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ABSTRACT
Exposure to air pollution is associated with increased morbidity and mortality
in cardiovascular and pulmonary diseases. Main suggested mechanisms are
airway and systemic inflammation, affecting hemostasis in the short term and
atherosclerosis in the long term. Few studies have investigated the effects
over decades, or which time-windows of exposure are the most relevant. In
Sweden and many other countries wood burning is one of the largest sources
of air pollution. The main aims of this thesis are to increase the knowledge of
the mechanisms through which wood smoke causes respiratory and
cardiovascular diseases, and the effects of long-term exposure to air pollution
in a Swedish cohort.
In an experimental chamber study in healthy adults, short-term exposure to
two types of wood smoke was associated with symptoms and biomarkers of
airway effects, but not with biomarkers of systemic inflammation or
coagulation. This indicated that relatively low doses of wood smoke induce
effects on airway epithelial permeability and possibly airway inflammation.
In a long-term cohort study of residential exposure to nitric oxides (NO,) in
Gothenburg, we observed a time trend of decreasing exposure. Back
extrapolation of exposure was fairly correct for 5-7 years but not for longer
time spans, showing that historical dispersion models and residential history
are important for accurate long-term exposure estimations. Total non-
accidental mortality was associated with residential NO, exposure. The effect
estimates were similar for NO, exposure the last year, the mean NO
exposure the last 5 years, and the mean NO, exposure since enrolment. The
effect estimates for cause-specific cardiovascular mortality were similar to
those for total mortality. The effect was near linear with no evidence of any
threshold, and only marginally affected by confounders and effect modifiers.
Keywords: Air pollution, wood smoke, human exposure studies, dispersion
modelling, cohort studies, cardiovascular disease
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SAMMANFATTNING PA SVENSKA

N&r man utsatts for luftfororeningar Okar risken att insjukna och do i
hjartkarl- och lungsjukdomar. Sannolikt beror detta framférallt pa att sma
partiklar som stannar kvar i lungorna orsakar luftvagsinflammation som i sin
tur leder till systemisk inflammation. Detta kan pa kort sikt 6ka risken for att
drabbas av blodproppar, och pa lang sikt paskynda utvecklingen av
aderforkalkning. Vedeldning ar en av de storsta kallorna till luftféroreningar i
Sverige och vérlden, men det ar osékert om vedrok ar mer eller mindre farligt
an andra luftfororeningar. | denna avhandling har jag studerat effekter av kort
tids exponering for vedrék pa biologiska markorer hos friska
forsokspersoner, och effekterna av lang tids exponering for luftféroreningar
pa sjuklighet och dad i en grupp éldre méan i Géteborg.

Nér friska frivilliga forsdkspersoner i tre timmar exponerades for vedrok i en
experimentell kammare fann vi effekter pa biomarkorer som tydde pa lattare
inflammation och barriarskada i luftvagar. Vi fann dock inga tecken pa
systemisk inflammation eller 6kad risk for blodproppar.

Halterna av luftfororeningar (kvéveoxider) i Goteborg har under de senaste
35 aren nastan halverats. Att extrapolera exponering langre &n 5-7 ar gav
felaktiga vérden, vilket visar hur viktigt det ar att kontinuerligt félja
studiedeltagarna och ha historiska exponeringsmodelleringar for att kunna
gora en tillforlitlig exponeringsbedémning. Hogre luftfororeningsniva vid
bostaden var kopplat till 6kad risk att d6 i fortid. Riskdkningen var lika
tydligt kopplad till sista arets exponering som till langre perioders
exponering. Sambandet mellan luftféroreningar och ddédlighet forandrades i
liten grad av att vi tog hansyn till rokning, socioekonomi eller andra
riskfaktorer. Vi fann inga tecken pa att det finns en saker niva, utan allt tyder
pa att minskade luftféroreningshalter kan minska risken for fortida dod dven
nar nivaerna redan &r laga.
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SELECTED ABBREVIATIONS

ACS American Cancer Society

ANS Autonomic Nervous System

ATS American Thoracic Society

BMI Body Mass Index

BP, SBP, DBP  Blood Pressure, Systolic & Diastolic Blood Pressure
CC16 Club Cell (formerly Clara cell) secretory protein 16
CRP C-Reactive Protein

EBC Exhaled Breath Condensate

FVII Coagulation Factor VI

FVIII Coagulation Factor Vllic

FENO Fraction of Exhaled Nitric Oxide

IARC International Agency for Research on Cancer

IHD Ischemic Heart Disease

IL Interleukin

MI Myocardial Infarction

NO, Nitric Oxides. Mainly NO, and NO.

PAH Polycyclic Aromatic Hydrocarbons

PM Particulate Matter, often of a defined size category.
SAA Serum Amyloid A

SICAM-1 Soluble Intercellular Adhesion Molecule-1
sVCAM-1 Soluble Vascular Cell Adhesion Molecule-1
TEOM Tapered Element Oscillating Microbalance

VOC Volatile Organic Compounds

WBC White Blood Cell

WHO World Health Organization

VWi Von Willebrand Factor



1 INTRODUCTION

1.1 Air pollution and health

Air pollution is a major risk factor for mortality and morbidity, estimated to
cause around 5.5 million premature deaths annually in the world (1). The
estimated numbers of annual excess deaths are around half a million in
Europe (2, 3) and several thousand in Sweden (4), making air pollution the
single largest environmental health risk.

1.1.1 The history of air pollution research

Making and controlling fire from biomass burning was a crucial step in the
development of mankind. Where there’s fire, however, there’s smoke. Bad
air quality has been considered a cause for ill health at least since antiquity,
and is mentioned in for example the Hippocratic Corpus and early roman
medical advice (5). The growth of coal burning and eventually
industrialization led to very high levels of air pollution in urban areas. During
the 20" century a number of air pollution episodes occurred such as the
Meuse valley fog in 1930 (6, 7), the Donora smog in 1948 (8, 9) and the
London smog episodes of 1948 and 1952 (10-12). The London smog of 1952,
initially estimated to have caused about 3000-4000 and later as many as
12000 excess deaths (13), is often considered the event that led to the birth of
modern air pollution research.
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Reproduced with permission, from
Wilkins 1954 (12).



1.1.2 Air pollution epidemiology

The short-term effects of high levels of air pollution on mortality, mainly in
cardiovascular and respiratory diseases, have been verified by consistent
findings in hundreds of time series studies (14-16).

Long-term exposure to air pollution has also been shown to be harmful. In
the 1990s two landmark cohort studies in the US, the (fig 3) (17) and the
American Cancer Society (ACS) studies (18), showed an association between
fine particulate matter (PM) air pollution and total and cardiopulmonary
mortality. Similar results were found in European cohort studies (19-24) as
well as in reanalyses (25) and extended analyses (26-31) of the Six Cities and
ACS cohorts. A recent European multicenter study found a relatively strong
effect of exposure to fine particles on all-cause mortality but no significant
effect on cardiovascular mortality (32, 33).

In addition to mortality, exposure to air pollution has also been associated
with incidence of cardiovascular and respiratory diseases, as well as with
lung cancer, diabetes, cognitive impairment, low birth weight and preterm
birth (34).
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Figure 3. Estimated adjusted mortality-rate ratios for and pollution levels in
six US cities, each letter denoting one city. Reproduced with permission, from
Dockery 1993 (17). Copyright Massachusetts Medical Society.

Effect estimates are generally larger in long-term studies conducted over
years than in short-term studies of days-weeks (15). For comparison, for each



increment of 10 },lg/m3 of PM, 5 a recent review of time series studies found
an increase of 1.04% in all-cause mortality (14), while a recent review of
long-term effects reported a pooled effect of 6.2% (35).

The associations found between air pollution and health effects have usually
been near linear, and observed also at low exposure levels with no evidence
of a lower threshold where exposure is “safe”. Health impact assessments
have thus usually assumed a linear effect and compared the actual exposure
levels with theoretical “lowest possible exposure” scenarios, as if there were
no anthropogenic emissions. Commonly the 6% increase in all-cause
mortality per 10 pg/m® of annual average PM, s from the extended analysis of
the ACS study (27) have been used. The recent WHO HRAPIE project (36)
recommended using the results of Hoek et al 2013 for health risk assessments
(35), but the difference is slight (6% in the ACS study vs 6.2% in Hoek et al,
per 10 ug/m?® of PM,5). Short-term associations with mortality are assumed to
be included in the long-term effects when the excess mortality is estimated.

Using these effect estimates the relative risk increases due to air pollution
exposure are for each individual slight at most common exposure levels,
compared with traditional risk factors such as smoking. However, the impact
on the population is large since only some are active smokers while the entire
population is exposed to air pollution constantly. In addition, people’s ability
to protect themselves from harmful exposures should be considered. Smoking
is voluntary — breathing is not.

1.1.3 The present situation

Air quality has improved in Sweden and much of the Western world in the
last few decades, but globally the development has not been as positive. The
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Figure 4. Global and regional distributions of population as a function of annual (2013)
average ambient PM, 5 concentration for the world’s 10 most populous countries. Dashed
vertical lines indicate WHO Interim Targets (IT) and the WHO Air Quality Guideline
(AQG) of 10 pg/m® of PM, 5. Reproduced with permission, from Brauer et al 2015 (37).



majority of highly exposed people now live in low- or middle-incomes
countries such as China, India and Southeast Asia (Fig 4) (37). Annual
average exposure levels in the developing world are often many times higher
than air quality guidelines, both for rural people using solid fuels for heating
and cooking and for residents of polluted megacities.

Short-term exposures can be
extremely high. At the time | am
writing this paragraph (December
1% 2015) the PM,s levels in
Beijing are an astounding 524
ug/m® (Fig 5) (38), and a large
part of Southeast Asia has been
covered in  smoke  from
Indonesian forest fires for several
months. In the Western world as
well there are still alarms of high
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Figure 5. Levels of PM, 5 and Air Quality
Index (AQI) at the US Embassy in Beijing

air pollution levels, such as the December 1, 2015 (38). The bars represent
Paris smog episodes of 2015. In the AQI and the connected white rings
this context it is also worth noting PM, s concentrations. From the US

that even the lower levels in the Department of State Air Quality

developed world are not safe; Monitoring Program.

recent studies such as the ESCAPE study reporting effects on mortality also
at very low exposure levels (mean annual PM,s<15pg/m®) (32).

1.2 The properties of air pollution

Air pollution is a complex heterogeneous mixture of solid and liquid particles
and gases, several of which may have negative health effect individually or
synergistically. Negative health effects have been most consistently
associated with particles, but also with gaseous pollutants including nitrogen
dioxide (NO,), sulfur dioxide (SO,) and ozone (Os). Different air pollutants
are often highly correlated, making it difficult to discern in epidemiological
studies which pollutant (or combination of pollutants) that are causally
associated with the negative health effects.

Air pollution comes from many emission sources, both anthropogenic and
natural, such as combustion and road wear from road traffic, industrial
processes, volcanoes, windblown sand, salt and soil, pollen and combustion
of biomass. Air pollutants can be classed as primary — directly emitted from a
process, or secondary — formed by chemical reactions between the primary
pollutants in the air.
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1.2.1 Particulate matter air pollution and deposition

Particles in the air are generally measured in mass (ug/m®) and/or number
(/m* and divided into size fractions depending on aerodynamic diameter.
Particles with an aerodynamic diameter of <10 pm are called thoracic
particles (PMy) and particles <2.5 um fine particles (PM,s). Particles
between 10 and 2.5 um are often called coarse particles, and particles <0.1
pum ultrafine particles (UFP, or PMg,) (15). The larger particles naturally
account for a greater part of the weight measurements and the smaller
particles for a greater part of the particle numbers. In the urban environment
coarse particles generally comes from wear of roads and tyres while a higher
fraction of fine and ultrafine particles come from combustion (traffic, heating
and cooking or industry and power generation). Particle sizes and emission
sources are described in figure 6, from (39).
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Secondary gas-to-particle conversion

Lifetime: hours-to-days

Lifetime: Days-to-weeks.
Distribute 10-100 Km

Distributed regionally (1000 or more Km) Human hair
Figure 6. Size, sources and composition of PM air pollution. Reproduced with
permission, from Brook 2008 (39).

The health effects of particles depend on to what extent and where they
deposit in the respiratory system. In general, particles above 4 pm and below
0.01 pm deposit primarily in the upper respiratory tract, while particles 0.01-
0.2 um and particles 1-4 um can penetrate deeper into the lungs and deposit



in the bronchial and alveolar regions. For particles 0.2-0.7 um the fraction
that is deposited is low, below 20% (Fig 7) (40). The upper airways are better
able to eliminate foreign particles through mucociliary clearance.

The size of the particles also affects how they can disperse in the atmosphere.
Coarse and ultrafine particles remain within a smaller geographical area since
smallest particles rapidly merge and combine into larger particles in the
atmosphere, and the largest particles (PMyo) are removed by sedimentation.
Particles of around 2.5 um, however, can remain suspended in the air for a
long time and be transported by winds for hundreds of kilometers. In
Gothenburg and Sweden most PM, s is long-distance transported (4).

— Total
0.9 4
= = = Head airways
- 0.8 1 — = Tracheohronchial
_g 0.7 1 — - Alveolar
§ 06 4
N
E 03 1 L"-f \ f." ~
'z 04/ Y
el . r
& 034 Lo
0.2 NN
l; .
0.1 1 /" -~ - ~= e - y A
0 e T |T|‘|‘||‘q_|-:‘|-l-|.|_||||-|- L lll\' S rrrre
0.001 001 0.1 1 10 100

Diameter (nm)
Figure 7. Total and regional respiratory tract deposition of unit density spheres for a
sitting male adult according to the ICRP model. Mouth breathing, tidal volume 0.75 L/min
and a frequency of 12 breaths/min. Reproduced with permission, from ICRP 1994 (40).

Most combustion-derived particles are small, in a size-range where the
fraction being deposited in the airways decreases with increasing size. Since
the relative humidity in the lungs is close to 100%, inhaled particles can grow
by absorbing water and the hygroscopicity of particles affects the probability
of deposition (41). The variation between individuals is large, indicating one
possible reason for differences in individual sensitivity to air pollution.

Epidemiological studies of the health effects of air pollution generally use the
mass measurements of the particles that are regulated and measured as
exposure (such as ug/m3 of PM,s, PMyy, or gases like NO,). However,
particles of an aerodynamic diameter of less than 10 or 2.5 um are not
uniform (Fig 8). The chemical composition of a given particle may be sea
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salt, soot, dust and contain varying levels of endotoxins, transitional metals
with oxidative potential or carcinogenic polycyclic aromatic hydrocarbons
(PAHS). Other aspects than mass or number measurements are thus important
for toxicity, such as total particulate surface area on which reactions can
occur (relatively larger for smaller particles), oxidative stress potential,
solubility, charge and stability (in atmosphere and tissue), as well as the
deposition patterns discussed above (15). Some of the more common
constituents of airborne PM are carbon (elemental and organic), nitrates,
sulfates, PAHs, metals and biological compounds (42).

Marine Organic

Biomass Smoke

“ iLym

Figure 8. An electron microscopy picture of different types of particles.

1.2.2 Nitrogen Oxides

Nitrogen oxides (NO,) consist of NO and NO, as well as larger molecules
(NOs, N,O4, N,Os). The main source of NO, in ambient air is combustion of
fossil fuels in road traffic or industrial processes. NO, has been studied the
most since it is commonly regulated and measured, and since NO from
combustion to a large extent is converted to NO, (42). NO, or NO, are often
used as proxies for combustion-derived particles, but might also have an
independent effect on mortality (43). NO; is a free radical and can thus cause
inflammation and injury to the airways, and has been implicated in number of
airway disorders (44).
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1.2.3 Other components of air pollution

Carbon monoxide (CO) is created during combustion with insufficient
oxygen to produce carbon dioxide (CO,). CO is very toxic, sometimes fatal
in enclosed spaces, since inhaled CO enters the blood stream and binds to
hemoglobin, reducing the capacity of erythrocytes to transport oxygen (44).
SO, is a noxious irritating gas emitted during industrial processes and
combustion of fuels containing sulfur. SO,-emissions have decreased in the
western world in the last few decades. Exposure to SO, leads to mainly
respiratory health effects (45). Ground level O; is a secondary pollutant
created in urban areas by atmospheric reactions between NO,, O,
hydrocarbons and ultraviolet light. Oz levels are therefore high in the
summertime in sunny areas. Oz is a powerful oxidant that can induce
inflammation in the respiratory tract and impair pulmonary function. Os;
exposure has also been associated with increased risks of cardiovascular
events (45). PAHs are a class of compounds formed during incomplete
combustion of carbonaceous materials. PAHSs in air can be gaseous or bound
to particles. Many PAHSs are carcinogenic and mutagenic, and have been
connected with other adverse health outcomes. Benzo(a)pyrene is most
studied and often used as an indicator compound for PAH exposure (44).

1.3 Wood smoke

1.3.1 Residential combustion of solid fuels

Household combustion of solid fuels
is one of the ten largest causes of loss
of life in the world. In the latest global
burden of disease estimate (1)
approximately half of the excess
mortality due to air pollution is due to
ambient PM and the other half due to
household use of solid fuels,
representing 2.9 million deaths each,
globally. Most of the health effects
from combustion of solid fuel are
among poor people in developing
countries.

Around half the people in the world
still use solid fuels (such as wood,
coal, dung, agricultural waste) for
indoor cooking and heating (46). Figure 9. Kenyan woman cooking in dark
and smoky room. Photograph Alex
Kamweru for Global Alliance for Clean
Cookstoves. Reproduced with permission.
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Exposure levels can be very high, several hundreds of pug/m? of PM for the
users, as well as locally/regionally in communities (47).

Wood burning for residential heating or recreation is also a large source of
PM air pollution in parts of the developed world, including the Nordic
countries. In the wintertime wood burning can contribute as much as 70% of
PM, 5 in northern Sweden (48), up to 90% in Seattle (49), and more than 90%
in Christchurch, New Zealand (50). The contribution of wood burning to PM
emissions is likely to increase in the future as emissions from road traffic
decrease and there is a shift towards renewable energy sources. One
assessment of annual PM,s emissions estimated that for 15 EU countries
domestic wood stoves contributed 25% in the year 2000, and expected an
increase to 38% in 2020 (51).

1.3.2 Landscape fires

Landscape fires (wild and prescribed forest fires, tropical deforestation fires,
peat fires, agricultural burning and grass fires) are a large source of air
pollution globally. Wildfire smoke exposure has been associated with
cardiovascular and especially respiratory symptoms and morbidity (52).
There are few studies demonstrating an association with mortality, but one
recent estimation was that wildfires cause 339.000 annual excess deaths (53).
During fire events regional air pollution levels can be very high, reaching
hundreds of ug/m3 of PM,s, and affect air quality at great distances. The
incidence of large uncontrolled wildfires has increased in recent years (54).

In Sweden, wildfires are seldom considered as a source of air pollution since
they have been relatively rare and well controlled, with a few exceptions such
as the fire in Vastmanland in 2014. However, the expected increase in
summer temperatures due to global warming in the coming decades is likely
to increase the risk of major forest fires in Sweden in the future.

1.3.3 The composition of wood smoke

Wood smoke contains both smaller particles from relatively complete
combustion consisting of mainly alkali salts, and larger particles from more
incomplete combustion containing more carbonaceous material (55). The
physiochemical properties of wood smoke vary with combustion conditions
but can be classified into three fine particle classes: spherical organic carbon
particles (50-600 nm) generated under low-temperature and incomplete
combustion conditions, inorganic ash (15-125 nm) generated under high-
temperature and complete combustion conditions, and aggregate soot
particles (20-50 nm) generated under high-temperature and incomplete
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combustion conditions. (55). Normally, combustion conditions vary during
the combustion cycle and the smoke consists of a mixture of particle types.

One recent study of biomass smoke particles from pellet combustion showed
that, taking hygroscopicity into account, the fraction deposited in human
airways was low (0.21-0.23 of particle numbers) since the majority of
particles were in a size-range with a low probability of deposition (0.2-0.7
1g) (56). However, a follow-up study burning wood in a common wood stove
(more comparable to paper I and Il in this thesis) showed a higher deposition
fraction (around 0.34) (57). This is still a somewhat lower deposition fraction
than for diesel exhaust particles, which are generally more hydrophobic and
thus increase their size less in the humid airways (58).

The relative toxicity of PM from combustion of wood compared to other PM
is unclear. The evidence for associations with mortality is not as strong as for
ambient air pollution or diesel exhaust particles, but two reviews did not find
any evidence for less respiratory health effects by wood smoke-derived PM
compared to other PM (47, 59), and a recent position paper stated that there is
not enough evidence to conclude that residential biomass emissions are less
harmful than particles from fossil fuel combustion, calling for comparative
studies (60). In vitro studies have indicated that particles emitted from
incomplete combustion could be more toxic (55, 61)

1.4 Biological mechanisms

It is intuitively easier to expect respiratory health effects of inhaling air
pollution than cardiovascular health effects. However, both studies of short-
term exposures such as the London smog of 1952 (and subsequent time series
studies) and the long-term cohort studies such as the Six Cities study and the
ACS study clearly showed an increase in cardiovascular mortality as well.
Indeed, since cardiovascular disease is a much more common cause of death
than respiratory disease in the Western world, the large majority of deaths
due to air pollution are cardiovascular. However, the causality of the
observed associations between air pollution and mortality have been
questioned, especially the biological plausibility of how low concentrations
of inhaled PM could cause death in cardiovascular disease (62). Partially in
response to this, a large and growing number of experimental and
epidemiological studies have explored potential pathophysiological
mechanisms and provided supporting evidence in the last few decades.
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1.4.1 Cardiovascular health effects

The proposed biological mechanisms of how exposure to PM air pollution
increases the risk of cardiovascular events have been examined and found
support in a number of animal, in vitro, human chamber and epidemiological
studies and are described in several recent reviews and position papers (15,
39, 42, 63, 64). The main pathways are summarized in Fig 10. Briefly, PM
deposited in the airways may induce local pulmonary inflammation/oxidative
stress, leading to the release of systemic inflammatory/pro-oxidative
mediators. Inflammatory cytokines are also involved in the activation of the
coagulation cascade, and thus in the short term connected to increased risks
of thrombosis. In the long term inflammation is associated with the
progression of atherosclerosis and cardiovascular disease. Particles or particle
constituent may also translocate into the systemic circulation and directly
affect vascular function and blood constituents. A third suggested mechanism
is that particles may interact with irritant receptors in the lung affecting the
autonomic nervous system (eg reducing activity in the parasympathetic
nervous system and/or increasing activity in the sympathetic) thus increasing
the risk of arrhythmias. These three pathways are not mutually exclusive.

1.4.2 Respiratory health effects

Most of us have all experienced respiratory symptoms in relation to air
pollution exposure, perhaps in a large city, a night-club filled with cigarette
smoke, next to a campfire or when we let the food burn on the stove because
we are mentally formulating the defense of our dissertation. It is therefore not
surprising that there is strong epidemiological evidence for an association
between air pollution exposure and respiratory symptoms, and exacerbations
of airway diseases such as asthma and chronic obstructive pulmonary disease.
There is also evidence that air pollution increases the risk of developing these
diseases as well as allergy and respiratory infections (65, 66).

Inhaled particles trigger inflammation in the smaller airways, probably
through generation of reactive oxygen species and oxidative stress. PM can
also interfere with clearance and inactivation of bacteria in the lungs (67).
Inflammatory mediators are generated and inflammatory cells recruited and
activated. Exposure to air pollution can also weaken pulmonary defense
mechanisms by increasing epithelial permeability, decreasing mucociliary
clearance and depressing the function of macrophages. There is substantial
variations in individual susceptibility to health effects of air pollution (65).
Epigenetic effects of air pollution have also been suggested (15).
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1.4.3 Cancer

In addition to cardiopulmonary health effects, air pollution increases the risk
of lung cancer. Outdoor air pollution, diesel engine exhaust and household
combustion of coal have all by IARC been classed as carcinogenic to humans
(group 1) and indoor emissions from biomass combustion and cooking in
developing countries has been classed as probably carcinogenic (group 2a). A
number of individual constituents in air pollution such as benzene have also
been classed as carcinogenic with varying degrees of certainty (68-70).

@ \ PMinlungs

Irritant receptors

Inflammatory
cytokines

Sympathetic
effects on blood,
blood vessels
and heart

Figure 10. The main mechanisms through which PM air pollution causes
cardiovascular disease, adapted from Brook 2010(15).
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2 AIMS

The overall aims of this thesis were to investigate the mechanisms through
which wood smoke causes respiratory and cardiovascular diseases, and the
effects of long-term exposure to air pollution in a Swedish cohort.

Specific aims were to:

Determine if short-term exposure to wood smoke in healthy
adults affects biomarkers of airway inflammation, oxidative
stress and endothelial permeability, and symptoms (Paper I),
or biomarkers of systemic inflammation, coagulation and
oxidative stress (Paper II).

Compare the relative toxicity of two types of wood smoke
(Paper I and I).

Describe the long-term time trends and spatial contrast of
the population’s residential exposure to NO, in Gothenburg
(Paper I11).

Assess how the exposure assessment was affected by
extrapolation and by relocations (Paper IIl).

Determine if long-term residential NO, exposure is a risk
factor for overall and cause-specific mortality, or incident
myocardial infarction, in a population-based cohort of men
in Gothenburg (Paper 1V).

Evaluate if shorter or longer time-windows of exposure are
more important for the effect of long-term NO, exposure on
mortality (Paper V).
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3 MATERIALS AND METHODS

3.1 Overview

The following section contains a summary of the methods used in all studies,
for further details see papers I-1V. Papers | and Il are based on an
experimental chamber study of effects on biomarkers (mainly) in healthy
adults by wood smoke exposure. Paper Il is an exposure modelling study
based (mainly) on a large cohort of men in Gothenburg and paper IV is an
epidemiological study of total and specific cardiopulmonary mortality and
incident myocardial infarction (MI) in that cohort. All studies were reviewed
and approved by the Regional Ethical Review Board in Gothenburg.

Table 1. Study design, population, methods and outcomes in each paper

Paper | Il 1] [\
Design Experimental chamber study Exposure modeling Epidemiological
study cohort study
Time frame Short (hours-days) Long (years-decades)
Study 13 healthy adults 7494 men in Gothenburg
population
Exposure Wood smoke (two types) NOy
Exposure Mean PM mass 146/295 vs <15 pg/m® Median annual NO, 17-44 ug/m®
levels
Outcomes Biomarkers of Biomarkers of Yearly residential Total & cause-
airway effects, systemic exposure, temporal specific
and symptoms inflammation, and spatial contrast, cardiopulmonary
coagulation and extrapolation and mortality, incident
oxidative stress relocation analysis MI
Statistical Wilcoxon signed Wilcoxon signed Descriptive Cox proportional
methods rank test, rank test, T-tests, statistics, Pearson hazards regression

Spearman rank
correlations

Spearman rank
correlations

correlations, T-tests

models, generalized
additive models

3.2 Study population and data collection

3.2.1 Paperland Il

The study group of paper I and Il initially consisted of 16 healthy never-
smoking adults (8 men and 8 women) aged 20-57 years of age (mean age 31)
recruited from the staff of our department and students. We excluded three
participants before data analysis because upper airway infections emerged
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just before or between the sessions, and the results are thus based on 13
persons. All had normal spirometry values and none had symptomatic
allergy, and none took any medication for at least two days before each
session.

3.2.2 Paper lll and IV

The study population of paper Il and IV was the Primary Prevention Study
cohort (71), followed during the study period of January 1% 1973 to
December 31% 2007. A random third (n=10,004) of all men in the city of
Gothenburg born between 1915 and 1925, except for 1923, were enrolled in
1970-1973 (n=7,494, participation rate 75%), and screened again in 1974—
1977 (n=7,121). On both occasions participants filled out questionnaires on
background data and potential cardiovascular risk factors (occupation,
smoking habits, occupational and leisure time physical activity, a diagnosis
of diabetes mellitus, hypertensive medication, psychological stress, and
family history of coronary events) and were examined by health care
professionals (height, weight, systolic and diastolic blood pressure and
cholesterol levels).

Questionnaire information on tobacco smoking habits from both
examinations was used with participants categorized into five groups: “never-
smokers”, “ex-smokers, screening 1”, “smokers quitting between screening 1
and screening 27, “light smokers” (a consumption of cigars, pipe tobacco,
and cigarettes equivalent to 1-15 cigarettes/day), and “intermediate and
heavy smokers” (the equivalent of >15 cigarettes/day). Occupation was
classified into classes according to a socioeconomic classification system of
Statistics Sweden, as described in (72). The classes were: (1) higher civil
servants, executives and self-employed professionals, (2) intermediate non-
manual employees, (3) foremen in industrial production and assistant, non-
manual employees, (4) skilled workers, (5) unskilled and semi-skilled
workers, and (6) others (mainly men with disability pensions, and farmers).

Physical activity during leisure time was categorized into (1) mainly
sedentary activity (2) moderate physical activity (3) regular strenuous
physical activity or athletic training or competitive sports several times per
week. A diagnosis of diabetes mellitus at baseline was used as a dichotomous
variable, as well as a family history of coronary events, and psychological
stress (“persistent stress”, yes/no).

BMI was calculated from height and weight, and the mean BMI across the
two measurements categorized into quintiles. Systolic and diastolic blood
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pressure was measured after 5 minutes of rest to the closest 2 mmHg, and
values from screening 1 included in the model as a continuous variable.
Participants with a systolic blood pressure =>140 mmHg, a diastolic blood
pressure= >90 mmHg, or taking antihypertensive medication were defined as
hypertensive (yes/no). Fasting serum cholesterol concentrations at screening
1 were used as a continuous variable.

Although the Primary Prevention Study was originally an intervention trial
against smoking, hypercholesterolemia, and hypertension, no significant
differences in risk factors or outcomes were found between the intervention
group and a control group when a subsample of 20% were re-examined ten
years after the first examination (73). Consequently, any changes brought
about by the intervention were taking place in the general population as well,
and the cohort was therefore considered to be representative of the city
population.

Selected background characteristics of the population are shown in Table 2.
At baseline in 1973, participants were middle aged, with ages evenly
distributed between 48 and 58 years. Over half of the participants were
initially smokers, but a relatively large fraction (9% of the cohort) quit
between the first and the second screening. Around half were employed in
white collar jobs, and half in blue collar jobs. Most reported a moderate
amount of physical activity in their leisure time. A quarter reported a family
history of coronary events, and 16% said that they were feeling constantly
stressed. Only 2% had a diagnosis of diabetes mellitus. The median BMI was
25 kg/m? with very few underweight or obese participants. Systolic and
diastolic blood pressures were relatively high on average. Only a minority
regularly took hypertensive medication. The distribution of background
covariates was similar in the whole population and in those with missing NO,
exposure data (Table 2).

A small number of participants (n=46) died before the start of the study

period and were excluded from the analysis, as were the few individuals
(n=4) for whom no address information was found.
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Table 2. Selected characteristics for all participants and those with baseline
NO, exposure data (adapted from paper 1V).

All With baseline NOy
Mean NOy at baseline (range) ug/m? 42 (5-186)
Number 7,494 6,557
Age at baseline, mean (range) years 53 (48-58) 53 (48-58)
Smoking categories, % (n) Never-smokers 25 (1,851) 25 (1,648)
Ex-smokers at scr 1 22 (1,671) 22 (1,434)
Quit before scr 2 9 (703) 10 (627)
Light smokers 28 (2,061) 28 (1,811)
Heavy smokers 16 (1,201) 16 (1,032)
Occupational class % (n) High rank white collar 11 (812) 11 (716)
Mid rank white collar 17 (1,266) 17 (1,117)
Low rank white collar 19 (1,400) 19 (1,233)
Skilled manual labor 26 (1,914) 26 (1,681)
Unskilled man. labor 23 (1,691) 23 (1,475)
Other 5 (405) 5 (330)
Leisure time physical Sedentary 26 (1,920) 26 (1,682)
activity, % (n) Moderate 58 (4,308) 59 (3,809)
Intermediate/vigorous 16 (1,166) 15 (981)
Psychological stress, % (n) Persistent stress 16 (1,100) 15 (950)
No persistent stress 84 (5,950) 85 (5,220)
Diabetes mellitus, % (n) Yes 2 (149) 2 (126)
No 98 (7,301) 98 (6,395)
Family history of acute MlI, % (n) Yes 24 (1,799) 24 (1,565)
No 76 (5,695) 76 (4,992)
BMI, median (5"-95" %iles) 25 (21-31) 25 (21-31)
S-cholesterol, mean (5"-95™ %iles) ~ mmol/L 6.5 (4.8-8.5) 6.5 (4.8-8.4)
SBP, mean (5"-95" %iles) mmHg 149 (118-190) 149 (118-190)
DBP, mean (5"-95" %iles) mmHg 95 (76-118) 95 (76-118)
Antihypertensive meds., % (n) Yes 16 (1,221) 17 (1,081)
No 84 (6,273) 84 (5,476)
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3.3 Study design and exposure assessment

3.3.1 Paperlandll

Study design

Participants were in a chamber exposed to first filtered indoor air, one week
later to wood smoke from the start-up phase of the wood-burning cycle, and
another week later to wood smoke from the burn-out phase of the wood-
burning cycle. Each session lasted for three hours and were identical, apart
from the exposure. Blood, urine and breath condensate samples were taken
before the participants entered the chamber, and at several time points after
exposure. To make sampling practically possible a new participant started the
schedule every 10 minutes, so that one whole session lasted 5 hours 40
minutes. In the chamber the participants read or chatted, at rest. In the middle
of the exposure they had a small shack (sandwich), and they had free intake
of soft drinks and water. The participants were not allowed to eat closer than
one hour before the first blood samples. Because a nitrate-rich meal can
increase the fraction of exhaled nitric oxide (FENQ) levels (74) participants
were instructed not to eat green salad, spinach, sausage, ham or >4 potatoes
before NO-measurements.

The exposure chamber & generation of wood smoke

The exposure chamber at the Swedish National Testing and Research
Institute (SP) measured 29 m3 (7.4 x 6 x 2.9 m). The walls, floor and ceiling
were covered with Teflon-impregnated glass fiber fabric and were cleaned
between exposure sessions. Wood smoke was generated in a small cast iron
wood stove, chosen to represent a typical stove in Scandinavia, just outside
the chamber. A partial flow of the generated wood smoke was mixed with
HEPA-filtered indoor air and led into the chamber. The PM,s mass
concentration was controlled online to maintain a target concentration of
about 200 pg/m®. A mixture of hardwood and softwood was used (50% birch,
50% spruce, moisture content 14-16% and 17-19% respectively). A 2.5-3 kg
batch combining small and large logs was ignited, and approximately every
40 minutes another three logs of 1.5 kg were added until the session was
over.
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Figure 11. The wood smoke expo\sure chamber used in the study. Partial flow of flue
gas (a), flow of filtered indoor air (b), supply of air terminal device (c), ventilation
outlet (d), and connection hole for instruments (e). Adapted from Sallsten et al 2006.

In the session when wood smoke from the start-up phase was generated,
smoke was supplied to the chamber for 12-14 minutes starting immediately
after new wood logs were added. In the session using smoke from the burn-
out phase, smoke was supplied for 15 minutes starting 25 minutes after wood
was added. In both sessions the fire was started one hour before the sessions
to warm the wood stove.

Sampling and characterization of wood smoke

We measured the PM,s mass concentration online using a tapered element
oscillating microbalance (TEOM), and PM,s and PM; mass concentrations
using cyclones and sampling pumps. Number concentrations and size
distributions of particles (0.007-6.7 um) were measured by an electric low
pressure impactor (ELPI). Some filters were analyzed for trace elements
using an energy dispersive X-ray fluorescence (EDXRF) spectrometer (75),
and for black carbon (BC) content by an optical method. Other filters were
analyzed for particulate PAHs using high-resolution gas chromatography and
low resolution mass spectrometry (HRGC/LRMS). We measured NO + NO,
online using a chemiluminescence technique and CO, + CO using infrared
technique.

Stationary measurements of benzene and 1,3-butadiene were performed using

SKC-Ultra diffusive samplers filled with Carbopack X and the samples
analyzed with an automatic thermal desorber (ATD) and gas chromatograph
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flame ionization detection (76). Active sampling of formaldehyde and
acetaldenyde was performed using pumps and Sep-Pak DNPH-silica
cartridges, and the samples analyzed using high performance liquid
chromatography (HPLC) (77). Measurements of naphthalene, toluene,
ethylbenzene and xylenes were made using with Perkin Elmer ATD tubes
filled with Tenax TA. The samples were analyzed using ATD and gas
chromatograph flame ionization detection (76, 78). Finally, we registered the
temperature and relative humidity in the chamber. All measurements were
taken in the center of the chamber throughout the whole session.

3.3.2 Paper lll and IV

For all participants’ individual yearly addresses for the entire study period
were retrieved and assigned geographical coordinates. We manually checked
all addresses and corrected inconsistencies, such as spelling mistakes, and
assigned some of the older addresses using maps in the city archives. Each
year, some participants (5-10%) had insufficient address information for
assigning precise coordinates, or the assigned coordinates were outside our
modeled area and could therefore not be assigned a NO, value. Some of the
addresses just outside the border of the modeled area (within about 200 m),
however, could reliably be assigned using a somewhat larger model
calculation for the year 1990 (as described in paper III).

Yearly mean levels of NO, for the Gothenburg area were modeled in 75,000
(250*300) 50-meter squares for the years 1975, 1983, 1991, 1997, 2004, and
2009 by the Gothenburg Environment Department in a Gaussian dispersion
model using the EnviMan AQPlanner and historical and current emission
databases (EDBs). The EDBs contain information on emissions from road
traffic, shipping, industries, larger energy and heat producers, small-scale
heating and construction machinery. For 1975 and 1983 emissions from
industries and shipping were estimated based on later emission data and
adjusted by reported production data. Since emissions from industries and
shipping were less than half of the traffic emissions and for most participants
not close to their homes, the impact of this uncertainty was minor.

We linearly interpolated NOy levels for the years between the modeled years
so each individual had an exposure value at the residential address for each
year. When address information for the participant’s last year was missing
(due to death or emigration before addresses were collected for that year), we
used the NOy exposure of that year at the preceding year’s address. For the
years 1973 and 1974, the NO, values for 1975 were used.
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At baseline 6946 participants were alive and residing in Gothenburg, for
which we could model exposure for 6563 (95%). We assigned a total of
160,568 addresses during the study period, 146,675 of which could be given
a NOy value (91%).

By using the dispersion model for the year 2009 and the time trend at the
central monitoring station, we compared the back-extrapolated NOy levels at
the participants’ homes with the “true” levels for the previous modeled years,
2004, 1997, and 1975, for the participants’ correct addresses. Subsequently,
we investigated the effects of extrapolating forwards and backwards with and
without taking relocations into account.

We compared exposure levels in the cohort with exposure levels in the entire
modelled area, with the exposure in the whole population for the years 1975,
1990, and 2004, and with rooftop measurements at a central location.

All participants
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Figure 12. A flowchart of inclusion and exclusion from the cohort based on
participants’ residence and survival. Adapted from paper I1I.
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3.4 Outcomes
3.4.1 Paperlandll

Symtoms

Subjective symptoms were measured and scored (0-10) according to the Borg
scale (79), using a self-administered questionnaire in the last 15 minutes of
each session. The symptoms included in the questionnaire were headache,
dizziness, nausea, tiredness, chest pressure, cough, shortness of breath,
irritation of the eyes, irritation of the nose, unpleasant odor, irritation of the
throat and bad taste in the mouth.

Biomarkers

We collected venous blood for serum, plasma and blood cell counts. Blood
counts by flow cytometry were performed on the same day, while the serum
and plasma aliquots were stored frozen in polyethylene cryotubes until
analysis. We collected timed urine samples in polypropylene bottles, males
discarding the first 100 mL to eliminate post-renal excretion of Club cell
protein 16 (CC16) from the prostate (80), registered the volumes and froze
aliquots until analysis.

Exhaled breath condensate (EBC) was collected using an RTube, and the
exhaled volume measured with an ECoVent. Participants wore a nose clip,
rinsed their mouth with distilled water for 30 seconds before sampling, and
breathed tidally through the RTube until 80 litres had been exhaled. Samples
were frozen at -20°C and analyzed using HPLC as described in (81). We
measured FENO with a chemiluminescence analyser, in duplicates and at
several exhalation flow rates according to the 2005 ATS/ERS
recommendation. A plus or minus 10% deviation of the instant flow and a
plus or minus 5% of the mean flow during the plateau phase was accepted.

CC16 in serum and urine (S/U-CC16), surfactant protein D (SP-D),
interleukin-6 (IL-6), tumor necrosis factor-a (TNF-a), serum amyloid A
(SAA), soluble intercellular adhesion molecule-1 (sICAM-1), soluble
vascular cell adhesion molecule-1 (sVCAM-1) and soluble P-selectin (sP-
selectin) were analysed using commercial enzyme-linked immunosorbent
assay (ELISA) kits. D-dimer and von Willebrand factor (VW) antigen were
determined using sandwich ELISA. Surfactant protein A (SP-A) was
determined using a home-made ELISA using two different antibodies against
human SP-A, one polyclonal and one monoclonal (82). High-sensitivity
serum C-reactive protein (CRP) was measured by immunoturbidometry.
Fibrinogen in plasma was determined based on the coagulation time at high
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thrombin concentration, and factor VII (FVII) using a one-step
thromboplastin method. Functional factor VIlic (FVIII) was determined
using a thrombolyzer. 8-1so-prostaglandin F,q (8-is0-PGF,,) was analyzed in
urine using a radioimmunoassay as developed by Basu (83). U-CC16 and
urinary 8-iso-PGF,, values are presented after adjustment for creatinine
levels in urine.

3.4.2 Paper IV

During the study period 1973-2007, all participants were followed based on
their unique Swedish personal identification number. We obtained data on
cause-specific mortality according to the International Classification of
Diseases (ICD)-8, -9, and -10 from the Swedish national register on cause of
death. We examined total non-accidental mortality, cardiovascular mortality,
death from ischemic heart disease (IHD), death from acute MI, death from
cerebrovascular diseases, and death from respiratory diseases excluding lung
cancer. For incident MI, we combined data from the hospital discharge
register, the Gothenburg Registry of Myocardial Infarctions, and the national
register on cause of death.

During the study period, 5669 deaths (76% of participants) occurred in the
cohort. Almost all were non-accidental, and almost half were caused by
cardiovascular diseases (Table 3). A total of 1722 incident Ml occurred.

Table 3. ICD codes and numbers of deaths from selected causes and incident
MI in the cohort during the study period. Adapted from paper IV.

Cause of death Number % of deaths
Total mortality 5669 100%
Non-accidental (ICD8 and ICD9 001-779 and ICD10 A00-R99) 5457 96%
Cardiovascular (ICD8 and ICD9 400-440 and ICD10 110.0-170) 2465 43%
Ischemic heart disease (ICD8 and ICD9 410-414, ICD10 120-125) 1584 28%
Myocardial infarction (ICD8 and ICD9 410, ICD10 121, 122) 953 17%
Cerebrovascular disease (ICD8 and ICD9 430-438, ICD10 160-69) 442 8%
Respiratory disease, except cancer (ICD8+9 460-519, ICD10 JO0-J99) 373 7%
Incident myocardial infarction (ICD8 and ICD9 410, ICD10 121) 1722 n.a.

n.a. = not applicable.

3.5 Statistical methods

Data analyses were, except where otherwise stated, performed using the SAS
software package, for papers | and Il with version 9.2 and for paper IV
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version 9.3. In paper IV R version 3.0.2 was used in some analyses. In paper
111 we used Sigma-plot 11.0 and Microsoft Excel for descriptive statistics and
statistical analysis. All p-values presented are two-sided, and an a-level of
0.05 was used.

3.5.1 Paper | andll

For all biomarkers we calculated intra-individual differences at each time
point by subtracting the change after exposure to filtered air from the change
after exposure to each of the two wood smoke sessions, making each
individual his or her own control. Statistical significance was tested with t-
tests for normally distributed biomarkers (FVII, FVII, vWf, f8/VWH,
leukocytes, sP-selectin, platelets) and Wilcoxon’s signed rank test for
biomarkers not normally distributed (CRP, fibrinogen, SAA, 8-is0-PGF,,,
sICAM-1, sVCAM-1, D-dimer, IL-6, TNF-a, S-CC16, U-CC16, SP-A, SP-D,
MDA). Point estimates (in %) of all significant differences are also presented,
expressed as the median of the intra-individual differences divided by each
individual’s baseline value before wood smoke exposure. Associations
between biomarkers were assessed using Spearman’s rank correlation
coefficient (rs), separately for each sample time, and in all unexposed
morning samples combined. Biomarker samples below the detection limit (L)
or missing were assigned the value L/N2 as described in (84).

3.5.2 Paper lll

We imported the geocoded data (addresses and modeled NO, levels) into
QGIS version 2.4.0-Chugiak (85) and used overlay analyses with the function
join attributes by location. Descriptive NO, statistics and exposure contrasts
during the study period were presented. We assessed linear associations
between continuous variables, using the Pearson correlation coefficient (for
source emissions and participants” exposure) and R? values (for dispersion
models vs back extrapolation).

To investigate whether relocation patterns affected the exposure trends, we
analyzed the differences between NO, exposure the first year at the new
address and NO, the same year at the old address, as if they still had resided
at the old address. We used t-tests to test the mean difference for the whole
study period, as well as for three time periods and three age groups.

3.5.3 Paper |V

We estimated the associations between residential NO, exposure and
different mortality outcomes using Cox proportional hazards models with age
as the time scale. We used three different exposure time windows: (1) NO
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exposure in the last year, (2) the 5 year mean NO, exposure, and (3) the mean
NO, exposure since enrolment. For all three exposure windows, the NOy
exposure was included as an annual, time-dependent variable. For exposure
windows 2 and 3, we excluded estimates that were based on <80% of the
intended data. Participants were censored at the end of the study period, at the
time of death due to cause of death other than the relevant outcome, or when
exposure information was missing. For incident Mls the procedure was the
same, but we also censored participants after the first MI.

Analyses for each outcome were performed for all three exposure windows
using three models. Model 1 was a crude model only including NO,, age as
time scale, and calendar year as a third degree polynomial. Model 2 also
included smoking status and occupational class since these covariates were
associated with both NO, exposure levels and mortality outcomes. Model 3
included all available potential explanatory variables, except those excluded
because of collinearity. Model 2, including the “true” confounders, was
considered our main model and used in all subsequent analyses (see
Discussion section 4.2.14 and Fig 25 for further discussion).

Potential effect modification was tested by including the interaction term
NO, * covariate in Model 2 for each covariate (as binary variables);
thereafter, stratified results were examined. We performed sensitivity
analysis by including the covariates previously excluded due to collinearity,
and by changing the time scale to “time in study”. Analyses were also
performed with/without calendar year in the model, and with calendar year as
linear variable instead of a third degree polynomial.

In the proportional hazards model, NO, was included as a linear effect. We
also allowed the effect to be non-linear, using generalized additive models
(GAMs) and the mgcv package in R, version 3.0.2 (86). A Poisson regression
model (for Model 2) was fitted where the effect of both NO, exposure last
year and calendar year was included as smooth functions. The smooth terms
were represented using penalized regression splines.
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4 RESULTS & DISCUSSION

In this section the main results of the four papers in the thesis are summarized
and discussed, including some additional analyses. Further details can be
found in paper I-1V.

4.1 Paperlandll
4.1.1 Exposure

Exposure levels in the control session and the two wood smoke exposure
sessions are presented in Table 4. In general, all exposures were very low in
the control session with filtered air. Most exposures were higher in the start-
up wood smoke session compared to the burn-out session.

PM mass concentrations were considerably higher in the start-up session
compared to the burn-out session: Measured using cyclones and pumps PM, s
mass was almost twice as high in the start-up session compared to the burn-
out session (295 vs 146 ug/m?). Measured with TEOM PM,s mass
concentration was also higher in the start-up session compared to the wood
smoke session (221 vs 148 ug/m°®) despite an under-estimation in the start-up
session where the highest exposure peak was missing due to instrument
limitations (Fig 14a). The temporal variation in exposure was considerable,
especially in the start-up session. Black carbon levels were slightly higher in
the burn-out session compared to the start-up session.

The particles were on average smaller in the start-up session (geometric mean
diameter 38 nm vs 83 nm), and the fraction of particles being ultrafine
correspondingly higher (68% vs 40% of the total number). A large part of the
particles can thus be considered “nano-particles”. Average PM number
concentrations (PNC) were only somewhat higher in the start-up session. The
concentrations of trace elements (K, Zn, Rb, Pb) were relatively similar in the
start-up session and the burn-out session, except for the levels of Pb that were
more than twice as high in the burn-out session. All particle measurements
and trace elements were very low in the filtered air session, often below the
limit of detection.
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Figure 14. PM, s and CO concentration during 5.8 h in the exposure chamber for
both wood smoke sessions (A and B), measured online using a TEOM. Particle
number concentrations (C and D) during the same period, in total and in the smallest
size intervals (PMo.o, or PMo.s), @s measured using an ELPI. From paper 1.

The concentrations of particulate PAHs were higher in the start-up wood
smoke session than the burn-out session, and very low in the filtered air
session. For example, the average benzo(a)pyrene concentration was 3600
times higher in the start-up session and 480 times higher in the burn-out
session compared to filtered air. In the start-up session we found strong
correlations between almost all PAHs and between the PAHs and PM (rs =
0.83-1.0). In the burn-out session there were fewer significant correlations.
The concentrations of most Volatile Organic Compounds (VOCs) were also
higher in the start-up session compared to the burn-out session, several (1,3-
butadiene, naphthalene and acetaldehyde) about twice as high. All VOCs
except xylenes and toluenes were much lower in the filtered air session.

The levels of NO, NO, and CO were highest in the burn-out session; mean
NO, levels 0.05 ppm (=101 pg/m?), vs 0.03 ppm (=61 pg/m®) in the start-up
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session and 0.01 ppm (=20ug/m?®) in the filtered air session. The highest peak
concentrations also occurred in the burn-out session (NO,=0.1 ppm = 203
pg/m®, and CO=30 ppm). The concentrations of CO, were similar in all
sessions, about 1300 ppm, roughly 3-4 times normal outdoor levels. The
mean temperature in the exposure chamber was similar in all sessions, and
the relative humidity lowest in the burn-out session.

Table 4. Time weighted averages of the online measurements (PM mass,
particle number concentration, NO, NO,, CO), means of replicate filter

samples (PM mass, BC, elements and PAHs) and VOCs. From paper I.

Filtered air session

Start-up session

Burn-out session

N Mean SD N Mean SD N Mean SD
PM; s (ua/m®) (TEOM) C 8.4 2.0 C 221* 121 C 148 48
PM mass (ug/m?) 7 <15 16%* 295 43 1 146 15
PNC (1000#/cm?) C 2.9 0.77 C 140 83 C 100 51
Ultra fine particles (%) Cc 55 58 C 68 21 C 40 15
BC (ug/m?) - - 6 90 17 6 115 10
Trace elements (ng/m®)
K 6 <1500 6 9700 4500 6 8800 1200
Zn 6 70 14 6 2400 720 6 3100 340
Rb 6 <30 6 73 30 6 105 18
Pb 6 47 43 6 170 24 6 400 55
Particulate PAHs (ng/m?)
Benzo(b)fluoranthene 3 0.03 0.05 6 20 6 6 4.9 1.3
Benzo(k)fluoranthene 3 <0.01 6 23 8.6 6 45 11
Benzo(a)pyrene 3 0.01 0.006 6 36 15 6 4.8 1.6
Perylene 3 <0.01 6 5.5 2.1 6 11 0.26
Indeno(1,2,3-cd)pyrene 3 0.02 0.02 6 49 14 6 14 2.3
Dibenzo(a,h)anthracene 3 <001 6 43 19 6 3.0 0.50
Benzo(g,h,i)perylene 3 <0.01 6 41 9.6 6 11 14
VOCs (ug/m®)
Benzene 3 2.0 0.20 3 33 078 3 21 11
1,3-Butadiene 3 0.16 0.02 3 8.5 017 3 4.2 0.11
Toluene 2 15 3.0 3 28 095 3 17 0.49
Ethylbenzene 2 4.8 0.56 3 4.0 025 3 4.7 0.28
Xylenes 2 19 0.58 3 13 13 3 20 14
Naphthalene 2 1.6 0.08 3 10 079 3 4.1 0.60
Formaldehyde 2 11 0 3 94 4.7 3 81 9.5
Acetaldehyde 2 13 0 3 71 4.2 3 37 4.4
Gaseous (ppm)
NO C 008 0.02 C 0.14 010 C 0.30 0.07
NO, C 001 0.004 C 0.03 001 C 0.05 0.02
Cco C 073 0.04 C 5.6 20 C 15 5.1

C = continuous measurements
* = registration missing for half an hour, ** = one sample omitted due to leakage
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4.1.2 Biomarkers of airway effects

Airway biomarkers before and after exposure to start-up/burn-out wood
smoke and filtered air are presented in Table 5. Several biomarkers of airway
effects increased after exposure to wood smoke compared to the control
session, indicating effects on airway epithelial permeability and airway
inflammation.

FENO - Fraction of Exhaled Nitric Oxide

FENO is a marker of airway inflammation, associated with asthma and other
airway diseases (87). FENO is increasingly used and now recommended by
the ATS in the management of asthma (88). Exhaled nitric oxide at 50 ml/s
exhalation flow rate (FENOs,) mainly represents the conducting airways, and
exhaled nitric oxide at 270 ml/s exhalation flow rate (FENO,z;) mainly
represents the alveolar compartment.
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Figure 15. Median changes (4) from baseline and 90% confidence intervals for (A)
FENO,,, and (B) FENOs, at all sample times in the filtered air session and both
wood smoke sessions. *Significant net increase after wood smoke exposure.
7Significant decrease from baseline. From paper I.

FENO,7, increased after both wood smoke exposures compared to filtered air
at almost all sample times (point estimates 18-32%, Fig 15A). Although
highly significant results, a cautious interpretation is appropriate since this
relative increase was to a large extent due to an unexplained relatively high
FENO,, baseline the morning of the filtered-air session, and consequently a
decrease after exposure to filtered air (Fig 15A). Without adjustment for
changes in the control session only a non-significant tendency to increase
after exposure to burn-out wood smoke remained (point estimates 5-14%).

FENOs, increased after exposure to wood smoke from the burn-out phase of

the wood-burning cycle. Adjusted for filtered air, the changes were
significantly higher after wood smoke exposure both the following mornings
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(point estimates 12% and 19%, Fig 15B). After exposure to wood smoke
from the start-up session, FENOs, increased only marginally compared to
after filtered air.

While we believe the best interpretation of the findings on FENOs, and
FENO,y, is as signs of distal and proximal airway inflammation by exposure
to wood smoke, some precautions should be kept in mind. The increase in
both FENOs, and FENO,;, after wood smoke exposure was stronger in the
burn-out session, where most exposures were lower than the start-up session.
It seems unlikely that the higher levels of gaseous pollutants in the burn-out
session could have caused the effect on FENO. Furthermore, in our previous
wood smoke exposure chamber study using higher exposure an increase in
FENO,7, but not FENOg, was observed (89). Null effects on FENO have
been reported in some other chamber studies of wood smoke exposure (90-
92) as well as in other experimental studies of air pollution (93-95).
However, several studies of outdoor air pollution have reported an
association with FENO (96-101).

Pneumoproteins

Club cell protein 16, believed to protect the respiratory tract against
inflammation and oxidative stress, is secreted by club cells into the epithelial
lining fluid (ELF) of the lung. A small fraction normally passes through the
lung epithelial barrier into serum where it is rapidly eliminated through renal
clearance, leading to increased urinary levels. CC16 can thus be measured
both in ELF, blood and urine. Increased levels of CC16 in serum may come
from increased production/secretion into the respiratory tract, increased
leakage through the lung-blood barrier or decreased renal clearance (102).
Increased leakage is believed to be more important than increased synthesis
in acute exposure situations (103).
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Figure 16. Median changes (4) from baseline and 90% confidence intervals for (A) S-
CC16 and (B) U-CC16 at all sample times in the filtered air session and the two wood
smoke sessions. *significant net increase after wood smoke exposure. From Paper I.
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The surfactant protein A (SP-A) and surfactant protein D (SP-D), produced
by alveolar type Il cells, are important for surfactant homeostasis and
pulmonary immunity (104). While larger than CC16 they can still penetrate
the lung-blood barrier, and increased serum levels have been observed in
pulmonary diseases (105).

In the start-up wood smoke session S-CC16 was significantly increased
compared to after filtered air four hours after exposure (point estimate 19%,
Fig 16A), and U-CC16 was increased in the next morning (point estimate
59% Fig 16B). No significant changes in CC16 were found in the burn-out
session. The surfactant proteins SP-A and SP-D showed no significant
changes in the start-up session, while there was a significant small net
decrease of SP-D four hours after exposure in the burn-out session (4%).

We interpret the increase in S-CC16 four hours after exposure start as
increased leakage through the lung-blood barrier due to minor epithelial
damage. Rapidly increased synthesis/secretion of CC16 cannot be excluded
as an alternative explanation though, since we did not take BAL samples of
CC16. However, another recent chamber study of wood smoke exposure in
healthy humans did analyze CC16 in BAL and did not see any increase or
decrease after wood smoke exposure compared to clean air (92).

S-CC16 was normalized already in the sample the following morning,
indicating that the effect was minor and rapidly repaired. Instead, levels in
urine were increased the morning after exposure, which is biologically
consistent since CC16 is cleared through urinary secretion. Further support
for the validity of these findings are that similar effects were found in our
previous wood smoke exposure study (89). However, it should be noted that
two other chamber studies did not find any changes in S-CC16 after wood
smoke exposure compared to clean air (92, 106). Increased S-CC16 has also
been found in other studies after short-term exposure to other airway irritants
(107-110). Studies of smokers (82, 111-113), and residential wood burners
(114) indicate that longer-term exposures instead decrease levels of CC16,
probably due to loss of club cells. CC16 is a small protein with a high
concentration gradient, and subtle defects in the lung epithelial barrier may
be enough to cause a detectable increase in S-CC16 (102). The larger size of
SP-A and SP-D is one possible reason for why these biomarkers were not
affected as CC16. Limited power to detect small variations due to larger
inter-assay variability is also a possible explanation, especially for SP-A.

Interestingly, decreases in SP-D and CC16 were recently observed after acute
airway exposure in ski waxers (115). A major function of collectins such as
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SP-A and SP-D is to bind targets to facilitate phagocytosis (e.g.
microorganisms and allergens, but they have also been shown to bind carbon
nanotubes (116)). A possible explanation for the decrease of serum-SpD after
wood smoke exposure might be that the surfactant is consumed by binding
small carbonaceous particles. However, chance is an alternative explanation.
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4.1.3 Biomarkers of systemic effects

Biomarkers of systemic inflammation, coagulation and oxidative stress
before and after exposure to start-up/burn-out wood smoke and filtered air are
presented in Table 6. In general, biomarkers did not increase after exposure
to wood smoke, compared with filtered air. Figure 17 gives a simplified
picture of the relationship between biomarkers used as outcomes in the thesis,
and the biological functions they are associated with.

Airway
Lipid peroxidation & PM Epithelial permeability
Oxidative stress

Paper | MDA /EN CC161], SpA & SpD
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Figure 17. The outcomes used in paper 1, Il and 1V, and a schematic depiction of their
relationships. Overlapping indicate that the biological processes are associated, for example
coagulation and vascular function are affected by inflammation. Biomarkers on the border
between airway and systemic effects can originate both in the airways and elsewhere.

Systemic inflammation

IL-6 and TNF-o are inflammatory cytokines that induce the production of
acute phase reactants in the liver such as CRP and SAA. During
inflammation these biomarkers increase in serum. So does white blood cell
(WBC) count, and the soluble forms of the Cellular Adhesion Molecules
(CAMs) that facilitate recruitment of WBC to the inflamed tissue. There is a
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well-established connection between inflammation and cardiovascular
disease, and increased serum levels of inflammatory biomarkers have been
associated with cardiovascular disease and mortality (117-120).

The main biomarkers of systemic inflammation did not increase after
exposure to wood smoke compared with exposure to filtered air, nor did the
levels of soluble CAMs. The levels of IL-6, TNF-a, SAA, WBC, and sP-
selectin did not change significantly after exposure at any sampling time.
CRP was slightly lower four hours after exposure in the start-up session
compared to filtered air (point estimate -5%). Soluble ICAM-1 increased only
47 hours after exposure in the burn-out session (point estimate +7%), which
is not biologically plausible and was mainly due to simultaneous decrease
after filtered air. Soluble VCAM-1 was significantly but marginally
decreased four hours after exposure in both wood smoke sessions compared
to exposure to filtered air (point estimates -2% and -5%). Decreases in
SVCAM-1 or CRP would not indicate an increased risk of cardiovascular
disease, but a protective effect by wood smoke exposure also seems
improbable. While these changes might be true effects of wood smoke
exposure, they are small and erratic and chance is also a possible explanation.
Our interpretation of these results is that we did not in healthy adults find
evidence of systemic inflammation after wood smoke exposure at these doses
and types of wood smoke, that would have indicated an increased risk of
cardiovascular diseases. The results are of course not evidence against a link
between wood smoke exposure and cardiovascular disease.

Decreases in biomarkers of systemic inflammation after wood smoke
exposure have been found in other studies as well for IL-6 (106, 121, 122),
and CRP (122), while others have found no changes in IL-6 or other
biomarkers of systemic inflammation (92). One study with relatively high
exposure doses (see Table 7 below) did however see an increase in
neutrophils in both blood and BAL and in IL-1, indicating an inflammatory
response (123). On the other hand, a study of people living in a reconstructed
Viking house with very high exposure to wood smoke for five days did not
see any increase in biomarkers of systemic inflammation, a decrease in
SICAM-1 and a tendency towards a decrease in sSVCAM-1 (124).

Coagulation

Inflammation is closely linked to coagulation, with many of the biomarkers
increased in inflammation increasing the risk of thrombosis. Fibrinogen is an
acute phase reactant that is increased in inflammatory conditions and is an
important determinant of blood viscosity and platelet aggregation. Plasma
levels have been associated with cardiovascular diseases (125-128). Platelets
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are important in both inflammation and thrombosis and are linked to the
progression of atherosclerosis (129). Circulating levels of D-dimer reflects
the degradation of cross-linked fibrin, and higher levels have been associated
with coronary heart disease (130). The coagulation factors VIl and VIII and
the von Willebrand factor are part of the coagulation cascade. Factor VI1II and
VW are acute phase reactants and have been associated with inflammation
and cardiovascular disease (131-133).

The effects of wood smoke on biomarkers of hemostasis were ambiguous.
Fibrinogen decreased slightly but significantly in the morning after exposure
in both wood smoke sessions, compared to filtered air (point estimates-4%
and -5%). In the burn-out session fibrinogen was decreased also four hours
after exposure (point estimate -8%, Fig 18). Platelet counts were also slightly
lower four hours after exposure in the burn-out session (point estimate -6%)
and in the morning after exposure in both wood smoke sessions (point
estimate -6% in both). Furthermore, D-dimer showed a significant net
decrease two mornings after exposure in the start-up session (point estimate -
20%), but not at previous sampling times. However, in the burn-out session,
FVI1I showed increased significantly compared to filtered air four hours after
exposure, as well as 47 hours after exposure (point estimates +6% and +12%,
Fig 18). In the same session, FVIII showed a non-significant tendency to
increase four hours after wood smoke exposure (point estimate +14%,
p=0.09, Fig 18), and was significantly increased the next morning (point
estimate +37%). At the same sample time the FVIII/VWT ratio was increased
(point estimate +47%). In the start-up session, FVI1II also showed a tendency
to increase the morning after exposure (point estimate +13%, p=0.08), but
was significantly decreased four hours after exposure (point estimate -29%,
Fig 18).

There were thus both statistically significant increases and decreases in
biomarkers of coagulation after wood smoke exposure but no clear pattern.
The increases in FVII and FVIII could be interpreted as a true effect
indicating an increased risk of coagulation, and consequently cardiovascular
disease, by wood smoke exposure. An increase in FVIII (but not FVII) was
found in a previous wood smoke exposure study (121). However, the number
of biomarkers of coagulation decreasing after wood smoke exposure was
greater than the number increasing, making this explanation less plausible
(assuming that they react in the same way to wood smoke exposure). Also,
the few biomarkers of coagulation that have been measured in other chamber
studies have been unaffected by wood smoke exposure (106, 123).
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Another possible interpretation of the results is that the decrease in fibrinogen
and platelets represents a true effect of wood smoke exposure. Though the
effects were too slight to be clinically relevant, they were consistent for the
same three sampling times for both biomarkers, and could possibly represent
an early consumption coagulopathy as discussed in (134). However, if
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Figure 18. Median changes (4) from baseline and 90% confidence intervals for
biomarkers of coagulation and lipid peroxidation. *Significant net increase
after wood smoke exposure; 1Significant net decrease after wood smoke
exposure compared to after filtered air.

fibrinogen was consumed, an increase in D-dimer would be expected rather
than the observed decrease. Furthermore, the short half-life of FVII (about 4-
7 hours) argues against a true sustained increase 47 hours after exposure.
Taking the changes in all biomarkers of coagulation into account, and the
limited findings of other wood smoke exposure studies (106, 121, 123), our
interpretations of the results in paper Il is that we did not find evidence of an
increased risk of thrombosis in healthy adults by these doses of short-term
wood smoke exposure.

Lipid peroxidation

Malondialdehyde (MDA) is an indicator of lipid peroxidation that can be
measured in EBC, and that was previously found to increase after wood
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smoke exposure (89). So was 8-1s0-PGF,,, a major F,-isoprostane in urine,
considered to be a reliable marker of lipid peroxidation and oxidative stress
in vivo. Elevated levels of F,-isoprostanes have also been associated with
cigarette smoking and cardiovascular diseases (135), and increases in
markers of oxidative stress have been reported in many animal and in vitro
studies of air pollution (136).

MDA showed a tendency (p=0.1) to increase four hours after exposure in the
start-up session but did not change significantly at any times. However, the
analysis of MDA in EBC was limited by a large fraction of the samples
(26%) being below the detection limit. A main reason for this was probably
the method of collecting breath condensate, the RTube, chosen for being
transportable and practical in this study with a high number of participants
being tested in a short time. However, the RTube collects less volume and
leads to more rapid loss of heat labile substances compared with another
method, ECoScreen, that can maintain lower temperatures (137). The use of
the latter method was not possible in this study for practical reasons.

Urinary isoprostane 8-iso-PGF,,, adjusted for creatinine, was surprisingly
decreased after exposure to wood smoke; In the burn-out wood smoke
session on the first and second mornings after exposure (point estimates -
82% and -71%) and in the start-up session the second morning after exposure
(point estimate -53%, Fig 18). The changes were large and highly significant.
This might in part be explained by an increase after exposure in the filtered
air session, but not completely since there was a decrease after wood smoke
even without adjustment for filtered air (significantly so in the morning after
exposure in the burn-out session). Our hypothesis was an increase in 8-1so-
PGF,,, and we cannot find a plausible biological explanation for a decrease.
No other wood smoke exposure study has to our knowledge measured MDA
in EBC or 8-1s0-PGF,, in urine, and the study that measured 8-1so-PGF,, in
EBC did not see any effect of wood smoke exposure (91).

4.1.4 Circadian rhythm and correlations

In all sessions CC16 had a clear circadian rhythm with lower S-CC16 and
higher U-CC16 in the afternoon than in the mornings, concurrent with
previous findings (80, 138). SP-D had lower afternoon than morning levels,
and was correlated with increasing age. The WBC and 8-iso-PGF,, showed a
clear circadian rhythm with higher levels in afternoons than in the mornings.
At most sample times, fibrinogen was highly correlated with increasing age,
sP-selectin and leukocyte counts, CRP with SAA, FVIII with vwWf and D-
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dimer, and FVII with platelet counts. FENOs, and FENO,;, were highly

correlated with each other (Rs=0.82 for unexposed morning samples).
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4.1.5 Symtoms

Symptom-scores were as expected higher during exposure to wood smoke
than filtered air and slightly higher in the start-up session than in the burn-out
session. Irritation of the eyes increased significantly in both wood smoke
sessions compared to filtered air, and irritation of the nose in the burn-out
session. The most commonly reported symptoms in all sessions were (in this
order) tiredness, irritation of the eyes, irritation of the nose and throat, and
headache. However, subjective symptoms were weak, most participants
scoring 0-2 on most symptoms and a few scoring 0 on all symptoms in all
sessions. Similar findings have been reported in other experimental wood
smoke exposure studies (90, 139, 140). However, surprisingly the wood
smoke exposure chamber study with the highest exposure doses in terms of
PM mass (see Table 7) reported no increase in symptoms after wood smoke
exposure, despite increases in biomarkers (123). The type of wood and the
combustion conditions may be more important for symptoms than PM mass.

Though the smell of wood smoke may be pleasurable, it thus seems like
exposure levels so low that they do not cause any alarming symptoms do
cause measurable effects in biomarkers in healthy adults. However, it also
seems like our senses are very sensitive at detecting wood smoke air
pollution, at least as sensitive as the biomarkers that have been used in
chamber studies. In most cases, “If you can’t smell the wood smoke, there’s
no short-term risk” therefore seems a reasonable guideline for everyday
behavior and risk communication, even if it cannot on this basis be stated for
certain that short-term exposure to wood smoke at lower exposure levels than
we can sense (and be irritated by) do not cause relevant health effects. This is
the opposite to the message concerning health effects of long-term exposure
to ambient air pollution — where epidemiological studies have indicated that
there is no safe exposure level, even at exposure so low we cannot perceive
them with our senses (see discussion on paper 1V).

4.1.6 Comparing the two wood smoke sessions

Since the composition of wood smoke varies with combustion conditions,
health effects are also likely to vary. Therefore, one aim was to compare the
effects on airways by two kinds of wood smoke. Keeping the setup,
combustion equipment and participants the same to isolate the effects of just
combustion conditions we used wood smoke from the start-up phase of the
wood-burning cycle and the burn-out phase of the wood burning cycle. Our a
priori theory was that the combustion would be less complete and the wood
smoke would contain more toxic carbonaceous material in the session using
wood smoke from the start-up phase of the wood burning cycle. We expected
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the combustion in the burn-out phase to be more complete, producing smoke
with more particles consisting of mainly alkali salts, and possibly less toxic.

The levels of particulate PAHs and of most VOCs were as expected higher in
the start-up session than in the burn-out session, and levels of trace elements
more similar, indicating that this was true. However, PM mass and numbers
and the levels of UFP were substantially higher in the start-up session,
limiting our possibility to make conclusion of differences in wood smoke
toxicity by comparing effects on biomarkers in our subjects in the two wood
smoke exposure sessions.

Of the biomarkers where we observed effects of wood smoke exposure,
CC16 in serum and urine increased after wood smoke in the start-up session
but not the burn-out session, while FENO increased more in the burn-out
session. The differences are not distinct enough to draw certain conclusions
of differences in biological effects. Symptoms were also somewhat more
pronounced in the start-up session. An in vitro study using wood smoke
particles from the same combustion equipment as the present study did not
find any difference in cytotoxicity between particles from the different phases
of the combustion cycle (61), indicating that the observed differences are due
to particle dose rather than toxicity. The effects of wood smoke exposure on
biomarkers of systemic effects were (as described in section 4.1.3 above)
dubious, but if anything more pronounced in the burn-out session.

4.1.7 Comparisons with other chamber studies
of wood smoke

Tables 7 and 8 summarizes the setup, the exposure, the estimated inhaled
dose, and the effects on biomarkers in the chamber studies of wood smoke
exposure in humans published to date. It is apparent that the studies so far are
heterogeneous, and it is difficult to draw conclusions by comparing the
studies since they differ in both exposure and outcomes measured. The
majority of the findings are non-positive, or weak, and some negative, and
the overall picture is thus less clear for wood smoke than for diesel exhaust
particles. All studies were short-term exposures performed on relatively
young and healthy subjects. A strength of paper | and Il is that the setup and
outcomes were similar to those in Barregard 2006 & 2008, allowing for
comparisons.

Paper | and Il in this dissertation indicate an effect of wood smoke on

epithelial permeability and/or airway inflammation (S/U-CC16, FENO), but a
decrease in a marker of lipid peroxidation. Our previous wood smoke
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exposure studies (89, 121, 139, 141) mainly support these findings and also
found indications of airway oxidative stress, inflammation/coagulation and
lipid peroxidation (the opposite effect on 8-iso-PGF,, compared to paper II).
However, there are also non-positive studies for most biomarkers, and studies
reporting effects opposite to the hypothesis (Table 7 and 8).

While one study (123) found an increase in neutrophils in both blood and
BAL indicating an inflammatory response, another (92) instead reports a
decrease in cell counts of neutrophils and other cell counts in BAL and BW.
The latter did at the same time observe an increase in some leukocytes in
endobronchial tissue. They also report a tendency towards a decrease in GSH
in BAL, while a previous study had found an increase, and speculated that it
represented an antioxidant response to wood smoke (90).

One study found indications of cardiovascular effects of wood smoke
exposure with effects on HRV and arterial stiffness (142), while two other
studies (using another method) found no effects on vascular function (143,
144).
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4.1.8 Issues of power & multiple comparisons

It is important that negative and non-positive results are published to provide
a complete picture and avoid publication bias. However, in a study with
mainly non-positive results especially, like paper I, one must consider
whether the study design and sample size was of sufficient size to find an
effect. Using the same statistical test, the minimal differences that can be
detected with a certain power depend on the variance and thus differ for each
biomarker. Crude power calculations for a subset of the biomarkers of
systemic effects, show that effect sizes of around 8-15% of the pre-exposure
values could be detected with 80% power using the t-test. Many of the
biomarkers used in this study change drastically in pathological conditions,
some such as CRP or SAA by an order of magnitudes, so we consider the
power sufficient to detect any relevant effects. The fact that the biomarkers of
systemic effects we examined as often as not changed in the direction
opposite to the hypothesis also argues against there being a true effect of this
exposure. Below are some specific examples of the minimal differences in
changes after wood smoke exposure compared with after exposure to filtered
air, that could be detected in the current study using a t-test (calculated with
PROC POWER in SAS, a two-tailed alpha-level of 0.05, n=13, a power level
of 0.8, using the standard deviations of the differences in changes between
the wood smoke sessions and the filtered air session):

- For the coagulation factor VII: 0,0778 kIU/L (corresponding
to a difference of 8% of mean pre-exposure values)

- For platelet counts: 20,8*1079/L (corresponding to a
difference of 8% of mean pre-exposure values)

- For sP-selectin: 8,5 ng/mL (corresponding to a difference of
11% of mean pre-exposure values)

- For WBC counts: 0,88*1079/L (corresponding to a
difference of 15% of mean pre-exposure values)

When multiple comparisons are made there is a risk for false positive results.
We do not consider a strict statistical correction suitable, since it would
instead greatly increase the risk of false negatives. It would then be difficult
to find significant effects without increasing the exposure to unethically high
levels or requiring very large study populations. Limiting the number of
outcomes to a very small number would also limit the potential of the study
to explore possible mechanisms. It would then cost far more to perform the
multiple trials necessary to investigate a comparable number of possible
effects. Instead we use the standard value for statistical significance (two-
sides p-values <0.05), judge the biological plausibility of statistically
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significant effects, make comparisons with the findings of other similar
studies, and remain cautious in interpretation until a finding has been verified
in several studies. As discussed in section 4.1.7, few findings have been
consistently reproduced in chamber studies of wood smoke exposure.

4.1.9 Strengths and limitations of Paper | & Il

One weakness of paper | and Il is that the exposure due to time limitations
was not randomized, making it difficult to exclude carry-over effects between
the sessions. This seems biologically unlikely however since the half-lives
for most of the biomarkers used are short (hours) and the few positive effects
observed were not very strong. Fibrinogen does have a half-live close to a
week, but fibrinogen did not increase after exposure. Furthermore, we do not
see any differences in pre-exposure morning values for the different sessions
either. A formal test (one-way ANOVA with PROC GLM for normally
distributed biomarkers and Kruskal-Wallis with PROC NPAR1IWAY for not
normally distributed biomarkers) did not show any significant differences in
pre exposure values between the sessions for any of the biomarkers. The
exposure was not completely blinded either. We did not inform the
participants of the exposure in each session, but the smell of wood smoke is
obvious and difficult to mask. Furthermore, all subjects were relatively young
and healthy. The effects of wood smoke exposure might be different in those
with pre-existing conditions such as elderly individuals with atherosclerosis
or atopic asthmatics.

A strength is that circadian or other reasons for variations in biomarkers are
controlled for by using each participant as its own control, and taking
samples at the same time in each session. We were strict on excluding the
participants with signs of infections emerging before the sessions.

4.2 Paper lll and IV

4.2.1 Spatial exposure contrast

The spatial distribution of NO levels within the city of Gothenburg in the
beginning of the study period (1975) is shown in Fig 19. Exposure levels
were highest close to major roads and in the central city, and lower in the
suburbs, especially in the southwestern part of the city. A large exposure
contrast between participants is valuable in order to detect and quantify
differences in health outcomes in epidemiological studies. In this cohort, the
exposure contrast (the mean of the highest exposure quartile divided by the
lowest) was 3-4 for most of the study period and slightly lower in end. Since
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exposure levels decreased during the study period (see 4.2.2) the absolute
exposure contrast was larger at the beginning of the period (50-60 pg/m?)
than at the end (20-30 pg/m®). The 95" to 5™ percentile contrast in our study
was on average 4.9, and decreased somewhat in the end of the study period.
This is a relatively large within-city contrast.

4.2.2 Temporal exposure contrast

The yearly mean levels of NO, decreased during the study period. The
median levels at participants’ homes was 38 pg/m? in 1975, increased to 44
pg/m® in 1983, and then decreased over time to 28 ug/m?3 in 1993, 21 pg/m3
in 2003 and to 17pg/m® in 2007. The decrease is illustrated in figure 20.
While NO, levels at most participants’ homes were moderate, yearly mean
levels between 50 and 100 pg/m® were not uncommon in the 1970s and 80s.
From year 2000 almost all participants had NO levels < 50 pug/m®.

of one participant. From paper IlI.



All major NO, emission sources, as well as the rural background levels,
decreased over time. The largest decrease by far in both absolute and relative
terms was emissions from road traffic. Even though total traffic within the
city increased during the study period, this was overshadowed by stronger
decreases in vehicle emissions especially for passenger cars (see Table 1,
paper I11). In addition to technical improvements reducing emissions, such as
catalysts, particulate filters, and cleaner fuels, traffic planning in Gothenburg
during this time period has been aimed at redirecting traffic from the city
center and housing areas to main arterial links through and around the city.

The changes in source emissions over time and median exposures among the
participants were highly correlated with traffic and industry emissions, and
more weakly with shipping and heating emissions. The long-range
contribution of NO, to the participants’ NOy levels was on average about
20%, and decreased from around 10 pg/m® in 1982 to around 5 pg/m?® in
2007.

NO, (ugm=)
<10
10-20
20-30
30-40
40-60
60-80

[l 80-100

|l 100-580

Figure 20. Mod
(blue dots), illustrating the declining NO, levels and the diminishing population in
the cohort (1975 N=6283, 1990 N=4133, and 2004 N=1710). From paper III.

4.2.3 Representability of the cohort’s exposure

The levels at the central monitoring station were always higher than the
median residential levels, while the median NO, levels for the whole
modeled area were somewhat lower than for the residential addresses. This
reflects the fact that NO, levels and population density are higher at central
locations with more road traffic. For some years during the study period we
had access to the residential coordinates for the whole population of
Gothenburg, and could compare that exposure to the exposure in the cohort.
For the years 1975, 1990 and 2004 the median levels in the whole population
were 38 pg/m®, 35 ug/m®, and 22 pg/m®, respectively, and compared to 38
pg/m?®, 33 pg/m?, and 21 ug/m® in the cohort. The exposure in the cohort is
thus considered representative for the whole population in the area. The time
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trends were similar for the whole area, the cohort, and the central monitoring
station. The yearly modeled concentration for the location of the monitoring
station agreed well with the continuous measurements (see Paper IlI).

4.2.4 Time windows of NOx exposure

Figure 21 shows the distribution of NO, exposure in the cohort for the three
different exposure time windows — the last year, the mean of the last 5 years,
and the mean since enrolment. Most participants’ residential NO, exposures
were between 15 and 50 pg/ms3 for all three exposure windows. Exposure
levels were higher for the mean exposure since enrolment compared to the 5-
year mean exposure or to the last year exposure. This is because the mean
since enrolment almost always included the years in the beginning of the
study period when exposure levels were highest, and the mean since
enrolment thus decreased slower over time than the shorter time windows.
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Figure 21. Distribution of NOx exposure in the cohort, as the number of participants
in each interval of NOx exposure, for the three time windows. From Paper IV.

4.2.5 Model accuracy and spatial resolution

When an emission database of good quality is available, dispersion models
perform well and are considered as good as or better than other commonly
used methods (145). Dispersion models have an advantage over other models
such as LUR models, when historical emission databases are available,
because it is possible to estimate historical pollution levels with equally good
accuracy over time (if the data is of equally good quality). Good historical
modelling is vital for long-term epidemiological studies like paper 1V, since
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exposure misclassification decreases the power to discern health effects of
relatively weak (on an individual level) risk factors such as air pollution.
However, the spatial resolution in the dispersion model was relatively high
(50-meter squares) and the coordinate for each individual entranceway used,
making the precision high.

Exposure misclassification is also caused by using residential outdoor
exposure as an approximation for personal exposure, but personal exposure is
not possible to determine in this type of study. We lack information on how
much time the participants spend at home, indoor air exposure and
occupational exposure. However, indoor infiltration rates and the correlations
between outdoor and indoor exposure are relatively high in Gothenburg
(around 0.7) (146).

4.2.6 Relocation patterns

Relocations can also induce exposure misclassification if the participants’
addresses are not followed during the study period, since the exposure will
change when a person moves to a new area. Many large studies of air
pollution and mortality have for practical purposes extrapolated the exposure
assessment from one or a few years to a longer study period (18, 21, 32).

Around half of the participants remained at the same address during the study
period, 30% relocated once, 12% twice, and 7% three times or more. 4% of
the participants relocated each year on average. Almost 4/5 of all moves were
within the modeled area, 1/10 moved out of the area, and 1/20 moved back
into the area. Some relocations were to an area with much lower or higher
exposure (24% a decrease of >10 pg/m®, 23% an increase of >10 pg/md),
while other relocations only changed the exposure marginally. For the whole
study period relocations did not systematically change exposure over time
(mean NO, change 0.36 pug/m®). Among the oldest participants (70-92 years
old) and in the time period 1984-1993, more relocations were into areas with
higher exposures.

4.2.7 Exposure extrapolation

Another issue is how far exposure from a dispersion model can be
extrapolated, especially when relocations are taken into account. For this
cohort and study period, back extrapolation (using a dispersion model for a
recent year, adjusting for long-term trends at an urban background station)
generally worked reasonably well when going back 5 to 8 years. When
extrapolating further (12 to 14 years) the scattering increased, suggesting that
the historical time trends at the urban background station were not valid for
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all areas within our modeled area. For example, extrapolating from the
dispersion model for 2009 worked well for the year 2004 (R?=0.98, compared
to using the modeled levels for 2004), but less well for 1997 when scattering
increased (R?=0.69) and he exposure was underestimated. Further analysis of
backwards and forwards analysis from the different modeled years (5-8 years
apart) showed varying degrees of over/underestimation (see table 9 and 10).

Table 9. R? for the extrapolation models compared to the base model years
(forcing the intercept through the origin).

Modelled year

Extrapolation year 1975 1983 1990 1997 2004 2009

1975 0.93 0.90 0.80 0.57 0.60
1983 0.93 0.98 0.90 0.72 0.75
1990 0.90 0.98 0.91 0.79 0.81
1997 0.75 0.86 0.88 0.62 0.69
2004 0.71 0.83 0.87 0.82 0.98

Table 10. Slope of the linear fit between the extrapolation models compared
to the base model years (forcing the intercept through the origin).

Modelled year

Extrapolation year 1975 1983 1990 1997 2004 2009

1975 1.28 1.24 1.45 1.19 0.98
1983 0.77 0.97 1.14 0.94 0.77
1990 0.79 1.03 1.18 0.97 0.79
1997 0.65 0.85 0.83 0.80 0.66
2004 0.78 1.02 1.00 1.18 0.82

While scattering generally increased when the modeled years were further
apart, the slope did not, suggesting that factors specific to a certain year were
more important. Comparisons with other studies investigating extrapolation
shows that it varies between areas and time periods (see paper I11).

Table 9 and 10 above are based on the assumption that the correct historical
addresses and all relocations during the study period are known. If we had
not known the participants’ relocations during the study period the scattering
would have increased over time. As an example, we compare the modelled
year 2009, extrapolated backwards to the years 1997, 1990, and 1975 using
the correct historical addresses, compared with a hypothetical scenario where
we only had address information from the year 2004 and no knowledge of
relocations (figure 22). Not knowing the correct historical address increased
the scattering somewhat for 1997, more for 1990, and radically for 1975.
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EAC 2015.
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4.2.8 NOx exposure and covariate distribution

The distribution of covariates in those who had a valid NO, value at study
start was similar to that of the whole cohort (Table 2, section 3.2.2). Table 11
shows the distribution of the covariates included in the main confounder
model (Model 2), divided into the four quartiles of baseline NO, exposure.
All other covariates were fairly evenly distributed across the different strata
of NO, exposure. Non-smokers (never-smokers and ex-smokers at screening
1) were more frequent in the lowest NO, exposure quartile, and heavy
smokers were more frequent in the highest NO, exposure quartile. There were
some differences regarding occupational class, with a tendency for high rank
white collar workers to be more frequent in both the highest and the lowest
NOy quartiles. This is probably because the areas with higher socioeconomic
status and more expensive homes are located both in the central parts of
Gothenburg (with high NO, exposure), and in the affluent suburbs (with the
lowest NO, exposures).

Unfortunately, we did not have historic area-level socioeconomic variables at
the time of the study, and there have been some changes in socioeconomic
areas during the study period. The main residential patterns are similar
however, so we can get indirect confirmation by using current socioeconomic
geographical data. In Figure 23 the distribution of mean household income in
Gothenburg 2012 is shown. Participants in the highest income areas in the
affluent suburbs mainly in the southwestern parts of Gothenburg were to a
large extent exposed to low levels of NO, exposure. However, in central
Gothenburg both the income and the NO, exposure were relatively high. As
expected, there were more participants with high-rank white collar
occupations and fewer participants in manual labor, and fewer smokers, in
the areas with the higher socioeconomic statuses (based on mean household
incomes in 2012, participants’ addresses in 1990, and covariates at baseline.
Data not shown).
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Table 11. The distribution of possible confounders by NOy quartiles.

All NO Q1 NOx Q2 NOy Q3 NO, Q4
NOy, mean ug/ms3 42 20 31 44 72
Age, mean Years 53 53 53 54 54
Smoking cat, % Never-smokers 25 28 24 25 23
Ex-smokers scr 1 22 24 21 22 21
Quit before scr 2 10 8.9 11 9.0 10
Light smokers 28 25 28 29 28
Heavy smokers 16 14 16 15 18
Occ class, % High rank white collar 11 12 9.4 8.6 14
Mid rank white collar 17 20 17 14 17
Low rank white collar 19 18 20 19 18
Skilled manual labor 26 24 26 29 24
Unskilled man labor 23 20 23 25 22
Disability pension etc 5.0 5.9 4.0 55 4.8
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Figure 23. A map of Gothenburg showing the mean household income in each area
2012, divided into quintiles. Darker blue denotes higher incomes in the area.

4.2.9 NOx exposure and total mortality

The risk of total non-accidental mortality was associated with NO, exposure
at participants’ residential addresses (Table 12). The results did not change
substantially between the crude model (Model 1), the main confounder model
(Model 2), and the model adjusting for all covariates (Model 3). The effect
estimate was in the expected size range; Our estimates of a 3% (95% CI for
HR 1.01-1.05) increase in non-accidental mortality per 10 pug/m3 NO, for last
year’s exposure is comparable with the pooled effect estimates of 5.5% (95%
Cl for 1.03-1.08) (35) and 4% (95% CI 1.02-1.06) (43) per 10 pg/m? of NO,
in two recent reviews, and the 3% (95% CI 1.00-1.05) per 20 pg/m3 NOy in
the ESCAPE study (in the model most comparable to Model 3 in the present
study) (32).
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4.2.10NOyx exposure and cause-specific outcomes

The effect estimates for cardiovascular mortality were similar or slightly
lower compared to those for total mortality, but confidence intervals wider
and usually including no effect (Table 12). Some other studies using NO,
report stronger effects for cardiovascular compared to all-cause mortality,
whereas others report weaker effects, as reviewed by Hoek et al (2013), and
some report essentially null results (23, 32, 35). It is surprising that the effect
estimates are not stronger for cardiovascular mortality than for all-cause
mortality, since the main suggested mechanisms for increased mortality due
to long-term air pollution exposure are through cardiovascular and respiratory
diseases. Also, associations between air pollution and cardiopulmonary (and
lung cancer) mortality, but not mortality from other causes, have been found
in the largest cohort studies of air pollution (18).

Effect estimates for mortality due to IHD and acute MI were also similar to
those for all-cause mortality, in some models stronger and some weaker but
always with overlapping confidence intervals. The effect of residential NOy
exposure on mortality from cerebrovascular and respiratory diseases was
weak in almost all models, but the number of events was so low that the
uncertainty increased substantially.

In contrast with the (non-significant) positive associations between NO,
exposure and MI mortality, the hazard ratios for the effects of NO, exposure
on incident MI were close to null in all models for all three exposure
windows (Table 5, Paper 1V). Similarly weaker (or null) effects of air
pollution on non-fatal compared to fatal cardiac events have been found
previously (147-152). It has been suggested that air pollution affects the
severity of the response rather than initiating it, or that mechanisms related to
acute effects, such as arrhythmia, may be of importance (148).

4.2.11The concentration-response relationship

Smooth functions for concentration—response showed that the relationship
between NO, exposure in the last year and non-accidental and cardiovascular

Non-accidental mortality CVD mortality IHD mortality
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Figure 24. Smooth functions (with 95% confidence intervals) describing the impact of NO,
exposure during the last year on selected mortality outcomes. The curves represent the
log(rate mortality), estimated using confounder Model 2. From paper 1V.



mortality was almost linear. For IHD the effects per pug/m? tended to be
weaker at exposures >100 pg/m3 (Fig 24). The number of observations was
low at high exposure levels however, increasing uncertainty. Similar results
have been found in recent, large scale studies of ambient air pollution (24,
32). No signs of deviation from linearity were seen in the lowest range of
exposures, where air pollution levels were lower than in most other studies
and well below air quality standards. Improvements in air quality should
therefore yield reductions in mortality even at low exposure levels.

4.2.12Effects of different exposure time windows

Effect sizes for NO, were similar for the three exposure time windows. For
our main confounder model and total mortality, the HR per 10 pg/m3 NO
was 1.03 (95% CI 1.01-1.05) for exposure in the last year; 1.02 (95% CI
1.01-1.04) for the 5-year mean exposure, and 1.02 (95% CI 1.01-1.04) for
the mean NO, exposure since enrolment (Table 12). The high correlation
between shorter and longer term exposures makes separation of the time
windows difficult, however.

Effects of the last year’s, or the last few years’, air pollution exposure have
also been found in other, recent studies (31, 153, 154), and reductions in air
pollution levels have been shown to decrease cardiovascular event rates as
early as within months or a few years (15). This points towards
comparatively rapid effects of air pollution on the cardiovascular and
respiratory systems, such as the instigation of plaque instability, decreased
endothelial function, inflammation, increased thrombotic potential, and
increased risk of pneumonia, rather than slower processes such as the long-
term progression of atherosclerosis over decades. However, a comparison of
studies using different time scales of exposure (155) found similar, but
slightly stronger, effects for 10 year exposures compared to 1 year exposures,
indicating that chronic exposure is also important.

As discussed in section 4.2.6, several other large studies have not been able
to follow participants’ addresses as they relocate during the study period,
which may have caused exposure misclassification over time. In a sensitivity
analysis of the effect of NO, exposure on mortality, using only the baseline
exposure in 1973 (as if we had not been able to follow the participants), we
found a slightly weaker association than for the analyses using the three time
windows of exposure. The association was not much weaker though, and still
significant for total non-accidental mortality. NO, exposure in 1973 was
highly correlated with the exposure of the other time windows.
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4.2.13Effect modification by age and time period

The effect estimates for NO, were similar in all calendar periods except for
1983-92 when the association between NO, exposure and mortality was
weaker (Table 14). The effects were near linear for almost all outcomes and
time-windows. For IHD and total mortality in 1972-1983 the effects per
pg/m3 tended to be weaker at high exposures (>100 pg/md). The results were
not sensitive to the choice of degrees of freedom for the spline, nor to
whether a smooth function or a third degree polynomial was used for
calendar year.

When stratified on age or birth year, the effect estimates were strongest
among participants below 60 years of age, though this is based on relatively
few events (Table 13). The association between NO, exposure and non-
accidental mortality was also stronger among individuals born in the years
1921-1925 compared to those born in 1915-1920.

Table 13. Hazard-ratios (95% CI) per 10 pg/m* NO,, events and person
years for non-accidental mortality by exposure to NOy in selected time-
periods. Calendar year, and smoking and occupational classes included in
the model.

Time 1973-82 1983-92 1993-2002 2003-2007

window

Last year HR (95% CI) 1.05(1.02-1.09) 1.00 (0.97-1.03) 1.04 (1.01-1.07) 1.04 (0.96-1.12)
Events 497 1038 1659 853
Person-years 60900 46527 30478 8514

Last HR (95% CI) 1.05(1.01-1.09) 1.00 (0.97-1.03) 1.03 (1.00-1.06) 1.03 (0.97-1.10)

5 years Events 423 1049 1655 851
Person-years 41375 46607 30222 8465

Since HR (95% CI) 1.06 (1.02-1.10) 1.00 (0.97-1.03) 1.02 (1.00-1.05) 1.04 (1.00-1.08)

enrolment Events 495 1040 1629 811
Person-years 60532 46321 29786 8127

Since the participants were recruited only during 1915-25 it is difficult to
discern whether the differences in the associations between NO, and
mortality are related to age, or something specific to the calendar period. For
example, the participants were aged 60-70 years in the middle of the 1980s,
when NO, exposure levels were highest (see 4.2.2), and the association
between residential NO, and mortality was weakest, while they were
youngest in the 1970s. We do not have a good biological hypothesis to
explain why participants <60 years old would be more sensitive to air
pollution. Possibly the composition of air pollution was different in the
beginning of the study period, with a higher proportion of other harmful air
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pollution components compared with NO,. Differences in exposure
misclassification due to changes in behavior as the participants age and retire,
for example less outdoor physical activity, is also a possibility.

Table 14. Hazard ratios per 10 pg NO, /m® (95% CI) in age groups and
birth cohorts, for last year NOx exposure and total mortality. Smoking
and occupational class and calendar year included in the model.

Person-
HR (95%Cl) Events years
All 1.03(1.01-1.05) 4047 146419

Born 1915-1919  1.02 (1.00-1.04) 2245 65451
born 1920-1925 1.04 (1.01-1.07) 1802 80968

Age <60 1.09 (1.04-1.14) 235 42053
Age 60-69 1.00 (0.97-1.03) 864 51855
Age 70-79 1.04 (1.01-1.07) 1428 36704
Age 80-92 1.02(0.98-1.07) 1520 15807

4.2.140n confounding and selection of covariates

As described in method section 3.5.3, covariates in the regression models
were selected first through a priori theoretical assumptions about the
relationships between covariates, NOy exposure, and outcomes. These
assumptions were then tested and supplemented by examining the
associations between the covariates, NO, exposure at baseline and
cardiovascular mortality, and whether inclusion/exclusion of the covariates
affected the association between NO, and mortality.

Occupational class (considered a good indicator of socioeconomic class in
this group of middle-aged men at that time) was assumed to be associated
with residential NO, exposure through residential area (i e, participants with
a low socioeconomic standing being more likely to have a blue-collar job, to
live in an area with a low mean income and a higher NO, exposure, and to
have a higher risk of cardiovascular mortality). The relationship between
residential area and air pollution Gothenburg is complex though, and we did
not in this study have a good area-level variable for socioeconomic status
(see 4.2.8). When we included an area-level socioeconomic variable, mean
household income in the area in 2012 for the participants addresses in 1990,
the association between NOx and total mortality was unchanged for the
period from 1990 and onwards. For the entire study period the association
between NOx and mortality was slightly weaker when socioeconomy was
included, but still significant. This could indicate some residual confounding
by socioeconomic area. Residential patterns have changed during the last four
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decades though, so current socioeconomic geographical patterns are less
valid for the early part of the study period.

In the statistical analysis, smoking category was associated with both
baseline NOy exposure and mortality outcomes. The explanation is probably
that participants with a lower socioeconomic status are more likely to smoke,
and to live in areas with lower socioeconomic status and to some extent
higher NO, exposure. Smoking was thus also included in the main model as a
“true” confounder. No other covariates were strongly associated with NOy
exposure.

The associations between NO, exposure and non-accidental and
cardiovascular mortality was slightly stronger when calendar year was not
included in the model. Calendar year was considered a possible true
confounder since there have been simultaneous decreasing trends in NO,
exposure (Table 3, paper V), in coronary disease and risk factors (156) and
in mortality (157) in the area during our study period. Since we have been
following a closed cohort the trends in the population are not necessarily
relevant, however. If the decrease in mortality was in part due to the decrease
in air pollution exposure we over-adjusted for time trends, and
underestimated the effects of NO,. It seems, however, unlikely that the effect
of reductions in air pollution exposure has been as important as other
individual risk factors that have decreased cardiovascular risk over time.

In figure 25, “Covariate example 1” is an example of a covariate associated
with the risk of cardiovascular mortality, but assumed not to be associated
with NO, exposure (heredity for cardiovascular disease might be associated
with other risk factors though, such as cholesterol levels). “Covariate
example 27, physical activity, is an example of a covariate assumed to be
associated with both the outcome and with other covariates included in the
main model, and through them possibly with NO, exposure, but where we
did not consider the association with NOy exposure strong enough for the
covariate to be considered a true confounder.
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The effects of NO, exposure on non-accidental and cardiovascular mortality,
stratified by potential effect modifiers, are shown in Table 6, paper IV. There
was a stronger association for both non-accidental and cardiovascular
mortality in participants with hypertension compared to normotensive
participants. However, the strongest association was in the group with blood
pressure ranging from 140/90 to 165/100, compared to both higher and lower
blood pressure, which is not biologically plausible. For cardiovascular
mortality, there was a stronger association with NO, in those with heredity
for cardiovascular disease.

Low socioceonomy
residential area | —>NOx exposure _
+ + Covariate ex 1
Smoking Heredity for CVD
+ + .
Low 7 . CVD mortality +
Socioeconomy
(OccupationN )
Covariate ex 2
High Physical
activity

Figure 25. A depiction of the assumed relationships between selected covariates and
cardiovascular mortality. A pointed arrow denotes causality in that direction, a line an
observed association without a strong hypothesis of causality. + and — signs describe
the direction of the relationship.

A sensitivity analysis showed that inclusion of work time physical activity
and diastolic blood pressure (excluded due to high correlations with
occupational class and systolic blood pressure, respectively) did not affect the
association between NO, exposure and non-accidental or cardiovascular
mortality. There was no effect of changing the time scale to time in study
instead of age.

4.2.15Quantifications of health effects

So how important is the increased risk of mortality from exposure to air
pollution that we found in paper IV? For some, the fact that there is an
increased risk of mortality from exposure to air pollution in Gothenburg will
seem very worrying, while to other a risk increase of a few percent will seem
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trivial compared to other risk factors. The message that | believe is the best is
that the risk is not relevant on the individual level for most people, but since
every single person is exposed the risk is important on the population level.
Below are a few examples to quantify the risk, and the theoretical effects of
changes in exposure, based on the estimates of Paper IV and assuming a
linear dose-response relationship:

Effects of relocations: In 1990, a person moving from the 80"
percentile of NO, exposure (48.5 pg/m3) to the 20" percentile of NO,
exposure (20.5 pg/m3) would reduce the risk of non-accidental mortality by
8%. By moving from the 90" percentile to the 10™ the risk would be reduced
by 12% (The effect was approximately 3% per 10 pg/m3 NO,, corresponding
to a parameter estimate of 0,0027. P80-P20=48,5-20,5=28 pg/m?, and
0,0027*28=8%. P90-P10=43 pg/m3, and 43*0,0027=12%). The
corresponding risk reduction for a similar move from the 80" to the 20"
percentile would have been 9% in 1973 and 3% in 2007, since exposure
levels and contrasts decreased over time.

Improvements during the study period The mean levels of
residential NO, exposure in the cohort decreased from 41.7 in 1973 to 18.4
pg/m?in 2007, a reduction of 23.3 pg/m® during the study period. Assuming
that the cohort is representative for the population, the improved air quality
during the study period would thus by these estimates have led to a 6%
decreased risk of non-accidental mortality, which is a substantial health
benefit on the population level (the parameter estimate 0.0027*23.3
Hg/m°=6.3%.).

Gothenburg has around half a million inhabitants and approximately 5000
deaths occur each year. Consequently, using the figures above almost 300
premature deaths per year ((1.063-1)/1.063)*5000=296) may be assumed to
have been avoided by the decrease in exposure to air pollution (NO,)
exposure during the study period. A similar calculation of the effect of a
decrease in exposure levels to half of those in 2007 (18.4 pg/m® in the
cohort), shows that this could decrease the number of annual premature
deaths by around 120. These numbers are approximations with large
uncertainties and assume that all other risk factors are controlled for, but they
still indicate that considerable improvements in public health are possible
through decreasing air pollution exposure in Gothenburg.
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4.2.160n experimental & epidemiological studies

The level of evidence is generally considered higher in experimental studies
than epidemiological studies, the gold standard in medicine being
randomized controlled trials (RCT). Under experimental circumstances it is
possible to carefully control for all or most other influencing factors than the
one studied to a much higher extent than in epidemiological studies. On the
other hand, in epidemiological studies it is possible to use larger materials,
longer study periods and clinically relevant outcomes such as mortality or Ml
(fig 26), that might be used in experimental studies of medical treatments but
are difficult to use in experimental studies of air pollution for practical or
ethical reasons. While experimental studies like paper I and Il can prove an
effect with a higher certainty than an epidemiological study like paper IV, the
connection between the effect that is proven and the clinically more relevant
outcome that one wish to prevent has to be assumed (based on other studies).
The association in a study like paper IV is less certain to be causal, but it is
more directly an association between a real-world exposure and a clinical
outcome. Often, epidemiological studies are used to find the important
association between different factors, and experimental studies to study the
mechanisms and provide evidence for or against the causality of the
relationship.

Experimental studies
-

o
Epidemiological studies

Figure 26. A schematic picture of experimental and epidemiological studies of
air pollution. Experimental studies can with a higher certainty prove a causal
relationship between an exposure and a biomarker or risk factor, but rarely
with the clinical outcome. An epidemiological study can study the association
between the exposure and the clinical outcomes (or with a biomarker/risk
factor), but not prove causality.
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5 CONCLUSIONS

This thesis used a combination of experimental and epidemiological studies
to examine the health effects of air pollution in humans (fig 27). The main
findings were:

e Short-term exposure to relatively low doses of wood smoke
caused weak airway symptoms and affected biomarkers of
airway effects in healthy adults, indicating increased
endothelial permeability and possibly airway inflammation.

e The wood smoke exposure did not increase the levels of
biomarkers of systemic inflammation and coagulation.

¢ Significant effects on epithelial permeability were found in
the session using wood smoke from the start-up phase of the
wood burning cycle but not in the session using wood smoke
from the burn-out phase. However, since exposure levels
were higher in the former we cannot conclude that start-up
wood smoke was more toxic.

e The geographical NO, exposure contrast in Gothenburg was
considerable (3-4 times higher in the highest exposure
quartile compared to the lowest).

e NO, exposure decreased almost by half during the study
period of 1973-2007.

e Exposure misclassification increased when extrapolating
further than 5-7 years from an exposure model, and more if
relocations were not taken into account.

e Long-term residential NO, exposure was associated with
increased non-accidental mortality in Gothenburg.

e The associations between NO, exposure and cause-specific
cardiovascular mortality were similar to that for total
mortality, while there was no association with incident MI.

e The associations between NO, exposure and mortality were
near-linear, with signs of weaker effects (per unit of
exposure) at higher exposure levels, and no signs of a lower
threshold.

e The effect estimates were similar for shorter and longer
time-windows of NO, exposure.
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Air pollution,
Paper Il

Paper | (+)

Paper 1] (-) ..........

Paper IV (+-) —>

Figure 27. A schematic picture of the findings of the papers included in the thesis. A
+sign indicates a positive finding whereas a —sign indicates a non-positive finding.
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6 FUTURE PERSPECTIVES

This dissertation adds to the knowledge about health effects of ambient air
pollution and wood smoke. Health effects of biomass combustion are
important to study since this is one of the largest sources of air pollution in
Sweden and the world. Current and future attempts to reduce fossil fuel use
are also likely to increase biomass burning in the developing world. Wood
burning is largely performed by untrained individuals using simple
technology and mixed unstandardized fuels in their own homes, making
implementation and enforcement of clean and efficient combustion a
technical, organizational and legal challenge. Forest fires, another source of
air pollution, are also likely to increase in the Nordic environment as global
temperatures increases.

Regarding human wood smoke exposure studies, the effects on biomarkers
reported in some studies needs to be repeated to clarify which findings are
true effects of wood smoke and which findings are due to chance or particular
circumstances. It is at present difficult to draw conclusions of which effects
of short-term wood smoke exposure on biomarkers that are reliable. Future
studies should therefore include the biomarkers for which previous studies
have found effects. Sensitive and validated biomarkers of effects of wood
smoke exposure would be very useful in estimating the usefulness of
woodstove exchange programs, an intervention that has the potential to bring
large health benefits but has been difficult to implement. Different types of
wood smoke should also be tested in similar setups to increase the knowledge
of which components of this complex mixture that induce the negative health
effects.

Epidemiological studies of ambient air pollution should utilize high quality
exposure modelling to separate the health effects of different types and
sources of air pollution. Statistical modelling of different time windows of
exposure can provide insight into the mechanisms through which air
pollution increases morbidity and mortality. Modelling of long-term
residential noise exposure can allow further investigation of this highly
correlated co-exposure to air pollution, and area-level socioeconomic effects
need to be taken into account. Despite several decades of intense research on
the health effects of air pollution there is much we do not know about which
components of air pollution that harms us, and the pathophysiological
mechanisms through which we are harmed.
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On the other hand, while there is a need for better knowledge we should not
let that get in the way of acting on what we know now. Regarding air
pollution, there is evidence enough for action. We are certain enough that the
increased risk of morbidity and mortality by air pollution exposure is real and
important, and that reductions in air pollution exposure would improve public
health considerably.
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