 
bias in effect estimates is present. Individuals might be exposed to both 
higher and lower concentration based on their daily movements. 
However, an advantage of studies on short-term effects is that they can 
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handle individual confounders through study design (e.g. case-crossover). 
In a case-crossover study design, individuals act as their own controls and 
thereby control for individual time-invariant and geographical 
confounders (68). Potential remaining confounders could be 
temperature, weather, and pollen. However, the correlation between 
temperature and PM2.5 was low (r = 0.005), and no effect of pollen on sick 
leaves was found when adjusting for pollen exposure. A positive bias 
would occur if the control days were to have systematically lower exposure 
compared to the exposure assigned to the first day of sick leave. This could 
possibly occur with seasonality and with holidays, which would affect both 
the exposure and the outcome. However, in Study III we already excluded 
these time periods in the study design.  

8.4.4 How certain are these effects? 
The evidence for a positive association between short-term PM2.5 exposure 
and sick leave is strong, due to the case-cross over study design and the 
large objective data material on outcome. However, there are still large 
uncertainties regarding the time-windows of importance of air pollution 
exposure for the incidence of cardiovascular disease. However, the results 
of this thesis support the previous empirical findings that lowering long-
term air pollution exposure might lead to positive health effects within a 
few years. Supportive evidence was found favouring a short-term limit 
value for PM2.5 exposure to protect the health of the working population.  

 

8.5 What does this thesis contribute to future 
health economic assessments? 

8.5.1 Epidemiological findings 
All current international tools for HIAs of air pollution apply the risk 
estimate recommended by the WHO HRAPIE experts from 2013 (35). 
Even though the scientific evidence for an association between sick leave 
and PM2.5 exposure was very limited at that time (in comparison to 
evidence regarding mortality, for example), the WHO HRAPIE experts 
assessed the PM2.5 impact on sick leaves to be of great importance. The 
STA applies the WHO recommendations and calculates the monetary 
burden of PM2.5 attributable sick leaves to correspond to 1% of the total 
costs. However, if applying the odds ratio of sickleave in relation to PM2.5 
exposure estimated in Study III, the monetary burden of sick leaves would 
correspond to 2% of the total costs. Therefore, HIAs applying the current 
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ERF of sick leave recommended by HRAPIE are likely to underestimate 
the health and economic burden of PM2.5 exposure.  

The WHO’s newly published Air Quality Guidelines (AQG) 
recommend a value for annual average PM2.5 exposure of 5 μg/m3. 
However, cities in Europe have higher annual PM2.5 exposure, and current 
EU limit values allow PM2.5 exposures as high as 25 μg/m3. We applied the 
odds ratio of sick leaves in Stockholm to calculate the monetary costs for 
risk reduction of PM2.5-induced sick leaves. We estimated that the costs 
per employee to reduce the risk of PM2.5 on sick leaves from the current 
EU limit value of 25 μg/m3 to the new WHO AQG value of 5 μg/m3 would 
correspond to €82 annually (Figure 7). These are credible quantitative 
health and economic effect estimates that can guide the local policies 
towards meeting the AQG values and provide supportive evidence in favor 
of establishing short-term limit values similarly to the WHO AQG values.  

Furthermore, the odds ratio estimated in Study III could also be 
applied in Study I and Study II. In Study I, further expansion of the 
expected health benefits for the general population in Stockholm due to 
reduced air pollution could be estimated. However, the valuation of 
monetary effects of reduced sick leaves should be considered from a 
societal perspective instead of a health care perspective. In Study II, where 
a societal perspective was applied, the effects of sick leaves on morbidity 
would increase this total estimated monetary effect of PM2.5-attributable 
health effects because of increased EVs in the vehicle fleet. 

However, based on the results from Study IV no changes in the 
assumptions made regarding lag times in both Study I and Study II are 
motivated.  

8.5.2 Choice of exposure-response functions  
The scientific evidence regarding morbidity outcomes in relation to long-
term air pollution exposure is still emerging and being developed. The 
latest umbrella review of previous systematic reviews and meta-analysis 
investigating the associations of incident cardiovascular disease and air 
pollution concluded that there is a sufficient body of epidemiological 
evidence for a causal relationship (154). Studies on morbidity outcomes in 
combination with near-source exposure modelling data are scarce, but 
there is suggestive evidence that near-source exposure might have higher 
risk estimates in relation to stroke and IHD (165). By combining the high-
resolution exposure data and incident cases of IHD and stroke, Study IV’s 
findings support the previous findings that local PM2.5 sources might have 
higher risk estimates compared to total PM2.5.  

Therefore, it is plausible to assume that near-source exposure to 
PM2.5 might also have a stronger effect on morbidity outcomes as 
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demonstrated for mortality (166, 167). For example, the WHO AQGs 
recommend health assessments to apply relative risk estimates for 
mortality in relation to both near-source and background PM2.5 exposure 
of 1.26 (166, 167) and 1.08 (168) per 10 μg/m3, respectively. However, as 
discussed by Gustafsson et al. (2022) (169), there might be a risk of double 
counting. In the study by Chen et al. (2020) (168), a meta-estimate of 17% 
(95%: 12–23%) increased mortality was based on individual study 
estimates in areas with low concentrations (<10 μg/m3) where they have 
utilized exposure assessments with a spatial scale on the postal code level. 
This means that the exposure measure has less variation in regional 
background and more variation in exposure related to local sources and 
within-city patterns, thus introducing a risk of double counting the 
mortality effects when applying WHO AQG recommendations. This 
illustrates the importance and complexity of exposure assessment 
methods and their effect on HIAs. 

Likewise, it is plausible to assume that the magnitude of the short-
term health effects may differ in relation to near-source (mostly primary) 
and background PM2.5 (mostly secondary). To estimate the odds ratio for 
sick leaves, daily PM2.5 measurement data was used in Study III, which 
provides no information on the chemical composition or the source of the 
particals. Therefore, currently there is not enough information to study 
the possible differences in the short-term effects associated with near 
source and regional background PM2.5.  

As discussed earlier, the risk of short-term PM2.5 exposure on MI 
has sufficient evidence. However, if an HIA aims to assess the long-term 
effects of PM2.5 exposure to IHD, it is important to ensure that the outcome 
definitions (ICD-codes) correspond to the same outcomes. If long-term 
exposure increases the risk of acute incident IHD outcomes, then the 
population baseline incident rate should correspond to the same diagnosis 
groups. The STA, for example, includes the ERF from Cesaroni et al. 
(2014) (148) and uses acute MI incidence as the baseline to estimate the 
annual PM2.5-attributable cases of MI. Subsequently, monetary valuation 
is of importance because it is plausible that the cost estimates differ; for 
example, the direct average costs of the incidence of acute MI incidence is 
expected to be higher compared to hospitalization for chronic IHD. 
However, the long-term effects on quality of life and subsequent monetary 
estimates related to chronic IHD might be higher in comparison to 
incident MI.  

8.5.3 Derivation of life-time economic costs 
To estimate average life-time costs of morbidity outcomes a literature 
search with pre-set criteria was conducted to estimate context-specific 
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societal costs. Cost-of-illness is often reported as the average annual costs 
for disease which was complemented with the expected duration of 
disease in order to estimate the lifetime costs of specific diseases. Many 
uncertainties that both contribute to underestimating and overestimating 
the total costs of morbidity outcomes are present. For example, it is 
plausible that first-year costs of a disease might overestimate the direct 
costs in the coming years. On the other hand, the indirect costs associated 
with morbidity outcomes are likely underestimated, e.g. for COPD we 
assume no productivity loss, because the average age of diagnoses is 65 
years. However, those under 65-years and diagnosed with COPD probably 
have decreased work capacity contributing to productivity loss. 
Regardless of remaining uncertainties, these morbidity lifetime monetary 
estimates attributable to air pollution level presented in this thesis are, 
according to best of our knowledge, the most detailed for valuing the total 
health economic burden, including direct, indirect, and utility estimates.  

Currently, there is a small risk of double counting the monetary 
value of sick leaves in the STA’s total costs of air pollution because the 
monetary estimate for adult asthma includes self-reported data on sick 
leaves and includes them in indirect cost estimations. However, the 
magnitude of double counting is believed to be small. The overall 
prevalence of asthma in Sweden is estimated to be about 8% using 
questionnaire data (170), and severe asthma, which is associated with 
high societal costs, is estimated to be ∼4% based on objective data of ICD-
codes and patient records (171). Therefore, a small proportion of sick 
leaves among the adult population might be due to asthma; however, the 
subjective reporting of sick leaves is probably an underestimation of the 
true number of sick leaves. 

8.5.4 Goal conflicts by having multiple stakeholders 
Sweden has ratified the Sustainable Development Goals and therefore is 
committed to working toward achieving them, but there is no national 
planning when it comes to developing physical environments. The state 
provides frameworks and outlines the direction of physical planning for 
municipalities and regions. However, the actual planning of land use and 
urban planning is decentralized, which means that the decisions are made 
on the municipality level. 

The STA is responsible for planning and developing the 
infrastructure on the state level. The STA is bound by law to perform 
environmental impact assessments of traffic and to quantify the adverse 
health effects that are incorporated into cost-benefit analyses from a 
societal perspective that are used as a basis for decision-making. The 
adverse health effects attributable to traffic-related PM2.5 emissions help 
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prioritize health in the transport sector at the state level. However, the 
HEA could easily be incorporated into cost-benefit analyses conducted by 
other stakeholders at either the state or local level. Currently, the state-
level audits assessing the socioeconomic effect of the policies of 
subsidizing EVs and hybrid vehicles do not account for the health 
economic burden attributable to traffic-induced air pollution. As 
exemplified by Study II, the health economic burden of increased EVs in 
the vehicle fleet would add to the net negative social value of subsidizing 
EVs. Likewise, HEAs are currently not incorporated in Stockholm 
Municipality’s planning of local transport infrastructure. This kind of 
intersectional collaboration often falls short because the budgets are 
under different institutions and there is no legally binding requirement to 
collaborate. Additionally, there is need for knowledge of HIAs and a 
‘willingness’ to experiment and incorporate them in the local-level 
planning process. It is reasonable to assume that the lack of collaboration 
between stakeholders at different levels contributes to hindering the use 
of already existing state level HEAs of air pollution’s adverse effects and 
that these could be easily tailored for specific questions at either the state 
level or in local urban planning processes. Similarly, to how the Public 
Health Agency acts as a national knowledge bank for regional and 
municipality health departments in Sweden, the STA’s HEA of air 
pollution’s adverse health effects could be disseminated at the local level 
to enhance the inclusion of a health perspective at all levels of decision-
making regarding urban planning.  

8.6 Policy development 
The use of traffic-induced air pollution HEAs should be incorporated into 
sustainable transport solutions, policy evaluations, and urban planning 
processes at all levels. 

In recent decades there has been an increasing trend for passenger 
cars with increased weight. Light-duty vehicles produce the largest 
amount of CO2 emissions from the transport sector. As previously 
discussed by Choma et al. (2021) (172), future policies targeting the 
climate and health impact of the transport sector should focus on curbing 
the trend of increasing the number of light-duty vehicles. In Sweden, 
government climate policy subsidies heavily hybrid vehicles and EVs with 
the aim to speed up the vehicle fleet transmission towards zero emissions. 
This climate policy has been criticized by the state audit for having net 
negative socioeconomic effects (26) and based on the results of Study II 
the estimated net negative effect would be even steeper if accounting for 
the effect on non-exhaust emissions due to the increased weight of EVs 
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together with studded winter tires. Future cost-benefit analyses should 
include the health economic burden of air pollution and the projected 
future increases of non-exhaust emissions because of the policy. 
Moreover, Study II and later publications demonstrate that the increasing 
weight of vehicles is the primary driver of increasing levels of non-exhaust 
emissions. Therefore, climate policies within the transport sector with 
expected additional health benefits through improved air quality should 
primarily target vehicle weight and the use of studded winter tires.  

8.7 Ethical considerations 
Study III and Study IV both made use of individual-level data, but the data 
were already collected, and the results are presented on a group level. The 
risk for individual integrity infringement in this project is assessed to be 
small in relation to the expected benefits of this thesis’s results on the 
population level. However, the requirements for how consent is collected 
and stored to allow individual data to be used for research have changed. 
For example, the cohort participants in VIP gave an overall consent to 
allow their data to be used for research purposes in the beginning of 
1990s, and thereafter no individual consents have been asked for 
individual research projects. Even though, potential participants were 
informed during recruitment that they have the right to withdraw this 
consent and have the right to be removed if they choose so at any time in 
the future, there is still a risk that if participants who entered in the 
cohorts in the 1990s were to be informed of the new ethical principles, 
some might choose to withdraw their data.  

8.8 Future prospects 
Causal study designs for improved epidemiological knowledge  
Observational studies are common in epidemiological research; however 
due to the nature of these designs it is hard to establish the causal 
relationships. Cohort studies are dependent on recruiting the 
participants, and this is commonly associated with bias, because many 
times it is more educated and healthy people who will participate. 
However, this bias can be avoided if using register-based data, which 
usually covers the total population. Additionally, other individual level 
risk factors (i.e. socioeconomic status and demographics) can be linked 
from other registers. 

A quasi-experimental design was applied by Chen et al. (2021) 
(173) to study long-term residential exposure to PM2.5 and premature 
mortality in Canada. Residents who lived in high or low PM2.5 levels more 
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than 5 years prior to the census day and then moved during the following 
5 years were included as participants. The annual mean PM2.5 exposure for 
residential addresses was measured in combination with satellite data and 
geographically weighted regression, with a resolution of 1 km × 1 km, for 
the time period of 1991–2016. Chen et al. (2021) estimated for people who 
moved from high level to low level exposure areas a 12.8% decreased risk 
of premature mortality compared to those who moved from high exposure 
to other high exposure areas. In addition, an increase of 13.2% in 
premature mortality was estimated for those moving from low to high 
exposure areas compared to participants moving from low exposure areas 
to other low exposure areas.  

Llereas-Muney et al. (2010) made use of cross-sectional data on 
US military families’ compulsory relocation and health insurance data 
provided by the military to study the effects of air pollution on children’s 
hospitalization due to respiratory disease (174). The relocation 
destination was not chosen by the individuals, the relocation was not 
associated with substantial lifestyle changes (e.g. promotion), and the 
individual characteristics were not correlated with the air pollution levels 
of the place of relocation. Because these assumptions were assessed to be 
fulfilled, an unbiased positive estimate of air pollution’s effects on 
children’s hospitalization rate was estimated.  

A novel study by Wei et al. (2020) estimated a causal relationship 
simultaneously for both long-term and short-term air pollution exposure 
among 1.5 million Medicare beneficiaries in Massachusetts (175). They 
applied a general propensity score adjustment approach, which can 
control for joint confounding by simultaneous exposures for both 
individual and area-level covariates, for meteorological covariates, for 
seasonal variation, and for long-term time trends. An independent effect 
for each 1 μg/m3 increase in both short and long-term PM2.5 exposure was 
associated with 3.04% and 35.4% excess deaths, respectively. Long-term 
exposure to PM2.5 was associated with 10 times greater risk per unit 
increase compared to short-term PM2.5 exposure.  

Wei et al. (2021) imitated the causal dose-response relationship 
estimation between long-term PM2.5 exposure and mortality by proposing 
a decile binning approach to construct inverse probability weights for 
continuous exposure (176). They divided the exposure into ten equally 
sized groups, and the lowest exposure group was treated as the reference 
group. Long-term exposure was combined with the US national Medicare 
cohort database with approximately 75 M participants over the time 
period of 2000-2016. The authors concluded that if their counterfactual 
framework holds and the inverse probability weighting is correctly 
specified, long-term PM2.5 exposure can be causally associated with 
increased risk of mortality.  
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Therefore, there seems to be an emergence of studies using 
alternative study designs estimating the causal effect of air pollution on 
mortality. These approaches might also possibly extended to studying the 
relationship between long-term PM2.5 exposure and morbidity outcomes.  
 
Source-specific air pollution measurements 
To be able to study the difference in the magnitude of short-term health 
effects based on different sources (i.e. primary and secondary) additional 
measurement data is needed. These could be achieved for example by 
using measuring stations around the city to capture the the regional 
background, or by conducting a chemical analysis of the composition of 
particles, or by using modelling data with daily resolution.  

8.9 Knowledge gaps regarding the health 
economic burden 

Over the past few decades, much effort has been made to improve the 
strength of epidemiological knowledge regarding the health effects of air 
pollution exposure. However, the health economic estimates of morbidity 
outcomes have largely remained unchanged and have received little 
attention in the scientific literature. To facilitate the inclusion of health 
effects in decision making the monetary estimates also need to be credible, 
updated, and context specific. Previous studies have shown that locally 
taken actions to reduce air pollution levels are the most effective (177). 
However, the monetary estimates of health effects in international HIAs 
are often based on international studies conducted a few decades ago and 
thus might not reflect the current local conditions and actual economic 
burden of air pollution. Therefore, it is of great importance that equally 
ambitious effort is made to improve the estimates of economic burden by 
for instance deriving of lifetime costs of morbidity outcomes in future 
research. The cost-of-illness studies estimating the monetary impact of 
the most common chronic diseases are scarce and often limited to one-
time event estimates reflecting the health care consumption costs most 
often only on the secondary care level. However, the morbidity outcomes 
have often long duration (years) and thus are associated with primary care 
visits and costs related to medicines over an extended time period. 
Moreover, the indirect costs of morbidity outcomes (e.g. productivity loss 
and economic effects on spouses) have rarely been quantified using 
objective data. Therefore, future health economic research should make 
an effort to link together various existing administrative data sources in 
order to provide improved monetary estimates of morbidity outcomes.  
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9 Recommendations 

HIAs should include relevant and context specific ERFs.  
 

The impact of EVs’ extra weight on non-exhaust PM2.5 emissions should 
be recognized, and to reduce PM2.5 concentrations effective measures in 
terms of both regulation and technological improvements are needed.  

 
The health economic burden attributed to traffic-induced air pollution 
should be integrated in climate policy analysis.  
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10  Conclusions  

• Investment in bicycle infrastructure to facilitate a shift towards active 
commuting is cost-effective from a health care perspective. 

• EVs will, because of their weight, increase the non-exhaust PM2.5 

emissions in cities like Stockholm, and non-exhaust particles 
dominate the net total PM2.5 concentration from traffic. 

• Whether the use of EVs reduce net total PM2.5 concentrations from 
traffic depends on the proportion of vehicles using studded winter 
tires. 

• Exposure-lag times for IHD and stroke are still uncertain, but is 
probably short, i.e. one or a few years. 

• A considerable fraction of short-term sick-leaves, 3% in Stockholm, 
are attributed to PM2.5 exposure. 
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