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Abstract 

Background 

Anthropogenic air pollution is a global health problem estimated to 

contribute to millions of premature deaths. Exposure to biomass smoke is 

common due to varying sources, such as wildfires, indoor cooking over open 

fires, and residential heating from wood stoves. In urban environments 

transportation and industry rely heavily on the combustion of fossil fuels yet 

environmental policies increasingly support a shift to renewable fuels such 

as biodiesel. It has not been investigated how either wood smoke or biodiesel 

exhaust affect human health in general or the cardiovascular system in 

particular. 

We hypothesized that wood smoke exposure would induce acute 

cardiovascular impairment via similar underlying mechanisms as have been 

established for petrodiesel exhaust exposure. We also hypothesized that 

replacing petrodiesel with biodiesel, as a blend or pure biodiesel, would 

generate an exhaust profile with a less harmful effect on the cardiovascular 

system than petrodiesel exhaust. 

Methods 

In four separate studies healthy non-smoking subjects were exposed to 

different air pollutants in controlled exposure chambers followed by clinical 

investigations of the cardiovascular system. All studies were performed as 

randomized controlled trials in a crossover fashion with each individual 

acting as her own control.  

In study I healthy volunteers were exposed to wood smoke at a target 

concentration of particulate matter (PM) 300 µg/m3 for three hours followed 

by measures of blood pressure, heart rate variability and central arterial 

stiffness. 

In study II subjects were exposed to wood smoke at a target concentration of 

PM 1000 µg/m3 for one hour followed by measures of thrombus formation 

using the Badimon technique and vasomotor function using forearm venous 

occlusion plethysmography. 

In study III subjects were exposed to petrodiesel exhaust and a 30% 

rapeseed methyl ester (RME30) biodiesel blend for one hour at a target 
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concentration of PM 300 g/m3. Following exposure, thrombus formation 

and vasomotor function were assessed as in study II. 

In study IV subjects were exposed to petrodiesel exhaust at a target 

concentration of PM 300 μg/m3 for one hour and pure rapeseed methyl ester 

(RME100) exhaust generated at identical running conditions of the engine. 

Following exposure, thrombus formation and vasomotor function were 

assessed as in study II and III. 

Results 

In study I fourteen subjects (8 males) were exposed to wood smoke at PM 

294±36 μg/m3. Compared to filtered air exposure, measures of central 

arterial stiffness were increased and heart rate variability was decreased 

following wood smoke exposure. No effect was seen on blood pressure. 

In study II sixteen males were exposed to wood smoke at PM 899±100 

μg/m3. We found no evidence of increased thrombus formation or impaired 

vasomotor function following wood smoke exposure. 

In study III sixteen subjects (14 males) were exposed to petrodiesel exhaust 

(PM 314±27 µg/m3) and RME30 exhaust (PM 309±30 µg/m3). Thrombus 

formation and vasomotor function were equal following either exposure. 

In study IV nineteen males were exposed to petrodiesel exhaust (PM 310±34 

µg/m3, 1.7±0.3 x105 particles/cm3) and RME100 exhaust (PM 165±16 µg/m3, 

2.2±0.1 x105 particles/cm3). As in study III, thrombus formation and 

vasomotor function were identical following both exposures. 

Conclusions 

We have for the first time demonstrated that wood smoke exposure can 

increase central arterial stiffness and decrease heart rate variability in 

healthy subjects. We did not, however find evidence of increased thrombus 

formation and impaired vasomotor function following wood smoke exposure 

at a higher concentration for a shorter time period. 

We have, for the first time, demonstrated that exhaust from RME biodiesel 

induced acute adverse cardiovascular effects of increased thrombus 

formation and impaired vasomotor function in man. These effects are on par 

with those seen following exposure to petrodiesel exhaust, despite marked 

physicochemical differences of the exhaust characteristics. 
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Selected abbreviations 

 
CO Carbon monoxide 
CO2 Carbon dioxide 
EC Elemental carbon 
EPR Electron paramagnetic resonance 
DE Petrodiesel exhaust 
HC Gaseous hydrocarbons 
HRV Heart rate variability 
NO Nitric oxide 
NOx Oxides of nitrogen 
OC Organic carbon 
PAHs Polycyclic aromatic hydrocarbons 
PM Particulate matter 
PM1 Particulate matter with mean geometric diameter <1µm 
PM2.5 Particulate matter with mean geometric diameter <2.5µm 
PM10 Particulate matter with mean geometric diameter <10µm 
RME Rapeseed methyl ester biodiesel 
SD-10 Preem's low sulphur reference petrodiesel 
SMPS Scanning mobility particle sizer 
TEOM Tapered element oscillating microbalance 
t-PA plasma tissue plasminogen activator antigen  
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Sammanfattning på svenska 

Bakgrund 

Luftföroreningar är ett omfattande globalt hälsoproblem. Världshälso-

organisationen uppskattar att miljontals människor dör i förtid varje år pga 

små hälsofarliga partiklar i luften (PM), huvudsakligen på grund av hjärt- 

kärlsjukdomar. Partiklar från förbränning har visat sig vara farligast, men 

man vet inte om det spelar någon roll vad man eldar. 

 

Globalt är det mycket vanligt att man utsätts för PM i rök från biomassa. I 

fattigare länder sker detta ofta när man använder öppen eld för matlagning i 

hemmet, i vissa områden är stora skogsbränder vanliga och i Sverige eldar vi 

mycket i kaminer. I stadsmiljö är den vanligaste källan till PM förbränning 

av fossila bränslen i trafik och industrier. Det pågår ett skifte från fossila till 

förnybara bränslen och i Europa är biodiesel från raps (RME) populärt. RME 

blandas redan nu in i vanlig diesel på macken. Man vet inte vilken effekt 

varken vedrök eller biodieselavgaser har på hälsan och i synnerhet inte på 

hjärt- kärlsystemet. 

 

Vi undersökte om vedrök är farligt för hjärt- kärlsystemet på samma sätt 

som fossila dieselavgaser. Vi undersökte också om effekterna på hjärt- 

kärlsystemet av avgaser minskar om vi ersatte fossil diesel med RME.  

Metoder 

I fyra separata experiment utsattes friska försökspersoner för 

luftföroreningar i specialdesignade exponeringskammare, följt av kliniska 

undersökningar av hjärt- kärlsystemet. I alla studier utsätts 

försökspersonerna för två exponeringar i slumpmässig ordning. Varken 

försökspersonerna eller de som genomför de kliniska undersökningarna vet 

vilken i vilken ordning som exponeringarna sker. Eftersom alla utsätts för 

två exponeringar är varje försöksperson sin egen kontroll. 

 

I studie I utsattes försökspersonerna i tre timmar för renad luft ena gången 

och vedrök den andra gången. Därefter undersöktes effekter på kärlstyvhet, 

hjärtrytm och blodtryck. 

 

I studie II utsattes försökspersonerna för vedrök i tre gånger så hög 

koncentration som i studie I, men under en timma i stället för tre. Efter detta 

gjordes omfattande undersökningar av hjärt- kärlsystemet, varav de 

viktigaste gällde bildning av blodproppar och kärlens förmåga att vidga sig.  
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I studie III undersökte vi om dom kända negativa effekterna på blodkärlens 

förmåga att vidga sig och bildandet av blodproppar avtog om vi bytte ut 

fossil diesel mot diesel med 30% RME inblandning. I denna studie jämförde 

vi effekten av avgaser med samma massa av partiklar i den inandade luften. 

 

I studie IV undersökte vi om effekten på blodkärl och proppbildning 

minskade om vi ersatte fossil diesel med 100% RME. Eftersom RME släpper 

ut mindre massa av PM, så gjordes jämförelsen genom att köra motorn på 

liknande sätt i stället för att ha samma PM masskoncentration i 

inandningsluften. 

Resultat 

I studie I fann vi att inandning av vedrök ledde till styvare kärl, snabbare 

puls och påverkad hjärtrytm, men vi såg ingen effekt på blodtrycket. 

 

I studie II fann vi ingen påverkan på proppbildning eller kärlfunktion efter 

inandning av vedrök. 

 

I studie III fann vi att bytet till 30% RME inblandning inte minskade hjärt- 

kärleffekterna av avgaserna. 

 

I studie IV fann vi att effekterna av avgaserna var lika starka trots att massan 

av partiklarna i inandningsluften var nästan halverad. Dock var antalet 

partiklar i inandningsluften ganska lika eftersom biodieseln visade sig ha 

partiklar av mindre storlek. 

Diskussion  

Vi har för första gången visat att vedrök kan ge akuta effekter på hjärtrytm 

och kärlstyvhet. Men vi fann inga effekter av vedrök på proppbildning och 

kärlfunktion liknande det man tidigare sett efter inandning av dieselavgaser. 

Vi har också för första gången visat att effekten på hjärt- kärlsystemet är 

snarlik för avgaser från fossil diesel och RME biodiesel. Detta trots stora 

skillnader i avgasernas sammansättning.  

 

Massan av PM är det gängse måttet på luftföroreningar, men dessa studier 

visar att det inte bara är massan som styr hälsoeffekterna. Vi anser att 

hälsoeffekter och inte bara växthusgaser bör beaktas när man ställer om till 

nya bränslen. Detta kräver antagligen att man undersöker varje bränsle 

individuellt. 
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Background 

 

Evolution of air pollution research 

Air pollution is recognized as a major contributor to cardiorespiratory 

morbidity and mortality. Anthropogenic air pollution is a complex mixture of 

solids, gases and semivolatiles. Within this mix, combustion derived fine 

particulate matter (PM) has been proposed to be the most harmful 

component to the cardiovascular system. But it is still uncertain how PM 

from different combustion sources translates to differential health effects. 

Our understanding of how anthropogenic air pollution affects the 

environment and human health has deepened considerably in recent years. 

However, suspicions of an adverse effect dates to much earlier times. Roman 

philosopher Seneca is credited with one of the earliest accounts of health and 

air pollution. He writes in his Moral Letters to Lucillus that his health and 

mental vigor improves once he is away from the “ruinous mess of steam and 

soot” in Rome (Epistle 104) (1). Urban air pollution was highlighted again in 

medieval England as coal came to replace firewood. Queen Eleanor had to 

escape the castle of Nottingham in the summer of 1257 due to the high levels 

of sea-coal smoke. This prompted several commissions and in the end a 

difficult to uphold ban on coal burning (2). In the 17th century Sir Kenelmy 

Digby attributed half of the deaths in London to the "sharp atoms" in coal 

smoke and his friend and co-founder of the Royal Society, John Evelyn, 

wrote an open letter to king Charles II in 1661 in which he likened London to 

“the face of Mount Ætna… or the suburbs of Hell” and continues “how 

prejudicial it is to the Bodies of men; for that can never be Aer fit for them to 

breath in, where nor Fruits, nor Flowers do ripen, or come to a seasonable 

perfection” (3). 

Wood smoke was not considered a health problem at the time, rather 

advocated by some to improve the family’s health. But in 1775, Sir Percivall 

Pott, a British surgeon, made the observation that chimney sweepers had a 

high incidence of scrotal cancer and thereby made the first recorded 

connection between occupational exposure and carcinogenesis (4). This 

observation contributed to the Chimney Sweeper's Act of 1788. Though 

Victorian scholars noted a correlation between smog and mortality, it was 

hard to connect air pollution to specific diseases in a similar way as had been 

done with polluted water. Studies of early 20th century events of intense air 

pollution in the Meuse Valley, Belgium (1930), Donora, USA (1948), Pozo 

Rico, Mexico (1950) and the Great London Smog, UK (1952) contributed to 
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our understanding of acute exposure and mortality. This was thought to be 

mainly due to acute respiratory effects, but suspicions also arose of cancer 

development and cardiovascular disease (5). As lawmakers recognized the 

devastating effects of intense air pollution, regulations came in place and 

extreme events have become more infrequent. The coming decades saw a 

debate of whether chronic exposure to lower levels of air pollution were also 

harmful to human health. 

In the 1990s, a number of large epidemiological studies reported 

connections between unexpectedly low concentrations of particulate matter 

air pollution and numerous health endpoints such as mortality, 

hospitalizations, cardiovascular events, respiratory symptoms and lung 

function (6). In 1992, Schwarz reported increased crude mortality in 

Steubenville, Ohio, USA, following episodes of relatively high concentrations 

of PM air pollution (7). The question still remained if PM increased total 

mortality or simply shortened death by days or even hours in already sick 

individuals. More convincing data emerged in a landmark study by Dockery 

in 1993 where 8111 adults living in six major US cities were followed for 14 to 

16 years. In this study the authors were able to adjust for risk factors such as 

age, sex, smoking, body mass index and low education and found 

significantly higher mortality in the most polluted cities compared to the 

least polluted city (8, 9). Following this, Pope used an American Cancer 

Society database to investigate 552 138 adults in 151 US cities and similarly 

found an association between PM air pollution and increased mortality over 

8 years, which remained after adjusting for similar risk factors as in the Six 

Cities study (10). Both studies reported an association between PM and lung 

cancer and cardiopulmonary disease. The average concentration of PM in the 

studies of Dockery and Pope were lower than the peak levels shown to be 

harmful in the study by Schwarz with mean PM2.5 (particles with mean 

aerodynamic diameter <2.5µm) typically ranging from 10-30 µg/m3, thus 

showing that chronic exposure to common ambient concentrations of PM 

affecting large populations were associated with increased mortality. For 

comparison, in 2012 average PM concentrations at a central Umeå street 

were PM10 22.3 µg/m3 (particles with mean aerodynamic diameter <10 µm) 

and PM2.5 8.4 µg/m3, according to the Swedish Environmental Research 

Institute.  

As PM2.5 is mostly combustion derived and ambient levels proved closely 

related to mortality, controversy arose on US legislation with industry 

questioning the results (9). The case was addressed in the US Supreme Court 

as well as the Court of Appeals in 2002 and the court states that PM2.5 is 

associated with “heightened risk of premature death” and that PM2.5 

regulation is “neither arbitrary nor capricious” (American Trucking 
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Associations vs. EPA, 283F. 3d 355, 369–372 (D.C. Cir. 2002)). A later re-

analysis of the Six Cities study confirmed that the link between PM air 

pollution and mortality was indeed strongest for the fine fraction from 

mobile and coal combustion sources, but not crustal particles (11). Following 

this, numerous studies have confirmed the link between relatively low levels 

of air pollution and morbidity and mortality. The World Health Organization 

now attributes millions of premature deaths to indoor air pollution (3.5 M 

deaths, mainly from biomass combustion) and outdoor air pollution (3.2 M 

deaths, mainly from fossil fuel combustion) (12, 13). Encouraging data was 

reported by Pope in 2009 showing that improved air quality in the US, with 

reduced PM levels, contributed to as much as 15% of the overall increase in 

life expectancy in the studied areas. A reduction of PM2.5 by 10 g/m3 was 

associated with an increase in life expectancy of 0.61 years (14).  

Recent long-term data from 367 251 persons in 22 different cohorts in the 

ESCAPE study (European Study of Cohorts for Air Pollution Effects) shows 

an increased risk of natural cause mortality per every 5 g/m3 increase in 

PM2.5. The association remained at PM2.5 concentrations below the current 

European Union guidelines (recommended annual mean PM2.5 <25 µg/m3) 

(15). A subset of 11 cohorts in ESCAPE (including one from Umeå) with 

100 166 participants was analyzed for incidence of acute coronary events. 

Again, positive associations were found even below current standards for 

PM2.5 though surprisingly, this did not translate to cardiovascular mortality 

(16). Subsequently an analysis of the relation to PM constituents was made, 

making it the largest study to date on long term effects of PM constituents 

and cardiovascular mortality. Trace elements were chosen to represent 

different sources, such as biomass burning (K), fossil fuel combustion (Ni, V, 

S), brake wear (Cu, Fe, Zn), crustal materials (Si, K), and industrial 

emissions (Fe, Zn). In the fully adjusted model, none of the selected trace 

element constituents of PM were significantly associated with overall 

cardiovascular mortality and many being close to unity (17), illustrating the 

difficulty of disentangling specific components and sources responsible for 

adverse health effects of PM. Opposite results were found in a cohort of 

44 878 female teachers in California, with both PM2.5 and all of its 

constituents being associated with increased risk of death from all causes as 

well as ischemic heart disease (18). This highlights possible differences 

between current European cohorts and previous data primarily from North 

America and Asia, where the link between combustion derived PM  and 

cardiovascular mortality have been robust (6, 19). It has been suggested that 

this may be due to differences in the PM or, more likely, alterations in 

personal risk factors such as reduced smoking and more intensive treatment 

of cardiovascular disease over time in the more recent cohorts. Secondary 

prevention especially may be of importance in the ESCAPE cohorts as the 
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incidence of acute coronary events was correlated to PM2.5, but 

cardiovascular mortality was not (16, 20).  

Following Schwartz’s study in Steubenville, Ohio, USA, many studies have 

found acute adverse effects of elevated air pollution levels (6). In 2001 Peters 

reported that a mild elevation of PM2.5 was associated with an increased risk 

of myocardial infarction two and 24 hours later, in 772 patients presenting 

with myocardial infarctions in the greater Boston area, USA (21). In a later 

landmark study by Peters, 691 patients admitted for myocardial infarction in 

southern Germany were interviewed about previous traffic exposure. The 

authors found an association between traffic exposure and the onset of 

myocardial infarction the following hour, thus suggesting vehicular 

emissions may be capable of triggering myocardial infarction (22).  

Several large reviews of health effects of air pollution have been published in 

the last decade. The latest is a report from the World Health Organization 

titled “Review of EVIdence on Health Aspects of Air Pollution – REVIHAAP 

Project” published in 2013. It concludes that there is strong evidence for 

PM2.5 causing increased overall and cardiovascular morbidity and mortality. 

These effects are seen following both short and long term exposure and the 

evidence for adverse effects grows stronger with the increasing number of 

studies encompassing large populations from different parts of the world 

(23).  

The ubiquitous nature of PM air pollution renders it a major trigger of 

myocardial infarction, even though the risk elevation for a certain individual 

may be small following increased pollution levels. In 2011 Nawrot conducted 

a comparative risk assessment for known triggers of myocardial infarction 

and found cocaine use to be the strongest individual trigger but PM air 

pollution had the largest overall effect due to high rate of exposure 

(population attributable fraction, 7.4%) (24). 

 

Air pollution and its components  

Particulate matter 

PM air pollution is a highly variable entity. Though broad generalizations 

can be made, such as PM2.5 primarily being derived from combustion and 

larger particles generated by mechanical processes, there are huge local 

variations. In coastal areas PM2.5 may be dominated by sea salt, whereas 

local industry, biomass or fossil fuel combustion are the main contributors in 
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most areas (25). For the coarse fraction (particles with a mean aerodynamic 

diameter 2.5-10µm) the variation is even larger, with road dust, crustal 

materials, windblown sand, etc. contributing to varying degrees (26).  

It has proven difficult to find the exact properties of PM responsible for 

adverse health outcomes. It does however seem that pure carbon particles 

are fairly inert (27) and most of the biological effects of PM may be due to 

what is bound to the PM surface. This often includes organic compounds 

such as PAHs, nitrites, metals, trace elements, etc. 

Still, basic physical properties of PM such as size, density, hygroscopicity 

(how it interacts with water), surface properties, particle number 

concentration, mass, and surface area are also important factors. These 

properties predict how PM interacts with the respiratory system, which is 

generally considered the main exposure route. Smaller particles have a 

greater surface area per mass, penetrate deeper into the respiratory tract 

(28) and may even translocate to the blood stream (29) thus making them 

potentially more potent per mass than larger particles. 

A lot of effort has been directed towards the chemical properties of PM. 

Common chemical analysis include the ratio of organic (often unburnt 

material) to elemental carbon (soot), levels and types of metals, trace 

elements, and salts. The toxicological properties of particles are a result of 

the physicochemical properties and are commonly analyzed by reviewing its 

reactivity, oxidative potential, cytotoxicity, mutagenicity, carcinogenicity, 

and direct effects on specific organ systems. Though chemical and 

toxicological properties are likely key in explaining differential health effects 

of PM, it has been hard to find evidence of any individual constituents of PM 

being responsible for adverse health effects in epidemiological studies. The 

exceptions to this are particle size and markers of combustion such as black 

carbon (17, 23). The difficulties of linking chemical and toxicological 

properties to hard outcomes are likely due to the inherently heterogeneous 

nature of PM. 

Combustion creates a complex mix of gases and particulates containing soot 

aggregates, semi- and low-volatile organic compounds, polycyclic aromatic 

hydrocarbons (PAH), salts, metals, trace elements, carbon monoxide (CO) 

and carbon dioxide (CO2), and nitrogen oxides (NOx). These react 

immediately with each other physically and chemically to create new 

particles (secondary particles) and further reactions are in place in the 

atmosphere under the influence of ultraviolet light to create even more 

particles from low- and semivolatile organic compounds. This may happen to 

such an extent as to double the PM mass of the primary aerosol (30). In an 
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apolipoprotein E knockout (ApoE-/-) mouse model the secondary organic 

aerosols did not have a strong effect on the vasculature (31), but it is 

uncertain how these secondary organic aerosols affect human health (23).  

Gases and semivolatiles 

Most evidence points towards PM being the main cause of adverse health 

effects of air pollution, but gaseous components such as nitric oxide (NO), 

nitrogen dioxide (NO2), CO, and sulphur dioxide (SO2) may also contribute 

(31-33). The epidemiological data is however hard to interpret as ambient 

levels of gaseous components correlate poorly with personal exposure (34). 

Often, being close to a source, such as a major road, results in greater health 

effects than what could be expected from the individual air pollution 

components alone (35), suggesting that not only PM mass concentration is of 

importance. There is also experimental support for this with larger effects of 

whole exhaust compared to only PM or gaseous components (36). This 

implies a strong effect of the primary aerosol including PM, gases, and 

semivolatiles, even though secondary organic aerosols from atmospheric 

aging may comprise a significant part of urban PM (30). In a head to head 

comparison of gasoline exhaust, diesel exhaust and hardwood smoke in 

ApoE-/- mice, gasoline exhaust with high hydrocarbon (HC), NO and CO 

concentrations but low PM concentration, increased measures of vascular 

toxicity on par with petrodiesel exhaust (DE), suggesting a role for other 

components than PM (31). Though a particle trap revoked all health effects 

of DE exposure in a human exposure study from our group (37), filtered 

gaseous components of gasoline exhaust have been shown to upregulate 

factors involved in vascular remodeling in ApoE-/- mice (38), supporting a 

possible role for the gaseous components in mediating cardiovascular effects. 

 

Biomass smoke 

Smoke from burning of biomass, such as wood, is our oldest anthropogenic 

air pollution. It is estimated that about half of the world’s population rely on 

indoor burning of solid fuels for heating and cooking (12). The majority of 

these fuels are different types of biomass and the smoke generated can lead 

to very high levels of indoor air pollution. Burning without proper ventilation 

is commonplace in many low-income countries with indoor PM levels 

frequently exceeding 1,000 µg/m3 several hours of the day (39). This is to be 

compared to the World Health Organization guideline daily average 

concentration of PM2.5 <25g/m3. Also, biomass smoke is still a major 

source of ambient PM and PAHs in temperate high-income countries, even 
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in urban areas (39). An American source appointment study found that 

biomass combustion was the second largest contributor to PM2.5 in the USA, 

with traffic being the largest single source (25). 

It is widely accepted that indoor exposure to biomass smoke from heating 

and cooking contributes largely to the development of chronic obstructive 

pulmonary disease, pneumonia, tuberculosis, asthma, and impaired lung 

development in children (40). There is also experimental support of 

oxidative stress (41) and inflammation (42) in the respiratory tract of 

humans exposed to wood smoke and cytotoxic effects of wood smoke 

particles on monocyte and pneumocyte cell lines (43).  

Potential cardiovascular effects of wood smoke have received much less 

attention, but the argument can be made that there is little evidence to 

support the idea that PM from biomass smoke is less harmful than other 

types of combustion derived PM. Though a complex mixture of gases and 

chemical compounds, wood smoke typically contains elements such as PM2.5, 

aldehydes, PAHs, partly oxidized organic chemicals, and free radicals, all 

suggested to have adverse health effects (39). A recent comparative risk 

assessment of 67 risk factors and their effect on the global burden of disease 

used an integrated exposure-response curve to assess the effect of indoor air 

pollution, mainly due to biomass combustion, on respiratory and 

cardiovascular health. This model assumes a similar effect of biomass smoke 

as has been shown for cigarette smoke and urban PM. The results are 

staggering, attributing 5.4 % of global disease adjusted life years to indoor air 

pollution, making it the third largest contributor to global burden of disease. 

This is considerably higher than previous estimates (44) as the model now 

includes cardiovascular outcomes, which compose almost half of the total 

health effects in this model (13).  

Recent studies highlight associations between biomass air pollution and 

emergency department visits, hospital admissions for cardiovascular 

diseases (45, 46) and cardiovascular mortality (47-49). In an interventional 

study, indoor PM from biomass smoke was reduced significantly by 

replacing open fireplaces with chimney stoves and this resulted in significant 

reductions in blood pressure (50) and myocardial ischemia measured using 

ambulatory electrocardiography (51).  
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Diesel Exhaust 

In the late 19th century, the steam engine was already known to convert only 

up to 10% of the thermal energy into mechanical energy and the young 

engineer Rudolf Diesel set his mind to invent a more efficient engine. In his 

1895 US patent, Method on and apparatus for converting heat into work, 

he claimed that he invented a process “for obtaining motive power by the 

combustion of fuel of any kind” (52). It differs from Otto’s gasoline engine by 

using highly compressed hot air, rather than a spark plug to ignite the fuel. 

Still today, Diesel’s engine has the advantage over Otto’s of increased fuel 

efficiency (circa 45% vs. circa 30% conversion to mechanical energy) and 

better durability, but it comes at a price of increased PM emissions (53, 54). 

The diesel engine's fuel efficiency, durability, and high torque capacity has 

made it a top choice for heavy-duty applications for over 50 years. 

Refinements in engine technology have made it increasingly popular in 

passenger cars with more than one of two sold cars in Europe now being 

powered by a diesel engine (55). 

In urban environments traffic is typically a major source of PM (25, 56). As 

diesel engines emit significantly more primary PM as compared to gasoline 

engines (53), DE has been used as a model for urban PM air pollution in our 

laboratory and others. This has led to a wealth of data on the health effects of 

DE from in vitro, animal and human exposure studies. It is now well 

accepted that diesel exhaust has detrimental effects on the cardiovascular (6) 

as well as the respiratory system (57).  

 

Biodiesel 

Though Diesel’s patent states that the engine can run on any fuel, it was 

designed for petrodiesel. Still, an engine on display at the 1900 Paris World 

Exhibition did run perfectly well on untreated peanut oil (55).  

Before the emergence of cheap oil, there was considerable interest in using 

vegetable oil in diesel engines. Especially since it seemed to offer energy 

security and could make tropical colonies fuel independent. But interest 

waned as it could not compete commercially with petrodiesel. Following the 

1970s energy crisis there was renewed interest and a solution was presented 

to the problem of high viscosity in vegetable oil, which causes poor 

atomization and operational problems due to engine deposits. By 

transesterification of neat vegetable oil, viscosity is lowered and the result is 

what we now call biodiesel (55).  
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Again, with diminishing oil reserves and concerns about energy security and 

environmental effects of fossil fuels, interest in renewable fuels is on the rise. 

The European Union has set a target for 10% use of biofuels within 

transportation by 2020 (EU Directive 2009/28/EC) and similar efforts are 

being made in the US, China, India and elsewhere (58).  

Rapeseed based biodiesel (Rapeseed Methyl Ester, RME) is popular in 

Europe as it can be produced locally, blended into petrodiesel, used in 

existing diesel engines and has good ignition and lubrication properties (59). 

Novel production methods of biodiesel are being developed to decrease land 

usage and increase yield but currently rapeseed and soybean are the most 

popular crops for biodiesel production in Europe and the US, respectively.  

Biodiesel differs from petrodiesel in chemical composition as it consists 

mainly of esters, whereas petrodiesel is mainly paraffinic and aromatic. This 

gives biodiesel a higher cetane number, meaning it ignites faster. It also has 

a higher flashpoint (typically >150 °C) and is biodegradable, allowing for 

safer storage. A downside of biodiesel is its generally higher content of long 

chain fatty acids known as waxes. At low enough temperatures wax crystals 

will form giving the fuel an opaque appearance, the temperature at which 

this occurs is called "cloud point". Wax crystals can plug filters and fuel lines 

and damage the engine; therefore the cloud point is routinely lowered by the 

addition of commercially available fuel additives.  

As biodiesel has an increased ratio of oxygen, which lowers energy density, 

there is higher oxygen content in the ignited fuel spray, which reduces soot 

formation. Combined with lower levels of aromatics and sulphur, which may 

act as soot precursors, PM emissions from biodiesel are often lower in mass 

compared to petrodiesel (59). Emissions vary not only due to fuel type, but 

also depending on type and state of the engine as well as running conditions 

(60). Overall, an increased blend of biodiesel is associated with reduced 

emissions of PM, CO and HC, increased emissions of NOx, and increased 

soluble organic fraction (61). There has been some inconsistency regarding 

the size distribution of PM in biodiesel exhaust as compared to DE, but 

several reports do support a shift towards smaller particles and an increased 

total number of particles (61-64), whereas others find decreased particle 

number concentration (65). As smaller particles have a larger surface area 

per mass and may deposit deeper in the respiratory tract, this may lead to 

increased toxicity and exaggerated health effects of biodiesel as compared to 

petrodiesel (66, 67).  

Extensive data is available of physicochemical characterization of exhaust 

from different types of biodiesel along with several in vitro studies and a 
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small number of animal studies investigating the health effects of biodiesel 

exhaust exposure, but human studies are lacking (68). In vitro and animal 

studies have shown increased cytotoxicity and stronger irritant effects 

coupled with variable mutagenicity of biodiesel exhaust compared to DE 

(68). It is plausible that an increase in soluble organic fraction and a shift 

towards smaller particles, along with other changes in physicochemical 

composition, may offset any potential health gains from reduced PM mass 

and HC emissions associated with the use of biodiesel. Nevertheless, a recent 

comparative study of several fuels found RME derived PM to be slightly less 

toxic per mass with a weaker inflammatory response, in spite of an increase 

in oxidative potential compared to petrodiesel. Interestingly, RME increased 

PM emissions in this study and the exhaust contained a high soluble organic 

fraction, suggesting that the engine may not have run optimally and emitted 

unburnt fuel (69). The same group has also reported decreased toxicity of 

RME derived PM on mouse lung cell macrophages compared to DE derived 

PM, especially when emission factor was taken into account as RME emitted 

less PM in this study (70). This illustrates that not only fuel, but also running 

conditions of the engine affect the biological response to the exhaust.  

 

Underlying mechanisms mediating cardiovascular 
effects of PM 

Though epidemiologic studies have confirmed the association between PM 

air pollution and cardiovascular disease beyond reasonable doubt, 

experimental studies are needed to ascertain causality and provide insights 

about mechanisms. Experimental human exposure studies allow for 

predictable and well-controlled exposures and can be used to study different 

components of air pollution (71). Given the epidemiological data, the 

majority of human experimental exposure studies have focused on 

combustion-derived air pollution using either concentrated ambient 

particles (CAPs) from various locations or dilute DE, as a model of traffic 

derived exposure. Ambient particles can be collected by an impactor and re-

suspended as CAPs for experimental exposure. This has the advantage of 

using real world particles, excluding gases. There is however limited control 

of the characteristics of the particles and particles <0.1 µm are not 

concentrated (72).  

Early controlled exposure studies concentrated mainly on the respiratory 

effects of gaseous pollutants such as ozone, nitric oxides and sulphuric acid 

(73), but in 2002 Brook reported the first study investigating the acute 

cardiovascular effects of air pollution. Inhalation of ozone in combination 
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with CAPs were followed by an increase in arterial tone in healthy volunteers 

(74) and later the same group reported increased blood pressure after CAPs 

exposure derived from combustion (75). Following this, several groups, ours 

included, have performed a series of controlled human exposure studies of 

air pollution; greatly advancing the mechanistic knowledge of air pollution 

induced cardiorespiratory morbidity (76). We have demonstrated that 

controlled human exposure studies are safe to perform and well tolerated by 

subjects (77). 

 

Autonomic dysfunction 

As elevated PM levels have been shown to precede cardiovascular events 

within hours of exposure and correlate with life threatening arrhythmias 

(78), autonomic dysfunction has been proposed as a possible mechanism. 

The autonomic nervous system is closely linked with the cardiovascular 

system and the most practical way to analyze autonomic influence of the 

heart is heart rate variability (HRV) (79). It has been shown to predict 

adverse cardiovascular outcome, but the underlying biological mechanisms 

reflected in the various measures of HRV are not fully understood. 

Decreased heart rate variability is however believed to reflect upregulation of 

the sympathetic and withdrawal of the parasympathetic branches of the 

autonomic nervous system’s influence on the sinus node (80, 81).  

Perhaps due to the relative ease by which such recordings can be obtained, it 

has been included in numerous studies of air pollution and much data is 

available. Several panel studies have reported an association between PM air 

pollution and lower HRV, often in susceptible populations (82-85). This 

increase in sympathetic tone and/or decrease in parasympathetic tone may 

initiate a stress response of the cardiovascular system ultimately leading to a 

coronary event or arrhythmia. Similar results have been obtained in 

controlled exposure studies (75, 86), but a study from our laboratory of 32 

healthy volunteers and 20 subjects with prior myocardial infarction exposed 

to dilute diesel exhaust for one hour did not reveal any effect on heart rate 

variability, suggesting that other pollutants than diesel exhaust may 

influence HRV (87). To date there is scant information on how wood smoke 

exposure may influence the autonomic nervous system, though animal data 

does support an effect (88, 89). 
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Blood pressure, vasoconstriction and central arterial 
stiffness 

Long term exposure to air pollution seems to moderately increase blood 

pressure (90) but experimental studies of acute exposure have generated 

inconsistent results (75). Vasoconstriction (74, 91) and increased arterial 

stiffness (92) have been reported immediately following experimental PM 

exposure, suggesting rapid effects that may be influenced by the autonomic 

nervous system. Panel studies have gained similar results of arterial stiffness 

in urban environments (93).  

Increased arterial stiffness leads to a more rapid return of the pulse wave 

reflected from the periphery, thus augmenting systolic, rather than diastolic, 

pressure. This increases left ventricular afterload and reduces coronary flow 

(94), and has been shown to predict adverse cardiovascular outcome (95). 

Though cardiovascular effects of wood smoke have not been widely studied, 

interventional studies in Guatemalan women have shown that decreasing 

wood smoke exposure by installing a chimney was accompanied by a 

decrease in brachial blood pressure (50).  

 

Vascular endothelial dysfunction 

Several measures of endothelial function have been reported to be affected 

following real world as well as experimental exposure to air pollution (76). 

The monolayer of endothelial cells covering the inner layer of blood vessels is 

of paramount importance for maintaining homeostasis. It regulates vascular 

diameter and thrombus formation, thus in effect regulating blood flow and 

faltering endothelial function is a precursor to atherosclerotic disease (96). 

Vascular endothelial dysfunction is characterized by a reduced bioavailability 

of substances with vasodilating and antithrombogenic properties and an 

increase in vasoconstricting, prothrombotic substances. It is a pathological 

condition affecting both the microvasculature and macrovasculature. It is 

associated with most known risk factors for cardiovascular disease and has 

been proposed as an index of all atherogenic and atheroprotective factors in 

an individual (97).  

In 1977 Murad analyzed how sodium nitroprusside (SNP) and related drugs 

act to dilate vessel walls and found that nitric oxide (NO) was released from 

the drug and relaxed smooth muscle cells by activating guanylate cyclase 

(98, 99). In 1980 Furchgott reported that the vasodilator drug acetylcholine 

(ACh) paradoxically contracted vessels in vitro if the endothelial layer was 
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accidentally damaged during handling (100) and it was concluded that an 

“endothelium derived relaxing factor” was responsible for keeping muscles 

in the vessel wall relaxed. Ignarro joined forces with Furchgott and 

subsequently showed that the endothelial derived relaxing factor was in fact 

NO (101). For these discoveries the three of them were awarded the Nobel 

Prize in physiology or medicine in 1998. This was the first time a simple gas 

was shown to be an important signal molecule in mammals. A new research 

field opened up following the discovery of NO as a signaling molecule and it 

has since been demonstrated that NO has a wide range of functions in the 

body despite, or perhaps because of, its simple structure, ability to diffuse 

across membranes and short half-life of under 10 seconds.  It is ironic that 

Alfred Nobel, the inventor of dynamite, refused to take nitroglycerine as 

prescribed by his doctor. Knowing that nitroglycerine causes headaches, he 

concluded that it would not be beneficial for his chest pain. 

NO is released from the endothelium by conversion of the amino acid L-

arginine to NO by the enzyme nitric oxide synthase. NO rapidly diffuses to 

surrounding smooth muscles where it mediates relaxation as described by 

Murad, thus increasing the vessel diameter and blood flow. It is also an anti-

inflammatory agent at the vascular bed inhibiting leukocyte adhesion and 

platelet aggregation. This makes NO a key regulator of vascular function and 

reduced bioavailability of NO is a hallmark feature of endothelial dysfunction 

(102).   

Endothelial dysfunction may contribute to cardiovascular events as it causes 

plaque formation by promoting inflammation and oxidative stress (96). It 

also promotes plaque destabilization and rupture as the endothelium of the 

main vessel and vasa vasorum regulates oxygen supply to the plaque. When 

this falters hypoxia, intra-plaque hemorrhage and neovascularization occur 

in a vicious cycle that may occlude the vessel. This pro-coagulative 

environment promotes thrombus formation and may lead to an acute 

cardiovascular event. Endothelial dysfunction also inhibits revascularization 

due to a reduced capacity for vasodilatation and thrombolysis. 

Revascularization may also be impaired even further due to exaggerated 

endothelial dysfunction mediated by the stress of reperfusion injury (102). 

Vascular endothelial dysfunction is systemic in nature and can therefore be 

studied non-invasively or semi-invasively in the peripheral vasculature 

(103). Flow mediated dilatation is a non-invasive method of assessing 

vascular endothelial function that has been used in experimental as well as 

panel studies of air pollution. It utilizes endogenous release of NO during 

shear stress by disrupting arterial flow for five minutes and then measures 

arterial diameter during a phase of reactive hyperemia. Using this method, 
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endothelial dysfunction has been demonstrated 24 hours after concentrated 

ambient particle exposure (75) and following PM2.5 exposure of healthy 

volunteers waiting at a bus-stop in Ottawa, Canada (104). Likewise, a study 

on 40 healthy subjects in Paris demonstrated an inverse relationship 

between ambient NO2 and SO2 levels, which may be viewed as markers of 

vehicular emissions, and flow mediated dilatation, indicating endothelial 

dysfunction (105).  

A series of controlled exposure studies from our laboratory have 

demonstrated impaired vascular endothelial function following dilute DE 

exposure. This has been done using forearm venous occlusion 

plethysmography with intra-arterial infusion of endothelium dependent and 

independent vasodilator drugs exploiting mechanisms demonstrated by 

Murad, Furchgott, and Ignarro. In this method vasomotor response is 

assessed by measuring increase in forearm volume while briefly interrupting 

venous return. Impaired endothelial function has been demonstrated two 

and six hours after exposure to dilute diesel exhaust (106) and remains 24 

hours later (107). Similar effects were seen with different driving cycles 

(108), yet no effects were seen of the gaseous phase alone, with the 

particulate phase filtered out by a particle trap (37) or following a pure NO2 

exposure (109). Further, no effect on endothelial function was noted on 

subjects exposed to pure carbon nanoparticles (27) or concentrated ambient 

particles containing mainly sea salt, with low levels of combustion derived 

particles (110). Taken together, these studies strongly imply that combustion 

derived PM is responsible for causing vascular endothelial dysfunction. We 

have also demonstrated that these effects are likely mediated by the NO 

pathway with a possible upregulation of NO production unable to fully 

compensate for increased consumption (111). 

 

Thrombosis 

Many cardiovascular events, including myocardial infarction and stroke, are 

predominantly driven by thrombosis. Besides acute coronary syndromes, 

there are also reports connecting air pollution to venous thrombus embolism 

(112, 113) and stroke (114-116). The most common pathophysiological course 

of events for a myocardial infarction is disruption of a plaque with 

subsequent platelet adhesion and activation leading to thrombus formation, 

vessel occlusion and downstream ischemia.  All steps in this cascade have 

been shown to be affected by air pollution in both animal models and human 

exposure studies (76).  
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Platelets discriminate between normal and injured endothelium and respond 

with rapid platelet adhesion to injured vessels followed by activation and 

aggregation to form a fibrin rich thrombi. This is essential for maintaining 

homeostasis after trauma and this dynamic process is regulated by the 

endothelium by releasing NO and fibrinolytic enzyme tissue plasminogen 

activator (t-PA), thus preventing thrombus formation. In diseased vessels 

the same occurs with platelets adhering to plaques that disrupt the 

endothelium. Platelets are stimulated to adhere by exposure to collagen and 

von Willebrand Factor and get activated within seconds (117). Platelets may 

also promote atherosclerosis progression by drawing monocytes to plaques 

by expressing P-selectin on their surface that bind to CD40 on monocytes 

(118). Though struggling to find its place in clinical medicine, testing platelet 

activation has proven a valuable research tool and increased circulating 

platelet-monocyte aggregates, platelet P-selectin expression, and plasma CD-

40 ligand levels all reflect increased cardiovascular risk (119). 

As in vivo studies of thrombus formation in man are difficult to perform, 

experimental studies have used animal models, surrogate markers or ex vivo 

models of thrombus formation. Extensive animal data is available and 

hamster models have shown platelet activation as early as 30 minutes after 

tracheal instillation of diesel exhaust PM (120) and in mice tracheally 

instilled DE PM induced intracerebral thrombus formation in vivo (121). By 

using the Badimon chamber as a model of thrombotic injury of arteries, 

thrombotic potential of whole blood can be assessed in a reproducible 

manner (122). This method has been used in our laboratory to demonstrate 

increased thrombus formation in healthy volunteers two and six hours 

following diesel exhaust exposure. These changes were accompanied by 

platelet activation with increased levels of plasma CD40 ligand and P-

selectin as well as increased platelet-monocyte and platelet-neutrophil 

aggregates (123). DE exposure has also been shown to decrease the 

stimulated release of t-PA from the vascular endothelium (106, 108), thus 

leading to a state of promoted thrombus formation and inhibited 

fibrinolysis. Increased levels of monocyte-platelet aggregation and platelet 

CD62 expression have also been shown in Indian women exposed to indoor 

biomass smoke (124), suggesting a similar mechanism of platelet activation 

following either DE or biomass smoke exposure. As for endothelial function, 

the gaseous components of DE alone did not induce increased thrombus 

formation or decrease fibrinolytic capacity in healthy volunteers (37). 
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Oxidative stress and inflammation 

Generation of reactive oxygen species over and above what the body can 

remove by endogenous antioxidant defenses has been proposed as an 

underlying mechanism whereby PM air pollution causes cardiovascular 

disease (6). Free radical generation is a by-product of cellular metabolism 

and an important tool for the immune system’s defense against microbes. It 

can also be promoted by the introduction of exogenous radicals and pro-

oxidants into the body, or the aberrant activation of the immune system by 

inhaled agents. If this increased oxidant burden cannot be offset by adaptive 

antioxidant mechanisms, then oxidative stress arises, which is associated 

with lipid, protein and DNA oxidation (125). The activation of redox sensitive 

signaling pathways (126) further promote inflammation, tissue adaptations 

(hypertrophy, hyperplasia, metaplasia) and can ultimately result in cell 

death or malignant transformation (127). This is relevant for the 

cardiovascular system as oxidized lipids drive the inflammatory response in 

plaques. Human exposure studies have demonstrated induction of 

antioxidant defenses in the lung following DE exposure (128) and wood 

smoke exposure (41) with recent reviews concluding that PM does cause 

oxidative stress (125, 129). 

Though there is evidence from human exposures and panel studies, more 

detailed mechanistic data is only available from animal and in vitro studies. 

Acute effects of oxidative stress may influence not only plaques, but also 

impair vascular endothelial function by reducing bioavailability of NO 

through uncoupling of endothelial nitric oxide synthase leading to 

generation of superoxide radical rather than NO. The superoxide radical 

reacts with NO to form peroxynitrite, which in itself is a vasoconstrictor that 

depletes NO directly and impairs NO production by oxidizing essential 

cofactors for NO production. This mechanism has been demonstrated in 

murine models (130, 131).  

The exact mechanisms whereby PM air pollution cause oxidative stress are 

not clear, but leading hypothesis include that the particles trigger an 

inflammatory response in the lungs which may spill over systemically; that 

the particles translocate directly into the circulation via the respiratory tract; 

or that PM trigger sensory receptors in the alveoli and mediate an effect via 

the autonomous nervous system (125), figure 1. It is well accepted that PM in 

itself may drive damaging oxidation reactions (132) and that oxidative stress 

is a critical component of cardiovascular disease (133). It is thus plausible 

that by identifying which type of PM induces oxidative stress insights may be 

gained into which kind of particle characteristics are harmful to human 

health.  
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As with oxidative stress, local effects of inflammation can be seen in the 

lungs following exposure to concentrated ambient particles (134) and diesel 

exhaust (128, 135, 136). There may be a spillover of this inflammatory 

response to the cardiovascular system and thereby increase the risk for 

cardiovascular events. Though there have been reports of systemic 

inflammation in experimental studies (136) and chronic ambient exposure 

(137), results have not been consistent (6). It is also known that intermittent 

exercise alone, as used in many human exposure studies, induces transient 

systemic inflammation, further complicating interpretation of results (138). 

 

 

Figure 1. Proposed mechanisms of how PM may induce oxidative stress and affect 
the cardiovascular system. 1) PM may cause an inflammatory response in the lung 
and trigger oxidative stress, which may spill over systemically. 2) PM may 
translocate to the blood and interact directly with the cardiovascular system. 3) PM 
may activate the autonomic nervous system via receptors in the respiratory tract. 
Image adopted from Miller et al, From particles to patients: oxidative stress and the 
cardiovascular effects of air pollution. Future Cardiol. 2012 Jul;8(4):577-602. 
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Susceptible populations 

Both people with pre-existing cardiovascular and respiratory disease and 

those with occupational exposure may be disproportionately affected by the 

adverse effects of PM exposure (23, 139). It has for instance been 

demonstrated that highway toll collectors have accelerated progression of 

carotid intima media thickness (140) and US truck drivers suffer from excess 

cardiovascular mortality (141). 

Fire fighters may be at risk due to high PM exposure during wildfire 

suppression. Though often using a self-contained breathing apparatus close 

to the fire, this is not practical for extended periods or when the conditions 

are tolerable further away from the fire. This exposes the fire fighters to high 

concentrations of biomass derived PM (142). Fire fighters are at a 12- to 136-

fold risk of acute myocardial infarction during fire suppression duties as 

compared to non-emergency duties (143). As the risk is increased also 

compared to other demanding duties, the increased risk of myocardial 

infarction may be due to biomass smoke exposure as well as other stressors 

such as heat and physical exhaustion. 

 

Future perspectives 

As coal replaced wood in medieval Europe during the industrial revolution, 

oil replaced coal as the primary energy source in the 20th century. This 

changed the nature of ambient air pollution, putting combustion of fossil 

fuels as the principal pollutant in urban areas. We are now in an age where 

reliance on oil for energy has become increasingly problematic due to 

environmental as well as political concerns. There is a strong global drive to 

shift from fossil energy sources to renewable sources and this may change 

the nature of air pollution just as previous shifts in energy sources have 

done. In parallel, engine technology is improving with dramatically lower 

PM emissions following the introduction of particle traps on diesel vehicles 

and stricter emission standards continue to be applied. However, diesel 

engines are durable and new emission standards do not affect older vehicles 

meaning that DE air pollution will be a concern for many years to come. 

Whilst new energy technologies emerge, indoor burning of biomass and coal 

is still widespread and it is likely that many different fuel sources will 

influence PM air pollution for the foreseeable future. Though Europe and 

North America have benefited from decreasing levels of PM air pollution in 

recent years (14), results from the ESCAPE study show that there is still 
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room for improvement (15). At the same time many low and middle income 

countries face serious public health challenges from biomass exposure 

alongside increased vehicular and industrial emissions.  

With the knowledge we now have of the adverse health effects from 

combustion of petrodiesel, there is a strong rationale to investigate novel 

energy sources currently advocated as “green” for their possible impact on 

human health as well as deepening our understanding of the effects of widely 

used energy sources such as biomass. 
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Aims of thesis  
 

 
Overall aim 
 

 

To investigate potential acute cardiovascular effects following wood smoke 

and biodiesel exhaust exposure. 

 

 

 

Specific aims 
 

 

 To investigate if wood smoke exposure affects blood pressure, 

central arterial stiffness or heart rate variability in healthy 

subjects 

 

 

 To investigate if wood smoke exposure increases 

thrombogenicity and induces vascular endothelial dysfunction 

in healthy fire fighters 

 

 

 To investigate if replacing petrodiesel with RME30 abrogates 

the acute adverse effects on thrombus formation and vascular 

endothelial function in healthy volunteers, following exhaust 

exposure at similar PM mass levels 

 

 

 To investigate if replacing petrodiesel with RME100 mitigates 

the acute adverse effects on thrombus formation and vascular 

endothelial function in healthy volunteers, following exhaust 

exposure with a similar emission factor  

 

  



 

22 

Materials and methods  

Study design 

All studies in this thesis used a common basic study design, figure 2. 

Exposures to filtered air vs. wood smoke (study I-II) or DE vs. RME biodiesel 

exhaust (study III-IV) were performed as randomized, controlled, double-

blind trials with each subject acting as their own control in a crossover 

fashion. Exposures lasted one or three hours and were followed by clinical 

investigations. The artificial atmospheres in the exposure chambers were 

created by technical personnel not involved in the clinical parts of the studies 

in order to keep the clinical investigators blinded. To get comparable 

exposures and ensure mouth breathing to avoid nasal filtration, all subjects 

performed a workload electrocardiogram to determine which load resulted 

in an average ventilation rate of 20 L/m2 body surface area. During 

exposure, the subjects alternated rest with moderate exercise on a bicycle 

ergometer at 15-minute intervals.  

Exposures were performed at least one week apart to avoid potential carry 

over effects. Subjects were asked to refrain from alcohol and caffeine for 24 

hours pre exposure and not to use anti-inflammatory drugs or dietary 

supplements the week preceding exposure. 

Figure 2. Flow chart illustrating the common study design of all studies in this 
thesis. All subjects acted as their own control and were only included for analysis if 
they underwent both exposures. 
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Subjects 

In study I, III and IV subjects were healthy volunteers without significant 

occupational exposure to air pollution and for study II healthy fire fighters 

were recruited. In study I and III both males and females participated and in 

study II and IV subjects were all males. All subjects were non-smokers, 

screened for previous health issues, had normal resting- and workload-

electrocardiogram, normal respiratory function and normal routine blood 

chemistry. All subjects were free of clinically significant infections for at least 

six weeks pre exposure. Female subjects were screened with a urinary 

pregnancy test and excluded if positive. All subjects received oral and written 

information about the studies and provided informed consent to participate. 

Subjects were informed that they were free to withdraw from the study at 

any point without having to provide a reason for doing so. Studies were 

performed with approval from the local ethics committee and in accordance 

with the World Medical Organization’s Declaration of Helsinki (144). 

The reason for including both males and females in study I is that globally, 

wood smoke affects both men and women, with women probably exposed 

more due to use of solid fuels for cooking. In study II only males were 

recruited as the study was part of a larger project investigating possible 

mechanisms explaining fire fighters increased cardiovascular risk during fire 

suppression and globally fire fighters are predominantly male (143). Though 

the fire fighters included in the study were all young and healthy, they do 

constitute a risk-group due to repeated exposures during fire suppression, 

irrespective of the underlying mechanism. 

In study III both males and females were recruited in order to get a 

comprehensive picture of biodiesel exhaust exposure compared to DE as this 

type of exposure is estimated to affect both sexes equally. However, in study 

IV we decided to recruit only males in order to make the study as similar as 

possible to previous DE exposure studies from our laboratory. Prior human 

DE exposure studies from groups other than ours have included both male 

and female subjects, but effects on endothelial function and thrombus 

formation as assessed in this thesis have only been investigated in male 

subjects. Vasomotor responses of the drugs used in study II-IV are known to 

be affected by sex hormones and therefore investigations would have to be 

conducted at similar stages of the menstrual cycle for all female subjects 

(145). This leads to logistical challenges and difficulties recruiting females 

into study III caused the cohort to end up with predominantly male subjects. 
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Human exposure chambers 

Two separate purpose built human exposure chambers were used for the 

studies in this thesis, figure 3. Both are walk-in style chambers with one 

chamber used for biomass smoke exposure and a different chamber used for 

vehicular emissions exposure. 

The wood smoke exposures in study I-II were performed in an exposure 

chamber at the Thermochemical Energy Conversion Laboratory at Umeå 

University. The chamber is 15.3 m3 (2.7x2.4x2.4 m) with a 2.4 m2 

antechamber. The walls are covered with stainless steel and aluminum and 

there is a glass window facing a control room.  The set-up is designed for air 

exchange rates of 2-10 times per hour with continuous measures of PM mass 

and number concentration, CO, NOx, HC, temperature, and relative 

humidity. PM mass concentration were measured by a tapered element 

oscillating microbalance (TEOM 1400, Thermo Fisher Scientific, Waltham, 

Massachusetts, USA) equipped with a PM1 (particulate matter with a mean 

geometric diameter <1 µm) pre-cyclone and an integrated Teflon filter 

sampler to determine the PM mass concentration gravimetrically. Particle 

mobility size distribution and number concentration were measured with a 

scanning mobility particle sizer system (SMPS, DMA, TSI model 3071, TSI 

Inc., Shoreview, Minnesota, USA). There are also additional filter and 

impactor sampling lines for off-line physicochemical characterization of PM 

such as carbon fractions, PAHs, trace metals, and toxicological 

characterization. The chamber was built to investigate different combustion 

technologies such as traditional wood log stoves as well as modern wood and 

pellet boilers. 

 

Figure 3. Subjects on the ergometer in the wood smoke chamber (left) and diesel 
exhaust chamber (right). 
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Study I and II used a similar firing procedure to generate a soot-rich 

exposure from a traditional wood log stove. Birch wood is a common fuel for 

domestic heating in Sweden and was chosen as fuel in study I and II. Logs 

were inserted every 5-15 minutes during repeated air-starved conditions to 

get an incomplete combustion with high soot and PAH levels (146). This was 

chosen as both soot and PAHs are suspected of driving adverse health 

effects. The wood smoke was mixed with HEPA (high-efficiency particulate 

air) and activated carbon filtered air, chilled to room temperature and fed 

into the exposure chamber to achieve steady state conditions. In study I the 

target PM was 300 µg/m3 for three hours to match a previous study from our 

group that showed upregulation of respiratory antioxidant defenses after 

similar exposure levels (41). In study II the target PM was 1000 µg/m3 for 

one hour to achieve a similar delivered dose in a shorter time frame to match 

investigated time points from previous DE exposure studies. For the control 

exposure, filtered air was fed into the chamber with the exposure monitored 

as during wood smoke exposure. 

The DE and RME exhaust exposures in study II-IV were performed in an 

exposure chamber at Svensk Maskinprovning, Umeå. The chamber measures 

15.6 m3 (2.5x2.5x2.5 m) and the design is similar to the wood smoke 

chamber with an antechamber, stainless steel walls, and windows. There are 

sampling lines for online measures of gases (NOx, CO, HC) and PM with 

filters for offline gravimetrical PM and particle characterization. The TEOM 

used was a TEOM 1400 (Thermo Fisher Scientific, Waltham, Massachusetts, 

USA) and the SMPS included an electrostatic classifier platform (TSI 3080, 

TSI GmbH) with a Differential Mobility Analyzer (TSI DMA 3081) and an 

ultrafine Condensation Particle Counter (TSI CPC 3025A). The engine used 

is a 1991 Volvo TD40 GJE 4.0L, four cylinders, connected to a dynamometer. 

The engine was originally designed for a wheel loader and complies with 

emission standards for EU stage 1/US Tier 1. Diesel exhaust was generated 

using the urban part of the European Transient Cycle (108) with ~90% of the 

exhaust shunted away and the remainder mixed with filtered air and fed into 

the exposure chamber.  

RME biodiesel and low-sulphur standard diesel (Preem’s reference 

petrodiesel, SD-10) were acquired from Preem (Stockholm, Sweden). 

RME30 (30% RME blend) was blended on site using 30% pure RME and 

70% SD-10. The RME30 blend contained Preem’s proprietary fuel additive 

ACP (Active Cleaning Power). The chemical formula of ACP is not public, but 

according to Preem it contains a detergent, a lubricant, and a cetan-number 

increasing agent (personal communication with Preem). Though not blended 

into the petrodiesel or RME100 in our studies, ACP is also routinely blended 
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into Preem’s other diesel varieties, including low sulphur petrodiesel, to 

improve combustion and decrease engine deposits.  

In study III, the comparison was made for PM 300 µg/m3 of petrodiesel 

exhaust vs PM 300 µg/m3 RME30 exhaust. In study IV the comparison was 

made for emission factor rather than PM mass. This was done by using the 

same driving cycle and exhaust dilution into the exposure chamber in both 

exposures. Thus comparing 300 µg/m3 of petrodiesel exhaust to an exposure 

of RME100 (100% RME) exhaust generated under identical running 

conditions. This is because RME emits less PM mass compared to 

petrodiesel and emission factor may therefore be a more relevant 

comparison.  

 

Particle characterization 

Offline particle characterization was done in a similar fashion for both wood 

smoke and diesel exhaust. Particulates were collected on filters inside the 

chambers and polyurethane foam plugs were used for the semivolatile 

fraction of PAHs. PAH compounds (3-6 rings) were analyzed by gas 

chromatography-mass spectrometry. PAH analysis was performed at 

Professor Westerholm’s laboratory at Stockholm University. Analysis of 

organic carbon (OC) and elemental carbon (EC) was done at the Norwegian 

Institute for Air Research (Oslo, Norway) using a thermal-optical carbon 

analyzer. Dr. Mudway at King’s College, London performed metals analysis 

and PM oxidative potential analysis using the sRTLF method (147) based on 

the depletion of antioxidants (ascorbate and glutathione) by standardized 

concentrations of resuspended PM as previously described (148). Particle 

oxidative potential measures were also undertaken by Dr. Miller at the 

University of Edinburgh using electron paramagnetic resonance (EPR). This 

method measures the generation of oxygen-centered free radicals from PM 

in the absence of tissue with pyrogallol as the positive control.  

 

Central arterial stiffness 

Increased arterial stiffness indicates a decrease in arterial elasticity and 

compliance. With stiffer arteries, systolic pressure and pulse pressure rise, 

leading to a greater workload and increased oxygen demand of the left 

ventricle, inducing left ventricle hypertrophy. The greater pulse pressure also 
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leads to decreased diastolic pressure, lowering the capacity for coronary flow 

during diastole.  

Central arterial stiffness is correlated to age as repeated stretching of the 

tissue with every pulse causes a wear on the elastin fibers. These changes 

occur early in life and increased arterial stiffness may be regarded as a 

precursor to hypertension as it is associated with future increases in systolic 

pressure and incident hypertension (149). It is also correlated to various 

states of endothelial dysfunction, hypercholesteremia, diabetes, 

atherosclerosis, and obesity. Arterial stiffness has received much attention 

during the last decade due to its ability to predict cardiovascular outcome 

beyond the traditional markers of cardiovascular risk (150).  

Central arterial stiffness was assessed in study I-III. All measures were done 

in a quiet temperature controlled room with the subjects resting in a semi-

recumbent position. For pre exposure baseline values a 20-minute rest 

period was allowed to ensure the subjects were in a more relaxed state. 

Measures were then taken at ten-minute intervals over the hour post 

exposure to allow for a high temporal resolution. A previous study from our 

laboratory showed that DE exposure elicited an immediate increase in 

central arterial stiffness with values improving over a 30-minute period post 

exposure (92). 

The current gold standard measure of arterial stiffness is pulse wave velocity 

of the aorta, measured as pulse transit time between the right common 

carotid artery and the right femoral artery divided by the path length (94). 

Carotid-femoral pulse wave velocity was measured with the Vicorder system 

(Skidmore Medical, Bristol, UK), which detects the pressure wave at the 

carotid and femoral arteries using inflatable cuffs.  The pulse transit time 

between these sites is calculated by identifying the arrival of the foot of the 

pulse wave using an intersecting tangent algorithm. The pulse wave velocity 

is then automatically calculated using the distance between the sites divided 

by pulse transit time. 

Central arterial stiffness can also be evaluated by assessing the shape of the 

pulse wave at the central aorta with pulse wave analysis. In these studies, 

central arterial stiffness measured by pulse wave analysis was determined 

with a high-fidelity handheld tonometer (Millar Instruments, Texas, USA) at 

the right radial artery using the SphygmoCor™ system (AtCor Medical, 

Sydney, Australia) in accordance with the manufacturer's recommendations. 

In young healthy individuals, the pulse wave is reflected in a manner that 

augments diastolic pressure, thereby increasing coronary flow. As the aorta 

stiffens, the pulse wave reflects earlier and instead augments systolic 
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pressure further increasing load on the left ventricle. The shape of the pulse 

wave is obtained at the radial artery and the central pulse pressure waveform 

is derived from this measurement by means of a mathematical transfer 

function (151). The most important measurement of pulse wave analysis is 

the augmentation index, which has proved an independent marker of 

cardiovascular events and all-cause mortality (150). It is defined as the 

proportion of pulse pressure in the late systolic phase attributable to the 

combined effects of forward and reflected pressure, thus a measure of 

peripheral wave reflection, figure 4. As augmentation index correlates 

inversely to heart rate, measures are standardized for a heart rate of 75 beats 

per minute (152).  

 Figure 4. Pulse pressure amplification from the central aorta to the brachial 

artery. The amplification is reduced for the person with a stiffer aorta (on the 

right), resulting in similar brachial blood pressure despite marked differences in 

central hemodynamics. Pulse wave analysis calculates central waveform (bottom 

panel) from readings at the radial artery (top panel). The systolic wave, P1, 

generates systolic pressure and the reflected waveform, P2, increases diastolic 

pressure in the healthy subject. With stiffer arteries P2 reflects faster and overlaps 

during systole, increasing central systolic pressure. The difference between P2 and 

P1 (P) as a percentage of central pulse pressure (PP) is termed augmentation 

index, with higher values indicating stiffer arteries. Figure adopted from Oliver and 

Webb, Noninvasive Assessment of Arterial Stiffness and Risk of Atherosclerotic 

Events, Arterioscl Throm Vasc Biol, 2003; 23; 4; 554-66. 
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Heart rate variability 

Heart rate variability is a measure of the oscillations of the interval between 

consecutive heartbeats as well as consecutive heart rates. This, in turn, is 

thought to reflect the influence from the sympathetic and parasympathetic 

branches of the nervous system on the heart (79). Though straightforward to 

perform, interpretation of the underlying mechanisms that results in 

alterations of heart rate variability is more controversial. HRV has been used 

in numerous studies of cardiovascular disease and is associated with future 

cardiovascular events (81, 153). 

HRV was measured in study I and III using a continuous 3-lead Holter ECG 

monitor (Spacelabs 90217, Spacelabs, Snoqualmie, Washington, USA). HRV 

and heart rate were determined from the ECG recordings using the Reynolds 

Medical Pathfinder Digital 700 Series Analysis System (Delmar Reynolds, 

Irvine, California, USA) and the HRV Tools software package (Delmar 

Reynolds, Irvine, California, USA). In study I, HRV was assessed pre 

exposure and at 10-minute intervals over the hour post exposure to match 

time points for arterial stiffness measures. Standard time domain measures 

were calculated including the standard deviation of NN interval values 

(SDNN), percentage successive NN interval differences >50 ms (pNN50) and 

root mean square of successive NN interval differences (RMSSD). Frequency 

domain analysis included the low frequency (LF) and high frequency (HF) 

components of the power spectrum. LF and HF are expressed in normalized 

units (LFn and HFn) to account for variation in the total power as well as the 

HF/LF ratio. No geometrical methods are reported due to the difficulties 

obtaining accurate measurements of these indices from short-term 

recordings (154). In Study III, measures of heart rate variability are reported 

as an average during the exposure and an eight-hour period, starting at the 

exposure.  

 

Forearm venous occlusion plethysmography 

Vasomotor response following inhalation challenges assessed by forearm 

plethysmography was reported already in 1896 when Shields found 

vasoconstriction following inhalation of various irritant vapors (155). The 

technique was improved at the turn of the century with the addition of 

venous occlusion, allowing for accurate measurement of flow in the brachial 

artery (156). It has since been further refined with less cumbersome 

measurement equipment, automatic cuffs, and combined with locally 
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infused drugs based on Furchgott, Ignarro and Murad’s discoveries of 

endothelial physiology, figure 5. 

The principle is that arterial flow remains unaltered despite a brief 

interruption of venous return, causing a linear increase in forearm volume 

proportional to arterial flow. Forearm venous flow is interrupted by inflating 

a cuff on the upper arm to above venous pressure (40 mmHg), but below 

diastolic pressure. The hand's circulation is excluded with a wrist cuff 

inflated to 200 mmHg, as most of the blood flow in the hands has a different 

physiology as compared to blood flow in the forearm. A measurement of 

blood flow into the arm is then possible with a plethysmograph placed 

around the forearm. An intra-arterial needle is placed in the brachial artery 

to deliver sub-systemic doses of vasodilator drugs. The response to the drugs 

is assessed by changes in arterial blood flow evidenced by changes in forearm 

volume.  

Forearm venous occlusion plethysmography is a powerful method of 

assessing vascular endothelial function, especially when combined with 

intra-arterial drug infusions (157). It is less invasive than coronary 

catheterization and predicts future cardiovascular events independent of 

traditional risk factors (158, 159). It has been shown that the vasomotor 

response to vasoactive drugs in the forearm correlates to that of the coronary 

arteries (160), thereby allowing the vascular bed in the forearm to be used as 

a surrogate of coronary function. Forearm venous occlusion 

plethysmography allows for assessing the vascular response to drugs in sub-

systemic doses in a safe, robust and reproducible manner (157) and was used 

for this purpose in study II-IV in this thesis.    
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Figure 5. Top left shows Shields' 1896 plethysmograph, top right shows our 
mercury-in-silicone strain gauge plethysmograph with drug infusion into the 
brachial artery. Bottom graph shows change in forearm volume in response to 
venous occlusion during infusion of sodium nitroprusside (4 µg/min) in the infused 
arm (top) and non-infused arm (bottom).  

In the protocols used in this thesis, the brachial artery of the non-dominant 

arm was cannulated with a 27-standard-wire-gauge (G) steel needle to allow 

for intra-arterial drug infusion. Following a 20-minute infusion of 0.9% 

saline, four different vasodilator drugs are infused in the brachial artery in 

three incremental doses separated with 20-minute washout periods, figure 6. 

Infusion rate was maintained at 1 mL/min throughout. Bradykinin (an 

endogenous endothelial-dependent vasodilator that releases tissue 
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plasminogen activator (t-PA)) is infused at 100, 300, and 1000 pmol/min; 

acetylcholine (an endothelial-dependent vasodilator that does not release t-

PA) is infused at 5, 10, and 20 g/min; sodium nitroprusside (an 

endothelial-independent vasodilator that does not release t-PA) is infused at 

2, 4, and 8 g/min and verapamil (an endothelial-independent and nitric 

oxide independent vasodilator that does not release t-PA) is infused at 10, 

30, and 100 g/min. Bradykinin, acetylcholine, and sodium nitroprusside 

are given in random order and verapamil is administered last due to its long 

acting effects, figure 6. Mercury-in-silicone strain gauges are used to assess 

forearm volume in the infused and non-infused arm simultaneously. This 

approach allows for analysis of different aspects of endothelial function and 

NO production in the vascular endothelium as well as general vasomotor 

function independent of the NO pathway. Acetylcholine and bradykinin are 

both dependent on function of nitric oxide synthase in the endothelium. 

Both are predicted to have impaired effects on vasomotor function in the 

setting of endothelial dysfunction and nitric oxide synthase uncoupling. 

Nitroprusside is donating NO and therefore tests the same pathway further 

downstream, thus testing the sensitivity to NO. Verapamil is a calcium 

channel blocker acting direct on the smooth vasculature independent of 

endothelial function and may be regarded as a control drug.   

0.9% NaCl 0.9% NaCl 0.9% NaCl 0.9% NaCl

Acetylcholine Sodium Nitroprusside Bradykinin Verapamil

Randomized order

Blood samples

Figure 6. Chart illustrating the drug protocol used for venous occlusion 
plethysmography. Drugs are given in incremental doses. Blood samples are taken 
repeatedly for t-PA analysis during the bradykinin infusions. Drugs are given in 
random order, except verapamil, which is given last due to its long acting effects. 

Powerlab (AD instruments, Dunedin, New Zealand) and a Windows personal 

computer was used for data acquisition and offline analysis of blood flow was 

performed using LabChart 5 software (AD instruments, Dunedin, New 

Zealand). 
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The tendency to generate and clear thrombus is dependent on a balance 

between tissue plasminogen activator (t-PA) and plasminogen activator 

inhibitor type 1 (PAI-1). Impaired fibrinolytic reactivity to exercise is a 

prognostic marker in patients with stable angina (161) and release of t-PA 

can also be studied after stimulated release by bradykinin. At baseline and 

during the bradykinin infusion blood samples were drawn simultaneously 

from both arms and analyzed for t-PA. Samples were kept on ice before 

being centrifuged at 2000g for 30 minutes at 4 °C. Plasma was decanted and 

stored at -80 °C before assay. Plasma t-PA concentrations were determined 

by enzyme-linked immunosorbent assay, performed by colleagues at the 

University of Edinburgh, Scotland, UK.  

Forearm venous occlusion plethysmography was used in study II-IV and 

started four hours post exposure as previous DE exposure studies from our 

laboratory have shown consistent vasomotor dysfunction two to eight hours 

post exposure (76), figure 7. The protocol for four drugs with baseline 

measures and washout periods, including time for blood samples, switching 

between drugs, making sure the arterial line is patent, and measurements 

are correct, takes approximately three hours.  
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Figure 7. Forearm blood flow in subjects 2 to 4 hours after diesel exposure 
(•) and air (○) during intrabrachial infusion of bradykinin, acetylcholine, 
sodium nitroprusside, and verapamil. Mills N L et al. Circulation. 
2005;112:3930-3936. 

 

Badimon chamber study 

PM air pollution promotes thrombosis and both animal and human exposure 

studies have shown increased thrombus formation following DE exposure 

(76). The Badimon technique is an elegant and highly reproducible 

technique to study ex vivo thrombus formation in which denuded porcine 

aortic strips are used as thrombotic substrate (122).  

Porcine aortic strips were prepared by removing the intima and a thin part of 

the medial layer to simulate deep arterial injury and increase thrombus 

formation. The strips were placed in specially designed chambers linked with 

plastic connectors. The chambers were submerged in a 37 °C water bath to 
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maintain body temperature. Blood was drawn from a large bore venous 

cannula (17 G) via polyethylene tubing through the consecutive chambers 

using a peristaltic pump at a rate of 10 ml/min for five minutes, figure 8. The 

investigation was carried out only if uninterrupted blood flow was achieved. 

Thereafter 0.9% saline was run through the chambers for one minute to 

flush away excess blood before the aortic strips were fixed in 4% 

paraformaldehyde for 72 hours and embedded in paraffin-wax for 

subsequent histological analysis. 

Cross-sectional sections of the strips were cut and stained with Masson's 

trichrome stain to measure total thrombus area. The sections were analyzed 

by a blinded operator using a semi-automatic microscope and image analysis 

software and total thrombus area was quantified as described previously 

(123). 

The Badimon technique was performed two hours post exposure in study II-

IV. The time point was chosen to replicate previously demonstrated 

thrombotic effects of DE (37, 123). We hypothesized that wood smoke 

exposure would have similar effects, including a similar time kinetic.  

 

Figure 8. Badimon chamber. The chambers are submerged in a water bath kept at 
37⁰ C (left). Blood interacts with the aortic strips and thrombus form (center). 
Cross-sectional sections are evaluated for total thrombus area (right).    

 

Platelet activation with Fluorescence Activated Cell 
Sorting 

Platelet activation was assessed in study II-IV by quantifying platelet-

monocyte aggregation, CD40 positivity of monocytes, and platelet 

expression of P-selectin and CD40 ligand. DE is known to increase platelet 

activation two and four hours post exposure, therefore similar markers and 
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time points as have been used previously were chosen in the current studies 

(123). 

Platelet activation was analyzed with fluorescence activated cell sorting 

(FACS). This is a technique for counting and examining microscopic 

particles by suspending them in a stream of fluid and passing them through 

an electronic detection apparatus. When passing the particles through a light 

beam, the scattered light is recorded and gives information about the size 

and density of the particle. After staining blood samples with fluorescent 

antibodies, analysis can be made of different molecules expressed on the cell 

surface.  

Immediately following sample collection whole blood was labelled with 

monoclonal antibodies and incubated at +4 °C for 20 minutes. Antibodies 

used were; CD14 for monocytes (DAKO, Glostrup, Denmark), CD42a for 

platelets, CD14 FITC and CD40 PE for CD40 positive monocytes, and CD62p 

for P-selectin and CD154 for CD40 expression of platelets (Serotec, Oxford, 

UK). Samples were then fixed and lysed (FACS-Lyse Becton Dickinson, 

Franklin Lakes, New Jersey, USA) and analyzed using FACSCalibur flow 

cytometer (Becton Dickinson, Franklin Lakes, New Jersey, USA) 

 

Respiratory measures 

PM, DE, and wood smoke have been shown to cause adverse respiratory 

effects in epidemiological and experimental studies (23, 41, 136). Though not 

the focus of this thesis, basic measures of respiratory function were obtained 

via spirometry (Jaeger MasterScreen, Carefusion, San Diego, California, 

USA) pre and post exposure. Fraction of exhaled NO at 50 ml/sec was 

investigated in study III using a chemiluminescence analyzer, Niox 

(Aerocrine, Stockholm, Sweden). These measures were included for safety 

reasons to exclude gross airway inflammation and changes in lung function. 

 

Blood chemistry and hematological measures 

Routine blood chemistry and blood cell counts were obtained in all studies. 

Both were part of basic health screening for eligibility of inclusion in all 

studies and measured throughout in studies II-IV. All samples were analyzed 

using a validated auto analyzer at the Department of Clinical Chemistry, 

Norrland University Hospital, Umeå.  
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Statistics 

All data in the thesis was analyzed using GraphPad Prism, version 5.0, 

(GraphPad Software, USA) by 2-tailed paired Student's t-test, Wilcoxon 

signed rank test and one-way and two-way analysis of variance (ANOVA) 

with repeated measures as appropriate. Research subjects were all acting as 

their own control and therefore paired tests were used when possible. 

Statistical significance was taken at two-sided p<0.05. Data are presented as 

mean ± standard error of the mean (SEM), ± standard deviation (SD), 

median with interquartile range or as otherwise stated. All data analysis was 

performed prior to unblinding the exposures. Where pre exposure data is 

available, results are reported as change from pre exposure baseline to avoid 

bias from day to day variations. 

In study I, data from blood pressure, heart rate, HRV and central arterial 

stiffness were calculated as change from baseline at 10-minute intervals over 

the hour post exposure. This was done to allow for a high temporal 

resolution as we hypothesized effects might be rapid and transient. Averages 

at these time points were used to do two-way repeated measures ANOVA 

with exposure as one variable and time as the other. Reported p values refer 

to exposure. A similar approach was used in study II and III to evaluate 

effects on blood pressure and arterial stiffness. 

To evaluate effects on vasomotor function two-way repeated measures 

ANOVA was used in study II-IV as described previously (106). Forearm 

blood flow was calculated for both arms at baseline and following each drug 

concentration. Average blood flow at incremental doses of drugs were 

reported with exposure as one parameter and drug concentration as the 

other. P values are for exposure unless otherwise stated. A similar approach 

was used to evaluate plasma concentrations of stimulated release of t-PA. 

Comparisons of thrombus formation in the Badimon chamber and platelet 

activation were done using 2-tailed paired Student’s t-test in study II-IV.  

Hematological parameters are compared over 24h post exposure in study II-

IV, using two-way ANOVA with time and exposure as parameters. This 

approach was used to investigate any delayed responses, though the main 

focus of all studies in this thesis are the acute effects within hours of 

exposure.   
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Power Calculations 

Study I was performed as a sub-study to a larger experiment focusing on the 

respiratory effects of wood smoke exposure. Measures of blood pressure, 

central arterial stiffness, and HRV were included as exploratory endpoints, 

therefore no formal power calculations were performed for these endpoints.  

Study II-IV were powered based on measurements of the primary endpoints 

(endothelial vasomotor function and endogenous fibrinolysis assessed by 

forearm venous occlusion plethysmography; and ex vivo thrombus formation 

assessed using the Badimon chamber). Based on our previous studies of 

endothelial vasomotor function and endogenous fibrinolysis, to detect a 20% 

difference in forearm blood flow and a 16% difference in t-PA release, we 

required sample sizes of n=18 at 90% power and two-sided p<0.05. Based on 

previous studies by our own and Professor Badimon’s group, to detect 

differences of 10% in thrombus area, we required sample sizes of n=18 at 

90% power and two-sided p<0.05. 
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Results 

 

Study I 

In this study subjects were exposed to wood smoke at a target concentration 

of PM 300 µg/m3 and filtered air for three hours. Following each exposure 

measures of heart rate variability and arterial stiffness were analyzed. We 

hypothesized that wood smoke would increase central arterial stiffness and 

blood pressure and decrease heart rate variability.  

Fourteen subjects (8 males) completed the study with no adverse events and 

their characteristics are reported in table 1.  

Anthropomorphic measures  

Age, years 
Males:        26 (22-29) 

Females:    26 (24-35) 

Height, cm 
Males:        181 (163-184) 

Females:    168 (162-175) 

Weight, kg 
Males:        87 (72-104) 

Females:    62 (53-68) 

BMI, kg/m2 
Males:        26 (24-33) 

Females:    22 (19-25) 

Pre exposure measures on 
respective study day 

Filtered air Wood smoke 

Systolic blood pressure, mmHg 126±4 126±5 

Diastolic blood pressure, mmHg 70±2 70±2 

Heart rate, beats per minute 74±4 70±3 

Pulse wave velocity, m/s 6.0±0.2 5.9±0.2 

Augmentation Index, % -4.1±2.9 -7.0±2.6 

SDNN, ms 74 (34-123) 88 (65-110) 

RMSSD, ms 46 (21-65) 63 (36-81) 

PNN50, % 24 (2-42) 35 (14-46) 

HFn, ms 27 (14-41) 29 (13-51) 

LFn, ms 73 (57-80) 69 (47-84) 

HF/LF, ratio 0.37 (0.17-0.71) 0.43 (0.12-1.08) 

Table 1. Subject characteristics. Median and range for anthropomorphic measures. 
Mean ± SEM or median with interquartile range for pre exposure measures. SDNN 
= standard deviation of successive NN intervals; RMSSD = root-mean square of 
successive NN interval differences; PNN50 = percentage of successive NNs that 
differ >50ms, HFn = high frequency components expressed as normalized units; 
LFn = low frequency components expressed as normalized units; HF/LF = high 
frequency/low frequency.  
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Exposure 

Mean gravimetrical PM mass during wood smoke exposure was 294±36 

µg/m3, associated with a mean CO concentration of 25±6 ppm. The 

carbonaceous PM was dominated by elemental carbon and the PM was 

estimated to consist of 38% soot and 24% organics. Total PAH concentration 

was 1.1±0.7 µg/m3, with 74% being in the particulate phase, table 2.  

 
 Mean±SD Max Min 

PM1 mass conc. (TEOM), µg/m3 314±38 356 232 

PM1 mass conc. (filter), µg/m3 294±36 351 246 

NOx, ppm 0.41±0.12 0.65 0.26 

CO, ppm 25±6 35 16 

Soot fraction of total PM1, % 38±9.9 53 28 

PAH - PM associated (from filter), µg/m3 0.78±0.56 1.94 0.18 

PAH - semivolatile (from PUF), µg/m3 0.28±0.12  0.53 0.14 

Table 2. Exposure characteristics during the 3-hour exposure to wood smoke. 
PM1=particulate matter <1µm; CO = Carbon monoxide, NOx = oxides of nitrogen. 
PAH= polycyclic aromatic hydrocarbons; PUF = polyurethane foam plug. 

As compared to filtered air exposure, changes in augmentation index, 

augmentation pressure, and pulse wave velocity were elevated following 

wood smoke exposure (p<0.01 for all), figure 9. Wood smoke exposure did 

not affect systolic or diastolic blood pressure (p=0.86 and p=0.21 

respectively), but did increase heart rate (p<0.01). Over the hour post 

exposure, wood smoke decreased general measures of heart rate variability 

and the high frequency domain (HFn) recordings (p<0.01 for all), whereas 

the low frequency domain (LFn) was unchanged (p=0.09), as compared to 

filtered air, figure 10. During later time points up to 24 h, heart rate 

variability measures were similar after either exposure (p>0.05 for all, data 

not shown). 
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Figure 9. Vascular parameters over the hour post exposure, as change from pre 
exposure baseline. Compared to filtered air, wood smoke exposure increased heart 
rate, pulse wave velocity, augmentation index corrected for heart rate and 
augmentation pressure (p<0.01 for all), but no effect was seen on brachial systolic 
(p=0.86) or diastolic (p=0.21) blood pressure.  All data expressed as mean ± SEM. 
P-values for exposure from repeated measures two-way ANOVA. 

Figure 10. Heart rate variability over the hour post exposure, as change from pre 
exposure baseline. Compared to filtered air, wood smoke exposure decreased the HF 
domain (p<0.01), but not the LF domain (p=0.09).  All the time domain recordings 
were reduced following wood smoke exposure as compared to filtered air; SDNN, 
RMSSD and pNN50 (p<0.01 for all). All data expressed as mean ± SEM. P values 
for exposure from repeated measures two-way ANOVA. 
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In this study we have demonstrated an acute adverse effect on the 

cardiovascular system following a three-hour exposure to wood smoke. 

Effects were seen on arterial stiffness, heart rate and heart rate variability, 

but diastolic and systolic blood pressure were unchanged. Time kinetics of 

the responses in arterial stiffness are similar to those following DE exposure 

(92) and the decrease in several measures of heart rate variability indicate 

that these effects may be driven by the autonomous nervous system.   

 

Study II 

 

To follow up from study I, a more comprehensive assessment of the 

cardiovascular system following wood smoke exposure was undertaken in 

study II. We hypothesized that wood smoke exposure would cause similar 

vascular impairment as has previously been shown following DE exhaust 

exposure, including similar time kinetics. The study was designed to evaluate 

primarily vascular endothelial function, thrombus formation and 

thrombolytic capacity following wood smoke exposure. We also sought to 

replicate the effects on arterial stiffness found in study I. Target PM 

concentration was 1000 μg/m3 during a one hour exposure, to achieve a 

similar delivered dose as in study I over a shorter period of time.  

Sixteen male subjects completed the study with no adverse events; their 

baseline characteristics are reported in table 3. 

Anthropomorphic measures 

Age, years 26 (22-34) 

Height, cm 179 (167-196) 

Weight, kg 79 (64-100) 

Body Mass Index, kg/m2 24 (20-27) 

Pre exposure measures on 

respective study day 

Filtered 

air 

Wood smoke 

Systolic Blood pressure, mmHg 135 ± 2 132 ± 2 

Diastolic blood pressure, mmHg 75 ± 2 75 ± 2 

Augmentation index 75, % -10.4 ± 2.5 -7.9 ± 2.5 
 

Pulse wave velocity, m/s 6.4±0.1 6.3±0.1 

Table 3. Subject characteristics, median and range for anthropomorphic measures, 
mean ± SEM for baseline measures. 
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Exposure 

Mean gravimetrical PM mass was 899±100 μg/m3, mean PM size was 168 
nm and mean CO levels were 16 ppm, table 4. 

 
 Mean±SD Min Max 

PM1  (TEOM), µg/m3 1115±200 922 1561 

PM1  (filter), µg/m3 899±100 726 1105 

CO, ppm 16±6 8 25 

NOx, ppm 0.6±0.3 0.3 1.0 

EC/TC, ratio 0.8±0.0 0.8 0.8 

Organic fraction of total PM, % 23±5 20 29 

Soot fraction of total PM, % 60±15 40 79 

PM associated PAHs, µg/m3 3.9±2.3 1.5 6.7 

Semivolatile PAHs, µg/m3 0.1±0.1 0.0 0.2 

Table 4. Exposure characteristics during the 1 hour exposure to wood smoke. CO= 
carbon monoxide, EC/TC= ratio of elemental (EC) and total (TC) carbon, NOx= 
oxides of nitrogen. 

 

Vascular and thrombotic studies 

Infusion of all vasodilators caused an increase in forearm blood flow (p<0.01 

for all). Responses to acetylcholine (p=0.91), sodium nitroprusside (p=0.52) 

and verapamil (p=0.63) were similar after either exposure. Bradykinin 

caused increased blood flow after wood smoke exposure as compared to 

filtered air (p<0.01), figure 11. Dose dependent release of t-PA following 

bradykinin infusion was similar after either exposure (p=0.72), figure 12c. 
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Figure 11. Forearm blood flow during intrabrachial infusion of vasodilator drugs 

following filtered air or wood smoke exposure. Data expressed as mean ± SEM. The 

graphs show response to incremental doses of acetylcholine, bradykinin, sodium 

nitroprusside, and verapamil. Values for infused and non-infused arm. P>0.05 for 

acetylcholine, sodium nitroprusside, and verapamil. Following wood smoke 

exposure, bradykinin caused a greater increase in blood flow (p<0.01). P values for 

exposure from repeated measures two-way ANOVA. 

Platelet activation (platelet-monocyte binding, monocyte surface expression 

of CD40 and platelet surface expression of CD40L and P-selectin) was 

similar 2 and 24 h after either exposure (p>0.05 for all), figure 12a-b. Ex-

vivo Thrombus formation in the Badimon chamber was similar after either 

exposure (p=0.54), figure 12d. 

 

In this study there were no changes in either brachial blood pressure (similar 

over the hour post exposure and the 24 h period, data not shown) or arterial 

stiffness following wood smoke exposure, as compared to filtered air, figure 

13. 



 

45 

Figure 12. Platelet-monocyte binding (a) and platelet expression of P-selectin (b) 

were unchanged two and 24 hours following exposure to wood smoke or filtered 

air. Bradykinin caused a dose-dependent release of tissue-plasminogen activator (t-

PA) antigen (p<0.01), which was similar after both exposures (c). Thrombus 

formation in the Badimon chamber was similar 2 hours after exposure to wood 

smoke or filtered air (d).  

 

Figure 13. Change in arterial stiffness over the hour post exposure. Compared to 
filtered air, wood smoke exposure did not affect pulse wave velocity (p=0.98), 
augmentation index (p=0.72) or augmentation pressure (p=0.90). All data 
expressed as mean ± SEM. P-values for exposure from repeated measures two-way 
ANOVA. 
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Blood cell counts were similar after either exposure (p>0.05 for all, data not 

shown). Levels of carboxyhemoglobin increased from 0.9% to 1.3% following 

wood smoke exposure and returned to 0.8% 24 hours later (p<0.01 as 

compared to filtered air). 

Using a broad range of methods to assess cardiovascular health, we found no 

evidence of acute cardiovascular impairment after a one hour exposure to 

wood smoke. Furthermore, we were not able to replicate the effects on 

arterial stiffness demonstrated in study I. Contrary to our hypothesis, wood 

smoke does not seem to impair vasomotor function and increase thrombus 

formation in healthy fire fighters. 

 

Study III 
 

In this study sixteen subjects (two females) were exposed to DE and RME30 

exhaust for one hour with a target concentration of PM10 300 μg/m3. Subject 

characteristics and baseline measures are reported in table 5. We 

hypothesized that RME30 exhaust would be less harmful to the 

cardiovascular system than DE. Primary endpoints were vascular endothelial 

function assessed with forearm venous occlusion plethysmography and 

thrombus formation assessed with the Badimon technique. 

 

 

Exposure 

 

Mean gravimetrical PM exposures were similar for DE and RME30 exhaust. 

As predicted, total HC was lower and NOx was higher for RME30 exposure 

compared to DE exposure, table 6. Exposures were all well tolerated and the 

subjects rated all symptoms as low, or very low with no differences between 

the exposures (data not shown). 
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Anthropomorphic measures   
Age, years Males: 25 (21-29) 

Females: 26 (24-27) 

Height, cm Males: 181 (173-195) 
Females: 171 (166-177) 

Weight, kg Males: 76 (67-88) 
Females: 69 (58-79) 

Body Mass Index, kg/m2 Males: 23 (20-25) 
Females: 23 (21-25) 

Pre exposure measures  Petrodiesel RME30 

VC, L 5.8±0.3 5.9±0.2 

FEV1, L 4.6±0.2 4.6±0.2 

FeNO50, ppb 12±1 11±1 

Systolic BP, mmHg 121±3 123±2 

Diastolic BP, mmHg 69±1 71±1 

Pulse, bpm 65±2 64±2 

Augmentation Index 75, % 1.7±2.1 -1.1±1.9 

Augmentation Pressure, mmHg 0.8±0.7 -0.1±0.6 

Pulse Wave Velocity, m/s 6.4±0.2 6.5±0.2 

 
Table 5. Subject characteristics. Median and range for anthropomorphic 
measures. Mean ± SEM for pre exposure measures. VC; vital capacity, FEV1; forced 
expiratory volume in 1 s, FeNO50; fraction of exhaled nitric oxide at 50 ml/s. 
 
 Petrodiesel RME30 

PM10, µg/m3 314±27 309±30 

HC, ppm 1.0±0.1 0.9±0.1 

NOx, ppm 3.9±1.0 4.6±1.0 

EC/TC, ratio 0.66±0.01 0.64±0.02 

Temp, C 22±1 22±1 

Humidity, % 36±13 33±11 

Table 6. Exposure characteristics. HC, total gaseous hydrocarbons, EC/TC= ratio 
of elemental (EC) and total (TC) carbon, NOx= oxides of nitrogen. Mean and 
standard deviation. 

 

Blood pressure and Central arterial stiffness 

Over the hour post exposure, pulse wave velocity was lower following 

RME30 exhaust exposure (p=0.04), figure 14. All other measures of blood 

pressure, central arterial stiffness, heart rate variability (table 7), respiratory 

function (data not shown) and exhaled NO (data not shown) were similar 

following either exposure (p>0.05 for all). 
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Figure 14. Measures of cardiovascular parameters over the hour post exposure. 
Data reported as mean with SEM. P values for exposure from repeated measures 
two-way ANOVA. 

  1 h Exposure 
P 

8 Hour recording 
P 

Petrodiesel RME30 Petrodiesel  RME30 

SDNN, ms 130±10 126±9 0.88 179±11 177±12 0.81 

RMSSD, ms 28±4 42±7 0.12 43±3 44±3 0.36 

pNN50, % 10±3 21±5 0.12 19±2 20±2 0.42 

HFn, ms 21±2 24±2 0.39 26±1 27±2 0.57 

LFn, ms 75±2 73±2 0.47 73±2 71±2 0.59 

HF/LF, ratio 0.29±0.04 0.35±0.04 0.39 0.36±0.03  0.38±0.03 0.58 

Table 7. HRV measures during the exposure and the full 8 hour recording, starting 
at the exposure. Values were tested for normality and found normally distributed. 
Mean values ± SEM, p values for Student’s paired t-test. SDNN = standard 
deviation of successive NN intervals; RMSSD = root-mean square of successive NN 
interval differences; PNN50 = percentage of successive NNs that differ > 50ms; 
HFn = high frequency components expressed as normalized units; LFn = low 
frequency components expressed as normalized units; HF/LF = high frequency/low 
frequency 
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Vascular function 

Vasomotor response was similar following either exposure with infusion of 

all vasodilators causing an increase in forearm blood flow (p<0.01 for all) 

that was similar following petrodiesel and RME30 exposure, figure 15. 

Figure 15. Forearm blood flow during intrabrachial infusion of vasodilator drugs 
following petrodiesel or RME30 exhaust exposure. Data shown as mean ± SEM. The 
figure shows responses to incremental doses of acetylcholine, bradykinin, sodium 
nitroprusside and verapamil. Values for infused and non-infused arm. Response to 
all drugs were similar after either exposure. P values for exposure from repeated 
measures two-way ANOVA. 
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Thrombosis 

Ex-vivo thrombus formation in the Badimon chamber two hours post 

exposure and platelet activation was similar after either exposure (p>0.05 

for all), figure 16, table 8. 

 

Figure 16. Thrombus area in the Badimon chamber was similar after either 
exposure. P value for Student’s paired t-test. 

 Hours post 
exposure 

Petrodiesel RME30 p value 

Platelet Monocyte 
 Binding, % 

2 36±3 39±3 0.43 
4 42±3 40±3 0.53 

Monocyte CD40 
 Positivity, % 

2 18±3 20±3 0.53 
4 19±3 17±2 0.67 

Platelet CD40 
 Ligand Positivity, % 

2 0.5±0.1 0.5±0.1 0.73 
4 0.4±0.0 0.5±0.1 0.81 

Platelet p-selectin 
 Expression, % 

2 1.0±0.1 1.4±0.3 0.18 
4 1.3±0.2 1.0±0.1 0.11 

Table 8. Platelet activation was similar after either exposure. Mean values with 
SEM. P values for Student’s paired t-test.  

Changes in blood cell counts were similar after either exposure with a 
transient increase in leukocytes and neutrophils along with a reduction of 
platelets. All values normalized over 24 hours, data not shown.  

Contrary to our hypothesis we found similar acute cardiovascular effects 
following exposure to RME30 exhaust and DE. As DE is previously shown to 
cause endothelial dysfunction and increased thrombus formation in similarly 
designed experiments, we conclude that RME30 exhaust induces similar 
adverse cardiovascular effects as DE.  
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Study IV 

To follow up from study III, we investigated whether pure biodiesel exhaust, 

RME100, would exert different effects on the cardiovascular system than DE. 

As biodiesel in general, including RME, emit less PM mass than DE the 

comparison was made for emission factor rather than PM mass. We 

hypothesized that replacing petrodiesel with RME100 would lead to less 

vascular impairment following exposure standardized for emission factor. 

Nineteen male subjects completed the study with no adverse events and their 

characteristics are reported in table 9. 

Anthropomorphic measures  

Age, years 28 (20-38) 

Height, cm 182 (168-190) 

Weight, kg 78 (55-97) 

Body Mass Index, kg/m2 24 (19-29) 

Pre exposure measures Petrodiesel RME30 

VC, L 6.3±0.3 6.3±0.3 

FEV1, L 4.8±0.2 4.8±0.2 

FeNO50, ppb 13±1 15±2 

Systolic blood pressure, mmHg 136±3 135±3 

Diastolic blood pressure, mmHg 79±2 78±2 

Heart rate, bpm 68±2 68±2 

Table 9. Subject characteristics. Median and range for anthropomorphic 
measures. Mean ± SEM for pre exposure measures. VC = vital capacity; FEV1 = 
forced expiratory volume in 1 s, FeNO = fraction of exhaled nitric oxide at 50 ml/s. 

 

Exposure 

Mean gravimetrical PM concentrations were 310±34 µg/m3 for petrodiesel 

exhaust and 165±16 µg/m3 for RME100 exhaust. HC was lower and NOx was 

higher for RME100 exhaust compared to DE. Both particle bound and 

semivolatile PAHs were lower for RME100 exhaust, table 10. Subjects 

reported generally mild or very mild symptoms which were similar during 

both exposures (data not shown). 

  



 

52 

Parameter Petrodiesel RME100 

PM10, µg/m3 310±34 165±16 

Total gaseous HC, ppm 0.93±19 0.87±0.15 

NOx, ppm 6.1±0.4 7.3±0.5 

EC/TC, ratio 0.66±0.01 0.43±0.03 

Temp, °C 22±2 22±1 

Relative humidity, % 28±11 30±13 

Particle number concentration, 

#x105/cm3 
1.7±0.3 2.2±0.1 

Particle-bound PAHs, µg/m3 156±16 76±24 

Semivolatile PAHs, µg/m3 244±81 225±167 

Table 10. Exposure characteristics, mean and standard deviation. Elemental (EC) 
and organic (OC) carbon. Reported concentration of semivolatile PAHs are the sum 
of; phenanthrene, anthracene, 3-methylphenanthrene, 2-methylphenanthrene, 2-
methylanthracene, 9-methylphenanthrene, 1-methylphenanthrene, 4H-
cyclopenta[def]phenanthrene, 2-phenylnaphthalene, 3,6-dimethylphenanthrene, 
3,9-dimethylphenanthrene, fluoranthene, pyrene, 2-methylpyrene, 4-methylpyrene, 
1-methylpyrene, benz[a]anthracene, and chrysene. Reported concentration of PM 
associated PAHs include those measured in the semivolatile phase and the sum of 
benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, 
perylene, indeno[1,2,3-cd]pyrene, and benzo[ghi]perylene. 

Particle size distribution differed between DE and RME100 exhaust with a 

shift towards smaller particles for RME100 exhaust, figure 17. RME100 

exhaust had an ultrafine mode and peak particle number concentration at 35 

nm, to be compared with 125 nm for DE. RME100 exhaust had a slightly 

higher total particle number concentration of 2.2±0.1x105 particles/cm3 

compared to DE with 1.7±0.3x105 particles/cm3. This is in spite of PM mass 

in the RME exhaust exposures being almost half that of the PM mass during 

DE exposure. 
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Figure 17. Particle size distributions, mobility particle size in the range 17-685 nm. 
The size distributions were very similar between the measured DE and RME100 
exposures, respectively, and in the figure, typical size distributions for DE and 
RME100, respectively, is shown with variations within the exposure occasions, 
illustrated as standard deviations. 

 
PM reactivity measured with EPR was inversely correlated to RME content 

in the fuel, figure 18. P<0.01 for one-way ANOVA with decreasing reactivity 

with increasing RME blend at both 30-minute and 60-minute incubation. A 

similar picture was apparent for the ascorbate and glutathione dependent 

oxidative potentials assessed with sRLTF, figure 19a.  

 

There was a significant enrichment of Mn (manganese), Fe (iron), V 

(vanadium), Ni (nickel), Cr (chromium) and Mo (molybdenium) in the 

RME30 and RME100, relative to the petroldiesel exposure in both the 

PM<0.2m and PM 0.2-2.5m size ranges. PM Cu (copper) and Zn (zinc) 

concentration was similar between the fuels, figure 19b. 
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Figure 18. Superoxide generation from PM from petrodiesel exhaust, RME30 
exhaust and RME100 exhaust at 30 and 60-minute incubations. Pyrogallol included 
as positive control.  

 
Figure 19. Oxidative potential and total metal composition of PM derived from 
petroldiesel and RME blended fuels. Panel A: Aggregated oxidative potential, 
representing the sum of the individual ascorbate and glutathione dependent metrics 
for the PM<0.2m and PM0.2-2.5m fractions. Data are shown as means with 
standard deviation. Panel B represents the concentration of a selection of the 
measured metals in both PM fractions derived from each fuel type. Asterisks 

represent significant differences (p<0.05) in concentration relative to petrodiesel.  
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Vascular studies 

Vasomotor function was similar following both exposures with infusion of all 

vasodilators causing an increase in forearm blood flow (p<0.01 for all) that 

was similar following petrodiesel and RME100 exposure (p>0.05 for all), 

figure 20. 

 
Figure 20. Forearm blood flow during intrabrachial infusion of vasodilator drugs 
following petrodiesel and RME100 exhaust exposure. Data shown as mean ± SEM. 
The figures show responses to incremental doses of acetylcholine, bradykinin, 
sodium nitroprusside and verapamil. Values for infused and noninfused arm. 
Response to all drugs was similar after either exposure. P values for exposure from 
repeated measures two-way ANOVA. 

There were no differences in endogenous fibrinolysis, t-PA antigen 

concentration was similar after both exposures (p=0.38). Bradykinin 

infusion caused a dose dependent release of t-PA antigen (p<0.01), which 

was similar following either exposure p=0.82, figure 21. Ex vivo thrombus 

formation in the Badimon chamber (figure 22) and platelet activation were 

also similar after each exposure (p>0.05 for all), table 11. As were blood cell 

counts with a transient increase in leukocytes and neutrophils along with a 

reduction of platelets following DE as well as RME100 exhaust exposure. 

Blood cell counts normalized over 24 hours (p>0.05 for all, data not shown). 
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Figure 21. Bradykinin caused a dose-dependent release of tissue-plasminogen 
activator (t-PA) antigen (p<0.01), which was similar after both exposures (p=0.82). 
P values for drug concentration and exposure from two-way ANOVA. 
 
 

 
Figure 22. Thrombus area in the Badimon chamber was similar after either 
exposure. P=0.48, Student’s paired t-test. 
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Hours post 
exposure 

Petrodiesel RME100 p  

Platelet Monocyte 
Binding, % 

2 36± 5 29± 4 0.15 
4 31±4 28±4 0.53 

Monocyte CD40 
positivity, % 

2 4±1 2±1 0.25 
4 3±1 2±1 0.46 

Platelet CD40 Ligand 
Positivity, % 

2 0.3 ± 0.1 0.2 ± 0.0 0.45 
4 0.2 ± 0.0 0.2 ± 0.1 0.93 

Platelet p-selectin 
expression, % 

2 0.5 ± 0.1 0.4 ± 0.1 0.31 
4 0.3 ± 0.01 0.4 ± 0.1 0.60 

Table 11. Platelet activation was similar after either exposure. P values for 
Student’s paired t-test with SEM.  

Replacing petrodiesel with RME100 almost halved the PM mass exposure 

along with a shift in particle size to smaller particles and a higher particle 

number concentration. The RME100 derived PM generated less superoxides 

in the absence of tissue, had less oxidative potential and contained less PAHs 

yet a higher metal concentration compared to DE derived PM. Despite these 

marked physicochemical differences of the exhaust, the acute cardiovascular 

response was similar. Contrary to our hypothesis, replacing petrodiesel with 

RME100 did not mitigate the adverse effects on vasomotor function and 

thrombogenicity.  
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Discussion 

In four separate studies we have investigated the acute cardiovascular 

response to wood smoke and RME biodiesel exhaust exposure. We have for 

the first time demonstrated that wood smoke exposure can increase central 

arterial stiffness and decrease heart rate variability in healthy subjects. When 

healthy fire fighters were exposed to wood smoke at a higher concentration 

for a shorter time period we did not find evidence of vasomotor dysfunction 

or increased thrombogenicity. Furthermore, we did not replicate the results 

of increased central arterial stiffness from study I, suggesting heterogeneity 

in the response either due to study population or exposure characteristics. 

We have also shown for the first time that RME exhaust (from a 30% blend 

as well as pure RME) induces similar acute adverse effects on the vascular 

endothelium as previously demonstrated for DE, despite marked 

physicochemical differences.  

The studies in this thesis follow in a long tradition of air pollution research in 

Umeå. During the last decade we have had a very fruitful collaboration with 

colleagues at the University of Edinburgh, UK and together our two groups 

have performed a large number of experimental studies elucidating the 

cardiovascular and respiratory effects of air pollution. Previous studies have 

mostly used DE as a model of urban PM air pollution and drawing from the 

experience from these studies we have now used similar techniques at 

similar time points to assess wood smoke and RME biodiesel exhaust for 

potential adverse cardiovascular effects. The design of the studies in this 

thesis have all presupposed similar mechanisms and time kinetics as 

previously demonstrated following DE exposure. However, as we explore 

new fuels the characteristics of the air pollution are bound to change. It is 

reasonable to expect that these changes will result in differential health 

effects in the real world as well as in our human exposure chambers.  

 

Autonomic dysfunction 

Heart rate variability was assessed in study I and III. The results from study 

I demonstrate that this type of wood smoke inhalation results in an 

immediate decrease in HRV and an increase in heart rate consistent with a 

direct autonomic effect. To the best of our knowledge this is the first time 

such an effect has been demonstrated in man following wood smoke 

exposure. In previous studies from our laboratory there have been no 

observed changes in HRV or increase in arrhythmias following DE exposure 

(77, 87), however others have found a decrease in HRV following 



 

60 

experimental CAPs exposure, yet often with a distinct study population or 

exposure characteristics (75, 86, 162). Similarly, in a cohort of elderly 

individuals it was found that PM exposure correlated inversely with HRV in 

individuals with a susceptible genotype, but not those without (163).  

In study I, changes in HRV and increases in arterial stiffness overlap in time 

and it is reasonable to suspect that the changes in autonomic control of the 

heart may reflect a general autonomic effect on the vasculature resulting in 

increased heart rate and arterial stiffness. Wood smoke reduced general 

measures of heart rate variability predominantly due to a reduction in high 

frequency components of the spectrum suggesting vagal inhibition. It should 

be noted however that even though heart rate variability is a reliable 

prognostic cardiovascular marker, the physiology behind it is not fully 

elucidated and caution is therefore warranted when interpreting these 

results (164).  

HRV was also included as an exploratory endpoint in study III. Results were 

similar following either exposure and given that we have previously not 

found an effect on HRV following DE exposure (87), this suggests that 

RME30 exhaust does not affect heart rate variability. 

 

Hemodynamics 

We have previously demonstrated that DE has a differential effect on central 

capacitance vessels compared to peripheral resistance vessels (111). If the 

mechanisms are similar for wood smoke, this may help explain why central 

arterial stiffness is increased rather than brachial blood pressure in study I.  

The central pulse waveform, assessed by augmentation index and pulse 

pressure, has been shown to vary due to short acting stimuli such as 

inhalation of cigarette smoke and DE (92, 165) and a similar effect may be 

expected following wood smoke exposure. Pulse wave velocity is however 

thought to be more reflective of long term changes in the vasculature such as 

the gradual degradation of elastin from repeated distention and relaxation 

(166) and it is perhaps surprising therefore to see increases in pulse wave 

velocity following wood smoke exposure in study I. The effect on measures of 

pulse wave analysis seem to be strongest immediately following exposure 

and diminish over the hour post exposure whereas the effect on pulse wave 

velocity does not, suggesting that the former may be more reflective of a 

rapid and transient response.  
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In previous human exposure studies, measures of brachial blood pressure 

and arterial stiffness following DE or concentrated ambient particle exposure 

have been inconsistent (6). Nevertheless, it is interesting to note that in 

study I, the effect on arterial stiffness does have similar time kinetics as 

previously shown for DE (92). 

In contrast to study I, wood smoke did not have acute effects on arterial 

stiffness in the fire fighters in study II. This may be due to differences in 

study population or exposure characteristics between study I and II. Almost 

half of the subjects in study one were females and gender differences may be 

of importance. Even though the fire fighters were included as an at-risk 

population, they may in fact have extra resilience against the adverse effects 

of wood smoke due to the “healthy worker effect”. This is a well-known 

phenomenon in occupational epidemiology explaining lower morbidity and 

mortality from all causes in occupational cohorts (167). A person who reacts 

adversely to smoke exposure may be unlikely to work as a fire fighter. The 

fire fighters may also have upregulated antioxidant defenses due to repeated 

exposures, but considering they were early in their career (median age 26 

years) and had not attended any major fire in the preceding week to avoid 

bias, this seems unlikely.  

In study III, replacing petrodiesel with RME30 did not alter the 

hemodynamics except for a minor difference in pulse wave velocity, which 

was lower following RME30 exhaust compared to DE. This is however not 

consistent with the rest of the data and though it may reflect a true effect, it 

may also be a chance finding owing to the multiple endpoints in the study. 

 

Thrombosis 

Thrombotic events such as myocardial infarction and ischemic stroke have 

been linked air pollution exposure in several large epidemiological studies 

(23). In line with this, mechanistic studies on animals and human subjects 

have demonstrated increased thrombogenicity following experimental air 

pollution exposure (76).  

Ex vivo thrombus formation was evaluated in study II-IV. Increased 

thrombus formation and reduced fibrinolytic capacity following DE exposure 

have been consistent and reproducible findings (37, 76, 123). We 

hypothesized that wood smoke exposure would cause a similar impairment 

at comparable time points. However, in study II we found no evidence of 

either increased thrombus formation, platelet activation or decreased 
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fibrinolytic capacity. To the best of our knowledge, this is the first time 

fibrinolytic capacity and ex vivo thrombus formation have been assessed 

after any biomass exposure. It is possible that the two hour time point post 

exposure may have been too early to detect an increase in thrombus 

formation, but measures of platelet activation span over 24 hours and there 

were no signs of an effect during this period. Though biomass smoke 

exposure has been connected to platelet activation in Indian women (124) 

there is a lack of evidence directly linking any biomass exposure to 

thrombotic events. In contrast to what has previously been demonstrated for 

DE exposure, the results of study II does not support acute prothrombotic 

effects of wood smoke exposure.  

Exposure to RME30 exhaust and RME100 exhaust in study III and IV 

resulted in similar ex vivo thrombus formation and platelet activation as 

following DE exposure. Given that DE exposures have repeatedly affected 

these measures in previous studies (37, 76, 123), this is interpreted as a 

positive finding with RME30 and RME100 exhaust having similar pro- 

thrombotic effects as DE exhaust. 

Absolute levels of stimulated t-PA release during bradykinin infusion 

differed markedly between study II and IV. Results in study IV were on par 

with our previous DE exposure studies (106, 123), whereas levels in study II 

were lower. The most probable reason for this is that due to availability 

issues we had to change the assay between analyses for the two studies. It is 

a known issue that measures vary between t-PA antigen kits (168). 

 

Endothelial dysfunction 

Forearm venous occlusion plethysmography was used to assess vasomotor 

function four to six hours post exposure in study II-IV.  

In study II, we hypothesized that wood smoke would cause a similar 

impairment as has previously been shown following DE exposure (27, 37, 

106-108), but we found no evidence of this. There was even a small increase 

in vasodilatation from bradykinin infusion following wood smoke exposure. 

This may be influenced by CO exposure, which was about double compared 

to previous DE exposures from our group (106), as CO is a weak vasodilator, 

acting in similar ways as NO, by activating guanylate cyclace increasing 

cyclic GMP (169). Like NO, CO is a colorless and odorless rapidly diffusing 

simple gas that is toxic at high concentrations but also serves as a signal 

molecule. Interestingly, the two have similar biological as well as chemical 
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properties (170). Acute CO exposure mitigates inflammation in mice (171) 

and has a protective effect on vascular endothelial cells (172). However, 

human CO exposure for one hour at 500 ppm did not result in reduced 

inflammation from an endotoxin challenge (173). Furthermore, a one week 

exposure of 80 ppm CO in ApoE -/- mice induced similar adverse vascular 

effects as seen after DE exposure (31). It should be noted that the average CO 

concentration in study II was 16 ppm, far from the above mentioned studies 

and it is not known how CO at this low level would affect any of the 

endpoints in the present study. It therefore remains speculative to suggest 

that CO may have mitigated any adverse effects of wood smoke or 

augmented the vasomotor effects of bradykinin.  

The study design in study II assumes similar time kinetics of the vascular 

effects from a wood smoke exposure as for a DE exposure, however these two 

different types of air pollution may in fact have divergent time kinetics. It 

cannot be ruled out that wood smoke may induce endothelial dysfunction at 

a different time point. 

Consistent with the observed prothrombotic effects of RME exhaust 

inhalation discussed above, replacing petrodiesel with RME30 or RME100 

did not mitigate the adverse effects on vasomotor function. Rather, the 

response to all vasodilators overlap between RME and DE in both studies. 

Given that vasomotor dysfunction following DE exposure has been a highly 

reproducible finding in healthy volunteers (27, 37, 106-108, 110), the results 

from study III and IV show that RME30 and RME100 induce similar 

vascular endothelial dysfunction.  

 

Oxidative stress and inflammation 

As expected DE, RME exhaust, and wood smoke derived PM were all capable 

of generating oxygen centered free radicals in the absence of tissue in EPR 

analysis and thus would be speculated to be capable of eliciting oxidative 

stress in vivo. Increased RME content in diesel was associated with 

decreased reactivity in the EPR analysis and decreased oxidative potential in 

sRTLF analysis on a per mass basis. However, this was not reflected in any 

health outcome. Both the EPR and sRTLF methods are sensitive to oxygen 

radicals arising due to transitional metal catalysis, yet the composition data 

do not support this, with redox active metals (Fe, Ni, V and Cr) actually 

enriched in the RME samples. As the concentration of metals were low in the 

petrodiesel samples this potentially implicates organic radicals, or redox 

cycling quinones in the heightened activity associated with PM derived from 
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this fuel, though this was not tested in either study III or IV. It is not always 

the case however that in vitro assays are able to predict biological outcome. 

The effect of smaller particles and a higher particle number in the RME100 

exhaust as compared to DE may not be accounted for in EPR and sRTLF 

analysis as the PM is collected on filters and re-suspended and the particles 

may aggregate in the process, despite efforts to prevent it. 

There were no specific in vivo measures of oxidative stress in any of the 

studies in this thesis and it is therefore difficult to draw any definite 

conclusions following either exposure. As for indirect measures, such as 

systemic inflammation, there were no changes in hematological measures 

following the wood smoke exposure in study II. Blood cell counts were also 

similar in study III and IV suggesting similar effects following RME and DE 

exposure. It is important to note however that the effect on systemic 

inflammation of DE exposure has been variable in previous studies making 

an interpretation of the effect without a filtered air control exposure difficult 

(6). However, the fact that there were no signals in peripheral blood cell 

counts does not exclude differential effects of oxidative stress following 

either exposure. 

 

Wood smoke exposure 

The results from study I imply that wood smoke may affect the 

cardiovascular system in a similar way as DE. However, like air pollution in 

general, wood smoke is a highly variable entity. It is possible and even likely 

that a more efficient combustion, with less soot and partly oxidized organics, 

or smoke from a different fuel source would elicit a different response. Even 

though solid proof is lacking of which chemical components of ambient air 

pollution is harmful to the cardiovascular system, it is likely that factors such 

as fuel and combustion properties, which affect the physicochemical 

properties of the smoke, determine the biological effects (174). 

To follow up from study I, a more comprehensive study of the cardiovascular 

effects of wood smoke was conducted. We hypothesized similar time kinetics 

and underlying mechanisms as have been demonstrated for DE. To deliver a 

similar PM dose as in study I as well as to match time kinetics from previous 

DE exposure studies, the PM concentration was tripled and exposure time 

was decreased from three to one hour. As fire fighters have a highly 

increased risk of myocardial infarction during fire suppression (143), fire 

fighters were recruited as research subjects in this study. Despite being 

included as a risk group, they were healthy and heterogeneity in response is 
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unlikely due to an unfavorable cardiovascular risk profile. Contrary to our 

hypothesis we found no evidence of vascular impairment using a broad range 

of measures after a one hour exposure to wood smoke 

In both studies birch wood (moisture content 16-18%) was used as fuel as 

this is a common type of fuel used in Swedish stoves. Given the results in 

study I, a similar fuel and firing procedure was used in study II, even though 

it may not represent wildfires globally. Logs were inserted every 5-15 

minutes to maintain a high burn rate with repeated air-starved conditions to 

achieve a wood smoke with high soot (EC) and PAH content. Both soot and 

PAHs are suspected of driving the adverse health effects of air pollution, 

cardiovascular effects mainly due to soot and PAHs have been associated 

with malignancy (23). EC/OC ratio was fairly similar between the two 

studies, PM associated PAHs were higher in study II but semivolatile PAHs 

were lower. Though there is no linear relationship between PM mass 

concentration, gases, and PAHs in wood smoke, there was a concern that CO 

levels might be high in study II and adjustment of flue gases were made 

accordingly. This and possible differences in combustion actually resulted in 

lower CO levels in study II compared to study I despite higher PM mass 

concentration. In summary, there were major differences in PM mass and 

PM bound PAH concentrations, however due to the different duration of 

exposures, the total PM mass exposure dose was roughly equivalent. On the 

contrary semivolatile PAHs and CO are higher in study I, and the longer 

exposure augments these differences. It should be noted however that 

increased PM mass concentration over a shorter time period may not result 

in similar health effects, even given all else equal. It is not certain that there 

is a linear dose response curve.  

Given the divergent results following the two wood smoke exposures, 

semivolatile PAHs and CO deserves a closer examination for possible 

cardiovascular effects. CO may be of extra interest due to its contrasting 

effects in previous studies as well as the surprising increase in blood flow 

following the bradykinin infusions in study II. As wood smoke is a complex 

mixture of gases, particles, and semivolatiles there are many components 

suspected of affecting the cardiovascular system, the toxicity may be in the 

mixture rather than individual components (23). 

The consistent findings of vascular impairment following DE or urban 

concentrated ambient particles exposure and the null effect in study II, 

despite tripling PM mass compared to our previous DE studies, implies that 

wood smoke is not as potent as DE or urban PM in affecting the 

cardiovascular system. This is in spite of strong effects of wood smoke 

derived PM in vitro (43, 174, 175) and strong ability to generate oxygen 
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centered free radicals in the absence of tissue in EPR measurements in study 

II. It is interesting to note however that PM size in study II is considerably 

larger than in our DE exposures. Mean primary particle diameter of wood 

smoke PM was 168 nm with the majority of particles ranging from 60-200 

nm compared to a peak at 120 nm in the breathing zone for diesel exhaust in 

study IV. Wood smoke derived PM is also hydrophilic whereas DE derived 

PM is hydrophobic. This leads to water absorption within the airways onto 

the wood smoke derived PM, which increases PM size further and reduce 

deposition fraction (176). A recent study from our laboratory found that PM 

from the type of wood smoke used in study I and II has half the deposition 

fraction of DE derived PM (177). Smaller deposition fractions may lead to a 

smaller delivered dose in the lung and larger particles mean decreased PM 

total surface area, also expected to reduce toxicity (66). 

Translocation of inhaled particles into the blood stream has been proposed 

as a possible mechanism whereby PM might affect the vasculature. In a 

murine model it has been demonstrated that gold particles with a diameter 

of 2 nm may be found in the liver after tracheal instillation, whereas 40 nm 

or 100 nm particles were not (29). Though larger particles have also been 

demonstrated to induce systemic and cardiovascular effects they seem to 

mainly affect the respiratory tract (26). An increase in PM size may therefore 

help to contain the damage within the lung. Wood smoke exposure has been 

shown to induce a local oxidative and inflammatory response in the lung (41, 

42, 178) and wood smoke derived PM is cytotoxic and induces mild 

inflammation in human bronchial endothelial cells (174). It is therefore not 

surprising that residential biomass exposure has been linked to respiratory 

disease (179). Though the combined results from these studies imply that 

wood smoke is not as harmful to the cardiovascular system as DE on a per 

mass basis, this does not deem it safe. Study I shows that wood smoke 

exposure may indeed cause acute hemodynamic effects and future studies 

are needed to elucidate which type of wood smoke is harmful and who is 

susceptible.  

 

Biodiesel exhaust exposure 

In this thesis, exhausts from pure and blended RME biodiesel were tested for 

their acute vascular effects. RME was chosen as it is popular in Europe and 

already blended into petrodiesel at 5-7% in standard diesel sold at Swedish 

petrol stations (www.preem.se). Current European diesel standard, EN590, 

allows for maximum 7% blend of fatty acid methyl ester biodiesel (including 

RME), as blends with higher content may adversely affect modern diesel 
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engines if not adapted to RME. Higher blends, up to 100%, are sold on a 

limited market. We chose to test RME30 as it is unlikely that higher RME 

content than this will be used on a large scale in the near future due to 

limitations in production capacity. When mixing compounds there is always 

the possibility of a “cocktail effect” leading to synergistic effects and testing 

RME100 alone may therefore not give the whole picture. In light of study III 

however, with no evidence of a cocktail effect, there was a rationale for 

testing pure RME for proof of concept.  

As expected, RME30 exhaust contained slightly less EC but higher NOx 

levels compared to DE. RME30 also contained fewer PAHs and the PM had 

less oxidative potential in vitro. Despite this, we found no consistent 

differences in the cardiovascular endpoints when comparing RME30 and DE 

exposure. In previous studies from our group, DE from idling and transient 

conditions have been found to have marked differences in physicochemical 

composition. Though no head to head comparisons have been made for 

different running conditions, vasomotor dysfunction has been demonstrated 

in healthy volunteers following either exposure (106, 108). It therefore seems 

like similar vascular impairment follows diesel exhaust exposure irrespective 

of idling or transient running conditions of the engine and whether 

petrodiesel or RME is used as fuel. As toxicological data imply that engine 

and running conditions may influence the toxicity of the PM to the same 

degree as which fuel is used (69), it is a strength of study III and IV that the 

same engine and running conditions have been used as in previous DE 

exposure studies from our group.  

In study III we showed that RME30 exhaust caused vascular impairment on 

par with DE. However, study III still leaves a few important questions 

unanswered. Is the 70% of petrodiesel in RME30 in fact the sole driver of 

vascular effects? If so is RME exhaust even harmful? As RME blends 

typically reduce tailpipe emissions of PM mass (61), will this reduction 

alleviate the vascular impairment in real life? To answer these questions 

subjects were exposed to DE (PM10 310±34 µg/m3) and RME100 exhaust 

(PM10 165±16 µg/m3) generated under similar running conditions in order to 

make a comparison of emission factor rather than PM mass. Contrary to our 

hypothesis, despite almost halving the PM mass exposure, the effect on all 

health related endpoints were identical.  

Similar to study III, pure RME exhaust contained less elemental carbon but 

higher NOx levels. There was also a marked decrease in PM bound PAHs, 

but semivolatile PAH levels were close to the levels during DE exposure. 

Higher RME blend was also associated with higher metal contents. In this 

study we also measured particle number concentration and size distribution 
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in the breathing zone of the subjects. A shift towards smaller particles 

resulted in a slightly higher particle number concentration during RME100 

exposure compared to DE.  

The shift towards smaller particles and increased particle number 

concentration may explain why RME100 exhaust elicits similar acute 

vascular impairment as DE despite lower PM mass (66). Smaller particles 

have a greater surface area per mass and may also have a higher deposition 

fraction (28) and possibly translocate through the alveolar endothelium to 

the blood stream (29, 180). The delivered dose may therefore not be 

dependent on PM mass concentration alone (181). It is interesting to note 

that the more benign profile of RME100 exhaust with lower PM bound PAHs 

and decreased oxidative potential of the PM was not reflected in any health 

endpoints in this study.  

Whilst the two biodiesel studies in this thesis show that RME exhaust 

inhalation induces thrombus formation and impairs vasomotor function, 

there are limitations to these studies. First, the lack of an air exposure as a 

negative control limits conclusions to the primary endpoints of vasomotor 

function and thrombogenicity, and secondary endpoints should be 

interpreted with caution. Second, previous studies from our laboratory have 

not focused on the level of increase in thrombus formation or decrease in 

vasomotor function. Rather, when comparing DE (92, 106-108, 123), pure 

carbon particles (27) or the gases (37, 109) to filtered air exposure it has 

been reported in effect as a binary result. It is possible that not all methods 

employed in this thesis capture fine differences in response. In men with 

stable coronary disease and already manifest endothelial dysfunction, DE 

exposure did not further aggravate vasomotor function, in spite of inducing 

ischemia and decreasing fibrinolytic capacity (182). Dose response data from 

DE exposure would be helpful in putting these results in perspective, but to 

the best of our knowledge no dose response studies of the vascular effects of 

DE have been performed in humans.  

 

Ethical considerations 

Any study involving human subjects needs careful ethical consideration. The 

World Medical Association Declaration of Helsinki (144) is an 

internationally recognized guiding document on medical research on human 

subjects. Though the Declaration of Helsinki is still highly topical and 

continuously updated, it is not a legal document. To this end the 

International Conference on Harmonisation has developed an international 
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standard for clinical trials, “Good Clinical Practice”. All studies in this thesis 

have been performed in accordance with these documents. 

The Declaration of Helsinki acknowledges that medical progress ultimately 

must include human subjects, but great care must be taken to ensure 

subjects wellbeing.  

When doing research on healthy volunteers there is a possible infinite 

risk/benefit ratio as the subject may not directly benefit from the findings. 

She is however always put at risk as there is no such thing as a completely 

safe intervention. In this context it is vital to have wide safety-margins and 

not put subjects at excess risk. All studies in this thesis have been conducted 

with the highest possible safety requirements and ethical standards. Studies 

have been performed within the framework of a longstanding collaboration 

with Professor Newby’s research group at the Centre for Cardiovascular 

Science, University of Edinburgh. Our two groups have 30 years of 

experience with human exposure studies without any significant adverse 

events (77), thus showing that experimental exposure studies are safe in the 

short term. The exposures in these studies are within what may be 

encountered in the real world and not expected to increase the long term risk 

for the subjects. Though peak levels may be of importance, a one-hour 

exposure to PM 300 µg/m3 may result in a comparable dose to 12.5 µg/m3 

delivered over 24 hours. This, in turn can be related to the 2012 average PM 

concentrations in central Umeå of PM10 22.3 µg/m3 and PM2.5 8.4 µg/m3.  

Importantly, we have longstanding expertise in all methods used in this 

thesis. Forearm venous occlusion plethysmography is a semi-invasive 

technique and there is a risk of discomfort during cannulation as the median 

nerve sometimes overlie the brachial artery. We have not had any case of 

significant bleeding, nerve damage, adverse drug reaction or other 

complications when using this technique. The minimally- or non-invasive 

methods such as measures of arterial stiffness, Holter electrocardiogram and 

blood sampling were not expected to and did not cause any adverse events.  

Given the low risk for the subjects and the potential for this kind of research 

to gain important insights which may ultimately change public health to the 

better, I do believe this kind of experimental human exposure studies are 

justified.  
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Policy implications 

The goal of this kind of research is not only to gain interesting mechanistic 

knowledge about how air pollution may harm the cardiovascular system but 

also to improve public health. As avoiding exposure is usually beyond an 

individual, emissions need to be targeted. Ever more stringent emission 

standards have already helped reduce ambient PM mass concentrations, 

leading to improvements in life expectancy (14). But as the studies in this 

thesis show, PM mass is not the whole story. As we currently lack tools to 

accurately predict which fuel and combustion properties will result in a type 

of air pollution that harms human health, novel techniques have to be 

assessed individually. The transition to renewable energy is an excellent 

opportunity to improve public health if the pollutants potential for health 

effects are considered alongside reductions in greenhouse gas emissions.  

Despite the divergent results between study I and II, we have shown that a 

sooty PAH-rich wood smoke may affect the cardiovascular system. 

Considering the known respiratory effects of wood smoke (40) this adds to 

the argument that wood smoke exposure should be prevented.  

Study III and IV demonstrate that acute RME exhaust exposure can be just 

as harmful to the cardiovascular system as DE, even at lower PM mass 

concentrations. Therefore RME may not be the ideal biofuel to replace 

petrodiesel. 
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Final comments 

In this thesis we sought to answer both if our oldest anthropogenic air 

pollution, wood smoke, and a new and increasingly important air pollution, 

RME biodiesel exhaust, have acute adverse cardiovascular effects. They both 

do and the differences between them pose new interesting research 

questions. 

Biodiesel and firewood are both renewables and as such are often perceived 

as “green” and associated with positive properties overall. Results in this 

thesis show that it may not be this simple. There is growing global awareness 

that wood smoke is harmful, mainly due to its substantial effects on 

respiratory disease in women and children in low-income countries. 

Considering the results from both wood smoke studies in this thesis, further 

investigations of wood smoke exposure and its potential cardiovascular 

effects are warranted, especially in different populations and combustion 

settings. It would be unfortunate if the negative results in study II were to 

decrease the interest for such research. 

Results from the biodiesel studies in this thesis highlight that not only 

greenhouse gases should be of concern for renewable fuels. Though modern 

engine technology may reduce PM emissions to such an extent that 

investigating if one fuel emits more toxic exhaust than another is irrelevant, 

this is not the case for many years to come. In 2014 45% of the cars in 

Sweden are ≥10 years old according to Statistics Sweden (183) and with 

heavy duty engines typically lasting even longer, DE derived PM will 

continue to be a health issue for the foreseeable future.  

With the use of DE as a model of urban PM air pollution by our group and 

others, much insight has been gained about the health effects of DE 

specifically. Building on this knowledge, a series of studies were conducted to 

investigate the differential cardiovascular effect of wood smoke and biodiesel 

exhaust. These studies show that PM mass exposure is not the sole predictor 

of the cardiovascular effects. Put together it is striking that exposure to PM 

899 µg/m3 in study II has virtually no effect, whereas one kind of PM at 165 

µg/m3 is as bad as another type of PM at 310 µg/m3 in study IV. This 

demonstrates that particle number and size, along with the chemistry of the 

exhaust, are crucial in determining the effect air pollution has on the 

vasculature. As epidemiological studies continue to struggle to find better 

markers than crude measures of PM mass to predict health effects, the 

search is still on for a simple biomarker of exposure. Finding the lowest 

common physicochemical denominator of what type of air pollution harms 

the vasculature is outside the scope of this thesis, but I believe research along 



 

72 

these lines is crucial in determining preventative or protective interventions. 

This includes a broad set of research from in vitro to large scale 

epidemiology via experimental human exposure studies. Hopefully this 

thesis has provided a valuable piece to this great puzzle. We still have a fair 

way to go in lifting the veil of what it is in the complex mix of air pollution 

that finally gives us a heart attack! 

  



 

73 

Conclusions  

 

 Wood smoke exposure can induce decreases in heart rate 

variability and increases in central arterial stiffness in healthy 

volunteers 

 

 Acute wood smoke exposure does not impair vasomotor function 

or increase thrombogenicity in healthy male fire fighters 

 

 Replacing petrodiesel with RME30 does not prevent vasomotor 

dysfunction or prothrombotic effects following exhaust exposure 

at a similar PM mass concentration 

 

 Replacing petrodiesel with RME100 does not abrogate vasomotor 

dysfunction or pro thrombotic effects of exhaust exposure, 

despite lower PM mass exposure 
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