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Abstract

Air pollution is a well known public health problem that involves both
long-term and acute effects. An outcome associated with traffic-
related air pollution is respiratory illness. Many studies have described
the relationship between asthmatic symptoms and traffic-related air
pollution; however, few have investigated the potential of air pollution
to cause asthma itself, especially among adults.

The overall aim of this thesis was to study the relationship between
vehicle exhaust levels at home and the prevalence of self-reported
annoyance and asthmatic symptoms, and the incidence of asthma and
rhinitis. These relationships were evaluated using different indicators
of exposure with a high spatial resolution.

Three different data sets were used for the four papers included in this
thesis. The first paper (paper I) is based on a questionnaire that was
sent to a random selection of the adult population within three
Swedish cities (Gothenburg, Uppsala, and Ume4) as part of the
Swedish Environmental Protection Agency’s health-related
environmental monitoring. The aim was to study the degree of self-
reported annoyance and the prevalence of asthmatic symptoms in
relation to the levels of vehicle exhaust outside the home. The level of
exposure was described using modeled levels of nitrogen dioxide
(NO,) as the exposure indicator.

The second paper (paper II) is based on new asthma cases identified
within the Obstructive Lung disease In Northern Sweden (OLIN)
study, each with a matched referent. The aim of this study was to
analyze if new cases of asthma had higher levels of vehicle exhaust
outside the home compared to the population controls. Exposure was
assessed using both measured levels of NO, outside each home, and
by summarizing the amount of traffic within a 200 metre buffer
surrounding each participant’s home.

Papers 11T and IV were based on the Respiratory Health in Northern
Europe (RHINE) Cohort, a prospective cohort of adults included in
1990 and followed up with in 1999. The proportion of new cases of
asthma (papers 111 and IV) and rhinitis (paper IV) were identified
based on the answers from the initial and follow-up questionnaires. In
paper III, exposure was assessed by using meteorological dispersion
models to calculate the levels of NO, outside each home as an
indicator of the levels of vehicle exhaust. As an alternative indicator,



the distance from each participant’s home to the nearest major road
was calculated using geographical information system (GIS) tools. The
exposure assessment in paper IV was also based on meteorological
dispersion models, but expressed the levels of vehicle exhaust as
particle mass concentration.

The results show that the levels of vehicle exhaust outside the home
are significantly correlated with the degree of self-reported annoyance
and the prevalence of asthmatic symptoms, and also with the risk of
developing asthma, but not rhinitis, among adults. The odds ratio
(OR) for high annoyance to vehicle exhaust and reporting asthmatic
symptoms was 1.14 (95% Confidence Interval, CI 1.11-1.18) and 1.04
(95% CI 1.01-1.07) per 1 ug/m’ increase in the NO, level outside the
home, respectively. Paper II showed there was a non-significant
tendency for increased risk of developing asthma among those living
with high levels of vehicle exhaust outside their home. This finding
was then supported by papers I1I and IV, showing a significant
relationship between the onset of asthma and the mean (winter) levels
of NO, outside the home (OR=1.46, 95% CI 1.07-1.99 per 10 ug/m’)
and the levels of vehicle exhaust particles outside the home. In paper
I11, living close to a major road was significantly related to the risk of
developing asthma. No significant results were shown between vehicle
exhaust and rhinitis.

In conclusion, vehicle exhaust outside the home is associated with the
prevalence of annoyance and asthmatic symptoms, and with the risk
of developing asthma, but not rhinitis, among adults.
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Background
Air pollution and health - an Introduction

Air pollution has been considered annoying and unhealthy for
hundreds of years. During the 20" century, several major disasters
resulting in high levels of air pollutants were responsible for an
increased number of deaths and hospital admissions. During the
London SMOG episode of 1952, there were an estimated 3000 to
4000 premature deaths over a three-week period, however more
recent studies have increased these figures by a factor of 3 [1]. Early
spatial studies of air pollution observed a correlation between sales of
coal and deaths from bronchitis and other respiratory diseases [2].

Despite large improvements in air quality, both in Sweden and in
many other countries worldwide during the last decades, air pollution
has been estimated to cause more than 2 million premature deaths
globally each year [3]. In Sweden, studies estimate that the impact of
locally-generated particles and long-distance transported particles
cause an estimated 1800 and 3500 premature deaths every year,
respectively [4]. There are probably also effects on disease induction as
a result of poor air quality, however few studies are available.

Traffic is the major source of air pollution in Swedish and European
cities and creates a complex mix of different substances in urban air. It
is well documented that traffic pollution may worsen asthma and
cause other acute effects, while studies have been inconsistent
regarding the prevalence of asthma and allergies associated with
increasing levels of air pollution. The lack of prospective cohorts for
studying the incidence of respiratory disease, together with exposure
misclassification, are shortcomings in this research field [5].

A focus on new cases, incidence, as a proportion (cumulative
incidence) or a rate per unit of person time, is preferred in studies of
risk factors. In studies of people who have the disease at a specific
time (prevalence), it may be difficult to conclude that exposure
preceded the development of the disease.

This thesis examines vehicle exhaust as a risk factor for the
development of asthma and rhinitis, and the relationship between
annoyance and asthmatic symptoms and the levels of vehicle exhaust
outside the home.



Traffic-related air pollution

Substances and levels

The emissions from heavy and light vehicles are complex and varying
depending on the type of vehicle, fuel and driving conditions. In
general, diesel vehicle have higher emissions (per unit of fuel burned
or kilometre driven) of nitric oxides (NO,), polyaromatic
hydrocarbons (PAH), and particle mass concentration in comparison
to gasoline cars with catalytic converters, which emit more carbon
monoxide (CO) and volatile organic compounds (VOC) [6, 7].

Pollutants related to vehicles and vehicle exhaust can be separated into
primary and secondary types. Primary pollutants are those emitted
directly from in the exhaust or from non-exhaust processes, while
secondary pollutants are those formed by chemical reactions in the
atmosphere based on primary emissions [3]. NO, and CO, VOC,
exhaust particles (PMcuaus), r0ad dust, and break wear particles are
examples of primary emissions. Secondary pollutants include
secondary particles such as nitrates and sulphates, but also ground
level ozone. Secondary particles are formed mainly by the oxidation of
hydrocarbons, nitrogen oxides to nitrate, and sulphur dioxide to
sulphates [3].

The pollutants, nitrogen dioxide (NO,), particles mass (PM,, and
PM, ), and ozone are most frequently correlated to health effects
directly or indirectly related to traffic pollution. In recent years,
research has started to focus on the finest fractions of particles, which
are more strongly related to primary exhaust emissions. Ultrafine
particles are defined as particles less than 0.1pm and include the
largest number concentration of particles emitted from vehicles [7].

In the beginning of 1980, many countries started measuring NO, due
to the increasing number of cars. The introduction of catalytic
converters in the 1980s has decreased the levels of several traffic-
related pollutants, including NO,; however, levels continue to be a
problem at street level in several major cities with relation to air quality
limits.

The concentration of NO, in ambient air is dependent on the amount
of emitted NO, and NO, ozone levels, and light intensity [8]. The
relationship between NO, and NO, is thereby non-linear, with a
decreasing ratio with increasing levels of NO,. Previously, only five
percent of the total amount of NO, in the tail-pipe was in the form of
10



NO,, a proportion that rapidly increases after emission due to the
oxidation of NO to NO, by ozone. Increasing levels of background
ozone have been reported, possibly leading to faster oxidation of NO
to NO, resulting in a larger ratio between NO, and NO,. Studies have
also shown an increase in the percentage of primary emitted NO,,
which is partly explained by an increasing percentage of modern diesel
cars [9]. Consequently, the ratio between NO, and NO, could differ
between different cities and countries.

Results from the Swedish measuring network, URBAN, shows that
the range of NO, measured as winter half-year mean in urban
background during 2007/2008 in 12 cities ranged between 8 and 19
ug/m’, and between 19 to 35 pug/m’ at street level (5 cities) [10].

At curbside, wear particles are responsible for approximately 90% of
the local contribution of PM,,, while the mass contribution from
exhaust particles is marginal. However, the number of particles per
unit of volume is often dominated by exhaust particles, typically in the
size range of 20 to 130 nm [7]. Secondary particles contribute between
60 and 70% of the measured urban background levels of PM,, and
even more to PM, ;. At Swedish regional background stations, the
ratio between PM, s and PM,, (measured as ug/m’) range between 0.7
and 0.8. This ratio declines with latitude indicating that secondary
particles are most important in the southern parts of Sweden.

Spatial distribution and monitoring sites

Distance to the source is one important factor for the actual levels of
pollutants, especially for the gases and ultrafine particles (exhaust
particles). The highest levels are recorded close to roads, especially in
street canyons, while the levels decline with increasing distance from
the source. Studies have shown that the levels of ultrafine particles
decayed to half the maximum value at 50 to 150 metres from the road
depending on the wind direction [11]. Similar patterns have also been
shown for NO, and NO_, while PM,, and PM, . levels decrease much
less significantly, suggesting that primary vehicle exhaust contributes
marginally to the measured levels [12]. In Sweden, the decrease of
PM,, with distance from a road varies depending on the amount of
road dust, which is closely related to season.

Urban background and street side (hot spots) are the two main types
of locations for measurements in urban areas. Urban background
represents the larger population within a city or urban area, and street
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level measurements are often conducted at the most trafficked spot
within a city.

Models

Dispersion modelling is a powerful tool for describing outdoor levels
of air pollutants with both high temporal and geographical resolution.
The basis for a dispersion calculation of an air pollutant is the actual
dispersion model, information regarding meteorology, and an ewission data
base.

In meteorological dispersion models, the emissions are typically
described as point, linear, or area sources. Vehicle and ferry traffic are
typical line sources, but are sometimes described as several point
sources to more accurately describe the plume behaviour and the high
release point. One common way of presenting results from these
models is in a grid with separate squares covering the area of interest.
In this case, all line and area sources within the specified grid are
summarized and described as one source. The source represents the
area of the specific grid square, while point sources remain as separate
sources (usually with elevated plumes).

Meteorology is crucial for all dispersion models, and includes the
mean wind speed, turbulence, height of atmospheric layers, chemical
reactions in the atmosphere, and deposition [13]. The meteorology
and turbulence are calculated within a separate pre-processor based on
actual measurements to establish a classification of the atmospheric
stability, height of the ground layer, and the wind speed. There are also
models using large-scale weather information [14].

The emission database (EDB) is a registry of all emission sources
within a specified area. EDB contains information about emissions
from roads, petrol stations, ferry traffic, industrial areas, and
households [13]. For road traffic, the emission data typically contains
the amount of traffic on a specified length of road or on specific
surfaces, information on the number of light vehicles, heavy vehicles
in different categories, speed limits, road width, street lights, and
temporal variations in traffic flow. Emission factors for each source
under different conditions have to be added to quantify the emissions
expressed as quantity per unit of time.

12



Validation against actual measurements is crucial before applying
modelled results for any substance. Recently, the dispersion models
used in the municipalities of Stockholm (and also in Uppsala) and
Gothenburg were evaluated against actual measurements that were
spatially distributed over each city [15]. The results showed high
agreement between modelled and measured annual levels of NO, in
both cities ("= 0.71 and 0.79). It is worth mentioning that the output
from the calculations from these models is nitrogen oxides (NO,),
which are later converted to NO, based on empirical relationship in
the models used in Gothenburg and Uppsala [8], while in Umei the
NO, level was calculated directly by the model [14].

Although not used in this thesis, land use regression (LUR) is an
alternative method of modelling air pollution data and is becoming
more common in epidemiological studies of air pollution and health.
This method attempts to explain the levels of a substance at a specific
place, based on surrounding geographical variables such as land use
and traffic [16-18].

Exposure assessment in long-term studies of
air pollution and health

Over the last two decades, the method for assessing exposure to
vehicle exhaust in epidemiological long-term studies has shifted from
ecological variables to more individual measures.

Two of the most cited cohort studies on air pollution and health, the
US Six Cities Study and the American Cancer Society (ACS) Study,
based the exposure assessment on one or a few fixed measuring sites
within each city/community, representing all participants within that
area [19, 20]. Following these studies, others tried to increase the
resolution in exposure data to reduce the misclassification of
exposure. In a separate analysis, Jerrett et al used one of the cities
included in the ACS Study, together with data from several measuring
stations within the same area, showing that by reducing the exposure
misclassification the effect estimate increased [21].

Since most measurements available for use in epidemiological research
are done by environmental authorities, the monitoring sites are chosen
with the perspective of evaluating the levels in relation to air quality
limits. Consequently, actual measurements of specific pollutants are
seldom available with high spatial resolution for large populations.
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Since it is unknown which specific traffic pollutants are most related
to adverse health effects, most epidemiological studies use indicators
representing the whole exhaust mix for which exposure can be
assessed specifically for different individuals. These indicators could
be divided into geographical indicators and indicator substances
assessed by different models.

Geographical indicators describe exposure as a change in a
geographical unit, or as the amount of traffic within a geographical
area. Distance from the home to the nearest major road, an estimate
of exposure to traffic pollution, is a commonly used geographical
indicator in epidemiological studies [22, 23]. Corresponding measures
are the amount of traffic flow or length of roads within different
buffer zones surrounding the studied participant’s homes [24].

Although there are several potential substances that have been used to
indicate traffic pollution, NO, is used most frequently. Traffic is the
dominant source of NO, in urban areas, and previous studies have
shown a high correlation between NO, and other traffic-related
substances [25]. Since levels of NO, are largely dependent on the
available amount of ozone, the correlation with traffic flow varies
between different seasons and different places, where NO, is generally
a more stable indicator [8]. The availability of measuring data for
evaluation is larger for NO, than for NO_, therefore, NO, is more
commonly used in epidemiological studies.

As previously mentioned, NO, and NO, can be reliably calculated
with dispersion models. In a retrospective Swedish study of lung
cancer and vehicle exhaust, dispersion modelling was used and
described the exposure as the levels of NO, [26]. Also, more recent
studies have used dispersion modelling to look at respiratory effects
among children and the relationship to traffic pollution using NO, and
PM,, [27].

LUR is a combination of geographical information and air pollution
measurements, and has proven to be very useful, since the results are
presented as concentrations.

Asthma

Asthma is considered a multi-factorial disease with different
phenotypes, affecting an estimated 300 million people worldwide [28].
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Since the pathogenesis of asthma is not fully understood most
definitions of asthma are based on practical consequences. The Global
Initiative for Asthma (GINA) has defined asthma as [29]

“a chronic inflammation disorder of the airways in which many cells and cellular
elements play a role. The chronic inflammation is associated with airway
byperresponsiveness that leads to recurrent episodes of wheezing, breathlessness,
chest tightness, and coughing, particularly at night or in the early morning. These
episodes are usually associated with widespread, but variable, airflow obstruction
within the lung that is often reversible either spontaneonsly or with treatment”.

Clinical definitions

In clinical work, asthma is often defined by the presence of asthmatic
symptoms, i.e. wheeze, or shortness of breath together with objective
measures of lung function [30]. The more general definition of asthma
can be divided into different phenotypes, related to both the severity
of the symptoms, trigger factors, and patterns of inflammation [30].
The two most widely discussed phenotypes of asthma are allergic and
non-allergic asthma, which are differentiated by the presence or
absence of proven allergy sensibilisation [31].

Operational definitions

In epidemiological studies, asthma is most often defined based on
questionnaires and less commonly by clinical investigations. The
definitions may vary by aim and design, and are dependent on
available data. During the 1990s, two large multicentre surveys, the
European Respiratory Health Survey (ECRHS) [32] and the International
Study of Asthma and Allergies in Childhood (ISAAC) [33], were conducted
using standardized questionnaires.

The ECRHS study examined the variation in prevalence of asthma
among adults in Europe [32]. The first stage of the ECRHS study
(started in 1990) included a screening questionnaire from which
symptomatic cases were defined as having a positive answer to any of
the following three questions; 1) “Have you been woken by an attacks of
shortness of breath at any time during the last 12 months?”; 2) “Have you had an
attack of asthma in the last 12 months; and 3) “Are you currently taking any
medicine (including inhalers, aerosols or tablets) for asthma?”. The ECRHS
questionnaire was used to define current asthma as a positive answer
to either “Have you had an attack of asthma in the last 12 months” or “Are
you currently taking any medicine (including inhalers, aerosols or tablets) for
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asthma?” [34]. The ISAAC study focused on the prevalence of asthma
among children, and included amongst other questions “Have you ever
had asthma” , which has been used in many studies all over the world.

The use of questionnaires has many practical and economical
advantages, as well as weaknesses in relation to the clinical validity.
Several studies of prevalence have attempted to validate respiratory
questionnaires versus clinical investigations, or by evaluating response
agreement through repetition of the same questionnaire [35, 36]. An
Italian study showed that defining current asthma as a positive answer
to either “Have you had an attack of asthma in the last 12 months” or “Are
you currently taking any medicine (including inhalers, aerosols, or tablets) for
asthma?” had a sensitivity and specificity of 37.1 and 99.7%,
respectively, in relation to a clinical judgement based on interview data
and results from physiological tests [34]. A Swedish validation study
showed similar results for the question “Have you been diagnosed by a
physician as having asthma?” [306]. Studies show a great variability in how
different physicians classify the same asthma patients [37].

Although the above mentioned definitions of asthma are mostly used
for describing prevalence, they are also used for defining the
population at risk, and new cases of incident asthma in studies.

Rhinitis

Rhinitis and asthma often coexist, and the concept of “one airway, one
disease” has been used to highlight the possibility that both diseases
could be due to the same underlying inflammation [38].

There are several different definitions of rhinitis. The general
definition presented by the ARIA-workshop (Allergic Rhinitis and its
Impact on Asthma) is “an inflammation of the lining of the nose characterized
by nasal symptoms including anterior or posterior rhinorrhoea, sneeing, nasal
blockage and)/ or itching of the nose. These symptoms occur during two or more
consecutive days for more than 1 hour on most days’[39).

Different definitions of rhinitis have been used in epidemiological
studies, mostly by relating to specific symptoms such as “runny or stuffed

16



nose” and “attacks of sneezing without having a cold” |30), “nasal allergies
including hay fever” [40, 41], or the diagnosis of rhinitis [42]. Allergic
rhinitis is the most prevalent phenotype, and differentiates from non-
allergic rhinitis by a positive test for atopy or allergy [43], but has also
been defined by questions regarding allergy and hay fever. Typically,
one-fourth of people with rhinitis have the non-allergic phenotype

[44].
Prevalence of asthma and rhinitis

The prevalence of asthma and allergic rhinitis among Swedish adults
was recently calculated based on a large population-based survey
(GA’LEN) sent to a random sample of people in four Swedish cities.
Among the approximately 25000 survey respondents, 7.1% reported
asthma and 27% reported allergic rhinitis. These results are somewhat
higher than the median values presented in the ECRHS study [45].

There is evidence showing an increased prevalence of asthma
throughout the world during the last half of the 20" century [46-48].
Although the reasons for the increase are not fully understood, several
potential hypotheses have been discussed. The hygiene hypothesis has
been suggested as one possible explanation [49], as well as an
increased awareness of the disease among the general population and
healthcare professionals [50]. Increasing levels of environmental risk
factors, including air pollution, have also been suggested as a cause for
the increase. Since the 1990s, the tendency for the prevalence of
asthma has stabilized in western countries, however, the trend is not
all clear [51]. A large Italian study, based on the ECRHS questionnaire,
showed that the prevalence of asthma attacks did not vary significantly
between the beginning and end of the 1990s [52]. A combination of
better guidelines for treatment and management of the severity of
asthma have been suggested as explanation for the plateau, as well as
improvements in some important environmental trigger factors [50].

Rhinitis is one of the most common chronic diseases among adults.
The prevalence of rhinitis has, in accordance with asthma, increased
during the last decades, which is expected, since both allergic and non-
allergic rhinitis have proven to be strong risk factors for asthma [40].
Studies have shown that up to 80% of individuals with asthma also
have rhinitis [53, 54].

17



Incidence of asthma and rhinitis

Although there is great variability in results between different studies,
the incidence rate of asthma among adults tended to increase between
the 1950s and the 1990s [55]. However, results suggest that the
incidence rate of asthma in Sweden has been stable over the last 10
years. The incidence rate for adults within the OLIN-study was 2.3 per
1000 person years [56]. These results are similar to the incidence levels
shown in the RHINE study, 2.1 per 1000 person years, which includes
several Nordic countries [57].

An increased awareness of asthma and asthmatic symptoms over time,
resulting in more mild asthmatics being diagnosed, may partly explain
the increased incidence seen up until the 1990s. The large diversity in
incidence rates demonstrated between different studies could, to a
large extent, be explained by differences in methodology, such as how
to define the population at risk [55, 56]. The importance of
environmental factors for the change in incidence of asthma is
difficult to assess due to the large number of different factors and the
difference in the occurrence within different study populations.

There are few studies on the incidence of rhinitis among adults. A
recent study from the ECRHS showed that the cumulative incidence
of allergic rhinitis among adults, over approximately nine years, was
12% [41].

Risk factors for asthma and rhinitis

In order to describe a casual relationship between a risk factor and a
disease, the exposure has to precede the studied outcome. Therefore,
incidence studies are necessary to study the casual relationship
between an exposure and the development of asthma. Because the
severity of asthma symptoms can vary extensively over time,
diagnosed asthmatics can experience long periods without symptoms,
which could impact how they answer a question regarding symptoms
or diagnosis of asthma.

Its been said that “The increase in asthma prevalence over the last 25 years is
likely due to changes in onr environment or lifestyle becanse changes in our genetic
makeup wonld take more than several generations to occur” [58].

However, recent studies have suggested that genetics act as significant
effect modifier in the relationship between allergic disease and
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environmental exposures [59, 60].

The incidence of asthma changes with age, indicating an increase from
childhood to adolescence, and then decreasing with increasing age
[61]. There is a difference among sexes; men tend to have an increased
risk for asthma during childhood, while women have an increased risk
of developing asthma as adults [61]. The risk of developing rhinitis has
also been reported to be higher among women than men [62].

Family history of asthma and rhinitis, as well as atopy and allergic
disease, is strong predictors for developing these diseases [61, 63]. The
effect of smoking is complicated, since some studies show that
smoking is a risk factor for adult asthma [50], while others do not [64].
Another lifestyle-related risk factors related to asthma is obesity [58,
65]. Among lifestyle factors, the “hygiene hypothesis” should be
mentioned. This hypothesis suggests that allergic disease is prevented
by eatly infections and exposure to microbial substances. A number of
findings support this hypothesis. One finding discusses the protecting
effect of living amongst many siblings [49], which could result in more
infections during childhood. Another finding suggests that growing up
in a farming family may be protective against asthma and allergies, due
to a higher exposure to endotoxins [60].

Indoor dampness and mould have also been associated with the
prevalence of asthma and rhinitis among adults [67, 68].

Asthma and air pollution

For many years, it has been accepted that air pollution worsens
existing asthma in both children and adults. However, evidence that
air pollution is a risk factor for developing asthma is scarcer.

In the mid-1980s, a Utah steel mill was shut down for one year. The
result was half the number of hospital admissions for respiratory
symptoms, including asthma among children, as compared to when
the steel mill was operational [69]. During the 1996 Olympics in
Atlanta, Georgia, decreased air pollution levels, as a result of vehicle
traffic regulation, were connected to a decrease in acute asthma care
events among children [70]. A time-series study examining four
European cities showed that the daily mean levels of NO, were
significantly related to emergency hospital admissions for asthma
among both adults and children [71].

An increased prevalence of respiratory symptoms and lowered lung
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function has been associated with different measures of traffic
pollution, especially among children but also among adults [72-76].
The results for the prevalence of asthma among adults are more
variable; some studies showed an increased prevalence of asthma
related to air pollution [77], while others did not [75].

Air pollution as the cause for developing asthma and rhinitis has been
much less investigated compared to the prevalence of asthmatic
symptoms and hospital admissions. Studies show that the risk for
developing asthma among children increases with increasing levels of
traffic related air pollution [24]. Eatly results presented in the
Adventist Health Air Pollution Study (ASHMOG) Cohortt suggested
that incident asthma among non-smoking adults is related to the levels
of outdoor ozone and the levels of PM,, [78, 79].

Although some conflicting results exist, many studies show that
traffic-related air pollution is a significant risk factor for asthmatic
symptoms, and some studies suggest that vehicle exhaust is a risk
factor for the development of asthma.

The mechanisms behind air pollution as a risk factor for developing
asthma and worsening asthmatic symptoms is not fully understood
[80]. Possible pathways include: increased epithelial permeability,
which allows allergens to penetrate further into the lungs, particles as
carriers of other substances and increased oxidative stress [81]. Since
inflammation is the basis in asthma and rhinitis, the potential of
pollutants to cause inflammation and tissue damage resulting in
further inflammation could be an important step in going from a
temporal to a chronic inflammation [82].

Diesel exhaust has shown to initiate inflammatory reactions in the air
ways among healthy adults, and to enhance production of IgE-
antibodies which promotes an allergic response to allergens [83].
Furthermore, diesel exhaust particles can act synergistically with
allergens, increasing the allergic response among people already
sensitized [84, 85]. Exposure to high concentrations of NO, have been
related to an inflammatory response in the airways [86], and enhanced
the inflammatory response to allergen exposure among mild
asthmatics [87].

Annoyance and air pollution

Annoyance due to noise and traffic is a common and important public
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health issue. Annoyance related to traffic pollution has been studied
both as a potential surrogate measure of exposure to air pollution, and
also for assessing the actual relationship between pollution levels and
degree of annoyance [88, 89]. A Swiss study showed that the individual
measurements of NO, outside the home explained approximately 13%
of the variation in the annoyance score, while the explained variation
was much higher if analysed at the group level [89]. In the same study,
people reporting high annoyance as a result of outdoor air pollution
ranged between 3 and 37%, with the highest percentage in the urban
areas. This range is similar to reports of daily or almost daily

annoyance as a result of vehicle exhaust in a Swedish study involving
55 cities [88].
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Aims and methods

Asthma and rhinitis are common respiratory diseases. Traffic pollution
is known to exacerbate already existing symptoms of respiratory
disease; however the impact of traffic pollution on the development of
these diseases is still unknown. It is likely that the most common
health effect resulting from traffic pollution is on subjective

annoyance reactions, therefore, it is important to study and quantify
these effects.

Aim of the thesis

The overall aim of this thesis was to study the relationship between
vehicle exhaust levels at home and the prevalence of self-reported
annoyance and asthmatic symptoms, and the incidence of asthma and
rhinitis. These relationships were evaluated using different indicators
of exposure with a high spatial resolution.

Specific aims, subjects, and methods

Paper 1

Aim

The aim of paper I was to study the relationship between the
prevalence of self-reported annoyance and asthmatic symptoms, and
the levels of vehicle exhaust outside the home, in three Swedish cities.

Methods

Fifteen-hundred people, between 16 and 70 years of age, were
randomly selected from each population register in Umea, Uppsala,
and Gothenburg. In an effort to increase the contrast of exposure, 600
of the 1500 people in each city were selected from postal code areas
within the central parts of each city.

A questionnaire was sent to all participants in November 2004. The
questions concerned annoyance from both indoor and outdoor
environmental factors, amount of traffic outside the home, current
health status, activity patterns, and housing characteristics.

Of the 4500 total people invited to participate in the study, 2766
answered, a response rate of 62%.

22



Annoyance was assessed using two questions; “How annoying have you
Sfound pollution from road traffic close to your home during the last month?’ and
“How often during winter do you find the air irritating?”. On the first
question, each participant estimated their degree of annoyance on a
scale from 1 (not annoyed at all) to 11 (extremely annoyed), which was
later dichotomized into less annoyed (1-8) and very annoyed (9-11).
On the second question, participants were asked to choose between
the three alternative answers “daily or almost daily”, ““sometimes”, ot
“seldon7’. In the analysis, the variable was dichotomized by combining
those answering “Sometimes” and “seldom or never” into one category. The
prevalence of asthmatic symptoms was estimated from the question

“Have you had asthmatic symptoms during the last 12 months?”

Each responsive participant was geo-referenced based on their home
address, as the coordinates of the center point of the estate.

Each participant’s exposure was described as the yearly and winter
half-year mean level of nitrogen dioxide (NO,), based on
meteorological dispersion modeling (described further in the
background). The modelled levels were calculated in 50 metre grids
covering the central parts of each city, which in combination with the
geo-referenced addresses constituted the exposure assessment (Figure

1).
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Figure 1. The results from combining the geo-referenced population with the
results from the dispersion model for Umea in 50 metre squares. Red colours
indicate higher levels of nitrogen dioxide (NO,), and blue indicates lower levels
of NO,.

The models in Gothenburg and Uppsala have been previously
validated [15] , while the model in Umea was validated against local
measurements. As alternative indicators of exposure, the questions
“how often do cars pass outside your kitchen window?’ and “how often do heavy
vehicles pass outside your kitchen window?’ were used. The frequency was
reported as “seldom/ never”, “often”, or “constantly”. A modelled
concentration could be ascribed to 2765 of the 2766 participants who
answered the questionnaire.

The relationship between the dichotomous outcome variables
(annoyance and asthmatic symptoms) and vehicle exhaust were
analyzed using multiple logistic regression. All analyses were adjusted
for sex, age, smoking habits, diagnosed asthma, and city of residence.
Separate effect estimates were also calculated for each city. The self-
reported frequency of heavy and personal vehicles outside a home’s
kitchen window was also analyzed in relation to annoyance and
asthmatic symptoms.

For the two annoyance questions, the results from the logistic
regression model were also presented as curves showing the
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probability of the outcome based on the used model. A 95%-
confidence level was used to evaluate statistical significance.

Paper 11

Aim
The aim of paper II was to study traffic-related air pollution as a risk
factor for developing asthma among adults.

Methods

Potential new cases of asthma were identified in Lulea, Sweden during
the period of September 1995 to December 1999. Cases amongst
individuals 20 to 60 years of age were identified in reports from
primary health care facilities, private clinics, local and county hospitals
and occupational physicians. These cases were reported in the OLIN
study. Clinical examinations were made to verify if the reported cases
tulfilled the pre-determined criteria for inclusion as a case in the study.
To be included as a case, first onset of asthma had to be verified
within the last 12 months without any previous symptoms, and
bronchial variability had to be proven with an objective test.
Furthermore, cases had to fulfill four of the five criteria: 1) attacks of
shortness of breath; 2) wheezing or whistling in the chest; 3) no
symptoms between the attacks or periods; 4) at least two provoking
factors with the exception of a common cold or physical exertion; 5)
at least two attacks or periods since onset symptoms. A referent from
the population was selected and matched to each case by age and sex.
The referents were excluded if they had a previous diagnosis of
asthma, a history of asthma, or any previous use of asthma
medication. In this case, another referent was selected.

Measured levels of NO, outside the home and the sum of traffic flow
within 200 metres around the home were used as measures of
exposure to vehicle exhaust. NO, was measured with a diffusive
sampler for one week outside each case’s home and their
corresponding referent’s home. The measurements were made during
the same week for each case-referent pair and conducted continuously
as cases and referents were included in the study. All values were
standardized to represent the level at the yearly average temperature
based on measurements from the municipality’s urban background
station.

25



Each case and referent was geo-referenced based on their home
address, with the coordinates referring to the centre point of the
estate.

We established a 200 metre buffer zone around each centre point of
the estate and the traffic flow (vehicles per 24 hours, weekdays) on all
roads passing through the buffer zone were summarized. Road
network and traffic flow information was available from the
municipality and the Swedish Road Administration. For properties
without a2 summarized traffic flow within the 200 meter radius, the
traffic flow was set to 100 vehicles per 24 hours. The resolution of the
road network for some streets in the city centre was high, resulting in
some double counting of traffic flows. Therefore, no participant was
assigned a traffic flow value above 30 000 vehicle per 24 hours. All
participant’s homes were classified by a visiting inspector as either
rural, small house area, apartment house area, or city centre.

Conditional logistic regression was used to analyze the relationship
between asthma and traffic-related air pollution. Traffic flow was
dichotomized into high and low, with the limit for highly exposed
classification set to the 25% highest values. NO, was used as a
continuous variable. Analysis was conducted for all participants, and
for those living more than 2 years in their present home. Models were
adjusted for family history of asthma, smoking, body mass index
(BMI), rural residence, and positive skin-prick test.

Papers 111 and 1V

Aims

The aim of paper III was to study the proportion of onset and
incident cases of asthma among adults in relation to the levels of NO,
outside the home and the distance to the nearest major road. The aim
of paper IV was to study the incidence of rhinitis and asthma in
relation to the levels of PM . Outside the home, since rhinitis is a
strong predictor for asthma.

Methods

Papers 11T and IV were based on the RHINE Cohort. The RHINE
Cohort was established in 1990 within the European Community
Respiratory Health Survey (ECRHS), and includes the five northern
countries of Estonia, Denmark, Iceland, Norway, and Sweden. Each
of the five countries is represented by one city with the exception of
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Sweden where two cities and parts of one county were included
(Gothenburg, Uppsala, and Visterbotten County). In papers III and
IV, only participants from the Swedish population were considered. In
Visterbotten County, the study population was restricted to those
living in the municipality of Umea. As part of the ECRHS study, a
screening questionnaire was sent out in 1990 to a random sample of
adults (at least 1500 males and 1500 females), born between 1945 and
1973. The questionnaire collected information regarding respiratory
symptoms such as wheezing, use of asthma medication, and attacks of
asthma. A sub-sample of respondents to the questionnaire were sent a
follow-up questionnaire approximately nine years later [45]. In
contrast to the ECRHS study, all participants who answered the first
screening questionnaire in 1990 received the RHINE follow-up
questionnaire.

The population at risk was defined as having a negative answer to the
questions: “Have you had an attack of asthma in the last 12 months?” and
“Are you currently taking any medicine for asthma?” in the screening
questionnaire, followed by at least one answer to those questions at
follow-up together with an answer on either the question “Have you
been diagnosed by a physician as having asthma?” or “Do you have or have you
ever had asthma?”.

In paper 111, two definitions were used to include cases of onset and
cases of incident asthma. Cases of onset asthma were defined as those
within the population at risk answering positively to one of the
following questions: “Have you had an attack of asthma during the last 12
months?” or “Are you currently taking any medicine for asthma?” together
with a positive answer on either “Have you been diagnosed by a physician as
having asthma?” or “Do you have or have you ever had asthma?”, at follow-up.
Incident asthma was defined in the same way as onset asthma but with
the restriction that cases reported an age of onset of asthmatic
symptoms within the follow-up period. In paper IV, only the latter
definition was used, when incidence was studied.

The population at risk for rhinitis was defined as those answering “%o”
to the question: “Do you have any nasal allergies including hay fever?” in the
1990 screening questionnaire and answered the question on rhinitis
(Have you ever had problems with runny or stuffed nose and attacks of sneezing
without having a cold?) in the follow-up questionnaire. Included cases
were those with a confirmative answer to the rhinitis question, and a
reported year of onset symptoms within the follow-up period. The
latter were defined as incident cases of rhinitis.
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Each participant was geo-referenced based on their home address at
the survey in 1990, as the coordinates of the center point of the estate.
Table 1 shows the number of participants in different steps of the
formation of the study population in papers 111 and IV.

Table 1. The number of participants remaining after different steps (left to right)
in the formation of the study cohorts in papers Il and IV.

Initial population First ~ Second Population Geo- Modelled
(n) quest™  quest’ at riskt references  exposure
1990 levels
1990l
Asthma
Total 10800 9316 7424 6832 4736 3824
Gothenburg 3600 2878 2191 2012 1902 1902
Uppsala 3600 3293 2661 2388 1804 979
Umed 3600 3145 2572 2432 1030 943
Rhinitis
Total 10800 9316 7424 5476 3773 3051
Gothenburg 3600 2878 2191 1596 1505 1505
Uppsala 3600 3293 2661 1902 1426 777
Umea 3600 3145 2572 1978 842 769

* Questionnaire. T Those fulfilling the criteria for population at risk for asthma and rhinitis,
respectively. |Levels of NO and PMehaust.-

Exposure was based on the dispersion calculations used in paper 1.
The dispersion models included the central parts of each city why
people living on the outskirts of the city could not be assigned a
calculated level of NO,. In paper IV, exposure was described as the
levels of vehicle exhaust particles (PMeshaust). PMeshae Was calculated
from the modelled levels of NO, using the ratio between the emission
factors for NO, and PMuaus Since the relationship between NO, and
PMhaus 1 linear and traffic is the absolute major source of NO, in
cities this estimation is possible. The ratio used was 0.0215 g PMexhaust
per 1 ¢ NO,.

Since the relationship between NO, and NO, is non-linear, with a

lower ratio at high levels of NO_, PM_,....is expected to better
account for the levels close to the emission source than NO.,,.
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As an alternative indicator of exposure, the distance from the home to
the nearest major road was calculated and used in paper I11. .4 major
road was defined as having 8000 vehicles per 24 hours or more.

In paper I11, analysis was conducted using logistic regression; relative
risks was presented as odds ratios (OR). Paper IV used Cox regression
to account for time to event; relative risk were presented as hazard
ratios (HR). All models were run with and without adjustments for
potential confounders. The adjusted models included the variables:
city, sex, body mass index (BMI), age, smoking history, and water
damage or mould at any time during the last eight years. NO, and
PM.ause Were analyzed as both a continuous variables and categorized
into tertiles. In paper 111, participants living closer than 50 meters
from a major road were compared with those living further away.
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Main results

The results from these four studies show that in the Swedish cities,
there is a relationship between the levels of vehicle exhaust and the
prevalence of asthmatic symptoms and the risk of developing asthma
among adults. This was demonstrated using different indicators of
vehicle exhaust exposure or traffic-related air pollution.

Paper 1

There was a significant relationship between levels of NO, and people
reporting “highly annoyed” by vehicle exhaust with an odds ratio (OR)
per ug/m’ of 1.14 (95% CI=1.11-1.18), and reporting the air as
“Urritating”, OR= 1.09 (95% CI=1.05-1.13). There was also a significant
relationship for asthmatic symptoms during the last 12 months, OR=
1.04 (95% CI=1.01-1.07). A stratified analysis showed no significant
difference between the effects among asthmatics and non-asthmatics.
Using self-reported frequency of heavy and light vehicle traffic outside
the kitchen window as an exposure metric gave significant and high
odds ratios for the annoyance questions. There was a significant effect
for asthmatic symptoms when comparing constant flow of heavy
vehicles with those reporting heavy vehicles “never” or “seldom:”.

Paper 11

One-hundred ninety-nine cases and 196 referents could be ascribed a
traffic flow around home, and of these 184 pairs had information on
all co-variates used in the analysis. Of those cases and referents
classified as rural living, approximately 90% received the default flow
value of 100 vehicles per 24 hours. Five percent of those classified as
city centre received the value of 100 vehicles per 24 hours. NO, levels
were measured outside the homes of 138 cases and 136 referents.

The risk for developing asthma was increased, but not statistically
significant, when comparing those classified as highly exposed to
traffic in relation to those less exposed, OR= 1.5 (95% CI=0.9-1.1).
When restricting the analysis to those participants residing more than
2 years in their present home the OR increased but remained non-
significant OR= 2.4 (95% CI=0.9-6.2). This was also the result when
using measured levels of NO,. When estimating the effect separately
for those with and without a positive skin-prick test, the risk of
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developing asthma with increasing NO, levels was borderline
significant for those with a positive skin-prick test.

Papers 111 and 1V

There was a significant risk increase for onset and incident asthma
among adults with increased exposure to vehicle exhaust using NO,,
PM, .00 and proximity to the nearest major road as exposure metrics.
The OR for onset and incident asthma was 1.46 (95% CI 1.07-1.99)
and 1.54 (95% CI 1.00-2.36) per 10 ug/m’ increase in the NO, level.
For asthma incidence, the HR was 2.65 (95% CI 1.07-6.55) per 1
ug/m’ increase in the level of PM, ... Living less than 50 metres
from a major road with at least 8000 vehicles per 24 hours also
increased the odds of developing asthma, with a smaller effect on
onset asthma OR=2.92 (95% CI 1.70-4.98) than on true incident
asthma OR=3.88 (95% CI 1.93-7.82).

As an additional analysis within this thesis, NO, was grouped as a
dichotomous variable in accordance to the people living less than 50
meters from a major road, with the approximately 6% highest values
representing the highest exposure group. The results from a adjusted
logistic regression model (same as used in paper III) of the
relationship to onset asthma shows a larger effect estimate for
proximity to road OR= 3.37 (95% CI 1.93-5.88) than for NO,, OR=
1.94 (95% CI 1.00-3.75).

The incidence of rhinitis was not significantly related to PMehause. The
HR for PMcshaus, comparing the third tertile with the first tertile was
1.03 (95% CI 0.81-1.32), and 1 ug/m’ increase in the levels of PM,
was associated with an HR of 1.00 (95% CI 0.69-1.45).

exhaust
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Discussion

The results In perspective

Several studies have shown similar findings to those presented in
paper I, an increasing proportion of people “highly annoyed” with
increasing levels of vehicle exhaust [90]. However, the prevalence of
highly annoyed persons has been shown to vary by a factor 10
between different European cities. In paper 1, 2 10 pg/m” increase in
NO, levels increased the odds of being highly annoyed 3.8 times
(OR=3.8, 95% CI 2.83-5.01) nearly twice the effect presented in a
Swiss study [89]. One probably explanation is differences between the
study populations. Paper I included participants living within the
central parts of cities, while other studies included people living in
both rural and urban settings. The prevalence of people highly
annoyed ranged from 6 to 14% amongst the three cities, indicating a
quantitatively large proportion of people experiencing annoyance from
vehicle exhaust. The prevalence of asthmatic symptoms was similar to
results presented in a recent study conducted in southern Sweden,
which showed a significant relationship between asthmatic symptoms
and the levels of traffic-related exhaust [91].

The literature regarding traffic pollution as a risk factor for the
prevalence of asthma and rhinitis among adults shows somewhat
diverse results, with some studies reporting significant associations
[23, 77, 91] while others do not [73, 75]. During the last 10 years,
several cohort studies involving children have shown consistent results
suggesting an increased risk of asthma associated with vehicle exhaust
[22, 92, 93]. Similar results have been shown in a few studies on adults
[78, 94]. Jaquemine et al studied incident cases of asthma within the
selected sample of participants in the ECRHS-study in relation to NO,
[94]. The study included participants from 17 European cities, and
incident asthma was defined using the question “Have you ever had
asthma”. A regression model was used to calculate the levels of NO, in
1 kilometre squares. The OR for developing asthma was 1.43 (95% CI
1.02-2.01) per 10 ug/m’ increase in NO,, and when restricting the
analysis to those with an age of onset of asthmatic symptoms within
the follow-up period, the OR was 1.72 (95% CI 0.99-3.00). These
results are strikingly similar to those presented in paper III, where the
OR was 1.46 (95% CI 1.07-1.99) for onset asthma and 1.54 (95% CI
1.00-2.36) for incident asthma per 10 pg/m? increase in the NO, level.
Though not significant, the results in paper II support those presented
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in paper III by showing an increased risk of asthma among those
living close to high traffic flows.

To our knowledge, there are no previous studies on the association
between vehicle exhaust and the incidence of rhinitis among adults. In
paper 1V, strong associations were shown for asthma incidence and
the levels of PMenaus, while no significant associations were observed
for rhinitis. Since rhinitis is a risk factor for asthma, and there are
some prevalence studies suggesting traffic-related air pollution is a risk
factor for rhinitis, the null-findings for rhinitis do not support such
associations. However, since rhinitis is a common disease with several
possible definitions, more studies are needed before traffic pollution
can be dismissed as a risk factor for the development of rhinitis.

The papers in this thesis report on associations between traffic-related
air pollution at home and adverse effects in adults, where induction of
asthma is the most serious effect. When this work started there was no
clear support for a relationship between traffic-related air pollution
and asthma incidence in adults. The findings on traffic pollution at
home and asthma incidence are the most important results presented
here. The results in papers 111 and IV are also supported by the
associations in the incident case-referent study (paper 1) and the
association with prevalence of asthma symptoms (paper I).

Given these results, it is important to discuss the validity of the
outcomes and exposure assessment.

Exposures assessment

Earlier large cohort studies of air pollution and health have shown that
accounting for intra-urban variability in exposure gradients for
ecological and individual exposure metrics increases the effect
estimates [21]. It is known that the levels of road dust (coarse
particulates) and ultrafine particulates, and many gases decrease
relatively quickly with distance from the source depending on
atmospheric processes and dispersion, resulting in large within-city
gradients. The approach in this thesis has been to use home outdoor
levels of traffic pollution as the exposure.

One type of random error (independent of disease status) connected
to exposure assessment in epidemiologic studies is the error from
between measurement variability, which exists in paper II, where the
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long-term exposure of NO, is estimated from a weekly average. This
type of error typically induces bias on the risk estimate and tends to
attenuate any association [95]. Another type of error arises when all
individuals belonging to the same group receive the same estimated
average of exposure. This type of error tends to reduce the precision
in the effect estimates given the misclassification is random [95].
Exposure assessments often involve both types of error.

Dispersion modelling

In papers I, IIT and 1V, the levels of NO, (paper I and I1I) and

PM, . (Paper 1V) were calculated using meteorological dispersion
models. Dispersion models may give more or less valid concentration
gradients for a city, especially related to the input data, traffic flows,
and emission factors. Such errors would unlikely be related to the
disease outcome, which accounts for why the result would be an
attenuation of the effect estimates.

The models used showed good spatial agreement with actual
measurements ranging from r* =0.68 in Umes to 0.79 in Gothenburg.
The levels of NO, and PM,,,,.., were calculated as background levels
not taking into account the effects of street canyons. This likely leads
to an underestimation of the outdoor levels at home for those
participants living in such environments. This error is not related to
the outcome, but could be due to an underestimated range in exposure
levels leading to an overestimation of the effect estimate per unit
change in concentration. The impact of this underestimation of levels
in street canyons has not been evaluated, but is expected to be small,
since relatively few people have their homes in such environments.

The dispersion models had a 50-metre resolution, where each square
was matched with the geo-reference coordinates for every participant.
High spatial resolution increases the validity of the exposure estimate
for the levels outside each home, but at the same time it becomes less
valid for the larger area surrounding the home. For indicators or
substances less correlated to the primary emissions the gain in high
spatial resolution is lower than for more specific pollutants, due to its
formation and properties leading to more large-scale variations. Since
we do not know the causal agent and how it relates to the spatial
variation of NO,, it is difficult to decide which resolution would have
been most valid, and consequently it was difficult to evaluate the
resolution used within papers I, IIT and IV in this thesis.
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In paper IV, PMuause Was used to better describe the primary
emissions but also for presenting effect estimates based on that
specific fraction of particles. Since modelled level of PMyaus represent
primary emissions, it better describes the concentrations of all primary
exhaust close to the street in comparison to NO,, which is partly a
secondary pollutant. In comparison to the relationship between

PM, .0 and NO,, the relationship between NO, and NO, is
increasingly non-linear with higher levels of NO,, explaining why
using NO, could result in an underestimation of the levels close to the
street where the levels of NO, are high [8]. The advantage of using
modelled levels of PMcuau as 2 measure of primary pollutants in
comparison to NO,, is dependent on the levels of exposure within the
study population. Although indicators representing the primary
emissions should be recommended, the possibilities of validating the
models must be considered.

Depending on the vehicle fleet and the traffic situation, the mix of
different size fractions within the PMem.ue mass differs between
different locations, and also changes with distance from the road [96,
97]. It is difficult to account for this in the models, and is a limitation
when modelling PM_ ...
The validity of any exposure assessment using geo-referenced
information is also dependent on the precision of the geo-referencing.
In all papers the geo-referencing was based on the centre point of the
estate, which depending on size, could be misleading with regards to
the actual address. Since most of the participants lived within urban
areas, this misclassification is assumed to be small and random. A
recent restructuring of the Swedish national registries will make it
possible to get even more precise information.

Geographical exposure metrics

Distance to the nearest major road was used as an alternative measure
of exposure in paper 111, and the summarized traffic flow within a
radius around the home was used in paper II. A recent German study
showed a clear dose-response pattern between distance from the
home to the nearest major road and the prevalence of respiratory
symptoms among children [93].

In paper 111, participants living less than 50 metres from a major road
were categorized as highly exposed; refering to the rapid decline of
primary exhaust with increasing distance from the road. This
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definition has been previously used and showed that children living
within 50 or 75 metres from a high traffic road have a significantly
increased risk for developing asthma [93, 98].

In paper 11, @ major road was defined as a minimum of 8000 vehicles
per 24 hours or more. The selection of the cut off value was made
somewhat arbitrarily.

Previous studies have demonstrated that the amount of heavy traffic is
more strongly correlated to the outdoor levels of PM, ; and soot than
the amount of personal cars [99]. Additionally, there are studies
suggesting that living close to roads with high numbers of truck traffic
has greater effects on lung function than living close to roads with
high numbers of cars [76]. Since traffic volumes are highly variable,
both in volume and composition throughout the world, it is difficult
to develop comparable categories based on the definition of a major
road. In future studies using this type of distance metric,
differentiating between the total number of cars and the number of
heavy vehicles would increase the comparability and add to the
discussion regarding differences in health effects related to different
vehicles.

In paper 11, all roads within 200 metres around each participant’s
home were summarized independent of traffic flow. If the high traffic
roads are important, this approach could reduce the differences
between those living close to one major road in comparison to those
living close to several minor roads, consequently reducing the
possibility of finding any association. Since relatively few roads had
measured values of traffic flow prior to writing paper 11, roads
measured were likely medium- or high-traffic, therefore the effect is
assumed to be small. This effect is, of course, also dependent on the
size of the selected radius. The summarized traffic flow on high traffic
roads within a radius, and distance to a major road has been used
simultaneously in recent studies, with varying differences in results in
relation to the health outcome [23, 100].

Modelled pollution levels vs. distance to major road

Data from paper I1II allowed for comparison between two exposure
metrics, distance to the road (less than 50 metres versus 50 metres or
more) and modelled levels of NO,. The results from this additional
analysis, were presented in the results section of papers III and IV,
and showed a larger effect estimate for proximity to road OR= 3.37

36



(95% CI 1.93-5.88) than for NO,, OR= 1.94 (95% CI 1.00-3.75), if
the NO, levels were grouped corresponding to the percentage of
people living less than 50 metres from a major road. Since NO, is
partly a secondary pollutant, NO, is less spatially correlated with
traffic flows than actual primary exhaust emissions. Other primary
pollutants as different fractions of exhaust particles are more spatially
correlated with traffic flows, and show stronger gradients within an
urban area. If such components are causal, proximity indicators and
primary components, if reliably measured, would result in stronger
associations with asthma than NO.,,.

From a Nordic perspective the potential effect of the coarse particle

fraction is also worth mentioning, since it totally dominates the levels
of PM,, especially during late spring. The spatial correlation between
road dust and vehicle exhaust components is high.

Distance metrics have an advantage over dispersion modelling due to
their simplicity. Distance metrics assume that proximity indicates a
higher exposure to traffic pollution without choosing a specific
substance or indicator. However, the distance metrics do not take into
account meteorological aspects and do not study specific substances.

Diffusive NO, measurements

Diffusive samplers were used to measure NO, levels outside the home
of cases and referents in paper II. Diffusive samplers have been used
previously used in epidemiological studies to assess stationary
exposure levels [89, 90]. The advantages of diffusive sampler are the
relatively low costs and easy handling, making it a useful tool in
population studies. However, a lot of measurements must be taken to
obtain representative values for longer time periods. In paper 11, each
case and corresponding referent were represented by a weekly
measurement, which is a weak estimate of the yearly average level of
NO, outside the home. This uncertainty may also account for the
weak association of NO, seen to asthma in paper II, in relation to that
seen in paper II1.

Levels outside home as an indicator of exposure

The exposure metrics used in this thesis are the levels of vehicle
exhaust outside the home. However, since a person’s total exposure to
vehicle exhaust includes time spent in many different environments,
the levels outside the home represent a certain degree of
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misclassification of the total exposure to vehicle exhaust. Other
sources and modifiers of traffic pollution exposure may, if random,
dilute the observed associations or act as confounders when associated
with levels outside the home.

Studies have shown that the residential levels of traffic pollutants are
important for the personal measured levels. A Dutch study showed
that children residing close to high-flow traffic areas had significantly
higher personal mean levels of NO, compared to those living further
away [101]. Similar tendencies have also been shown for adults where
residential outdoor concentrations of PM, s, BS and NO, significantly
contributed to personal measured levels [102]. Significant correlation
(fsperaman= 0.0) between the residential outdoor and personal levels of
PM, ; and BS, ; were shown in a study from Gothenburg [103]. For
NO, the indoot- and outdoor levels measured in two Swedish cities
ranged between 0.4 and 0.8 with the highest coefficient in the
suburban area [104]. Since most Swedish homes lack major indoor
sources of combustion pollutants, the outdoor levels contribute to
most of the indoor levels, and the variations shown in the ratios
between indoor- and outdoor levels could be explained by housing
characteristics.

Personal measurements of relevant source-specific compounds would
improve the exposure assessment. However, such measurements over
long periods (or repeated occasions) would be too expensive to obtain
in large cohort studies. More detailed information on time activities
and estimated levels at different environments, such as the work place,
would be more realistic improvements.

Relevant time period of exposure

The relevant time period of exposure for developing adult asthma and
rhinitis due to vehicle exhaust is unclear, which further adds to the
exposure misclassification. Short-term exposure has been associated
with elevated asthmatic symptoms; however the cumulative exposure
over several years is likely to be more important for the development
of asthma. In paper 11, separate analysis was conducted for those
participants living more than 2 years at their current address, showing
a stronger effect estimate in comparison to using all participants.
However, this pattern was not demonstrated in a recent German study
[75]. In papers I, 111, and IV, this restriction was not made, since
questions regarding years at the present address were not addressed.
The complexity of asthma with genetics, likely working as an effect
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modifier for the risk-related to vehicle exhaust, suggests a large
individual sensitivity to the disease most likely resulting in different
individuals being affected at different critical time periods. Further
evaluation is needed and may have added substantially to the results in
papers I, 111, and IV. Since pollution levels usually change slowly,
studies of interventions or the possibility to study two comparable
cohorts with different levels of exposure would be helpful.

Relevance of used exposure metrics

If the main purpose of a study is to analyze traffic pollution as a risk
factor for respiratory outcomes, distance to the nearest major road is
recommended. The results within this thesis, show higher relative risks
using distance to the nearest major road in comparison to modelled
levels of NO,, and also relate to previous studies, which show that
living close to a high-traffic road is a significant risk factor for
respiratory disease. The drawback associated with not accounting for
meteorological variables, seems to be compensated for by the more
general description of traffic pollution.

If the purpose is also to identify the most important components
behind the health effects, distance to the nearest major road is less
useful. The risks associated with living close to a high-traffic flow
indicate that some short-lived pollutants are important, or perhaps the
course fraction of particles. More studies are needed to identify what
pollutants are causing the adverse health effects. This is important, not
only for the work of regulating specific substances, but also for the
development of vehicles. Air quality limits also make more sense if
such important components are the ones regulated. For example in
Swedish cities, the levels of NO, and NO, or both, are not likely to
play a major role in the association with asthma or other health effects.
However, until we know more fully understand the causal
components, it may be useful to have limit values for NO,, or better,
NO, as indicators of traffic-related pollutants.

From a practical point of view, substances regulated by air quality
limits are used in different health impact assessments, preferably
presented by dispersion models. Consequently, established dose-
response relationships are needed relating health outcomes to
regulated air pollutants, if the consequences are to be presented as
changes also in health outcomes and not only as changes in pollution
levels.
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Outcomes

Asthma

The aim of these studies was not to draw conclusions about the
absolute prevalence or incidence rates of asthma in these populations,
but rather to study the relationship to levels of vehicle exhaust at
home.

The definitions of asthma used in papers III and IV were partly based
on a combination of questions previously evaluated in a prevalence
study, showing a relatively low-sensitivity and high-specificity [34]. In
studies of exposure-response relationships, a high-specificity is
preferable in relation to sensitivity to avoid false-positive subjects,
resulting in misclassification and attenuation of the associations [105].
This approach also demands a relatively large study population since a
low sensitivity results in a smaller fraction of identified cases.

In paper 111, two definitions of new asthma cases (onset and incident)
were used. The difference between the two types of new cases was
that incident cases had to have a reported age of first onset of
asthmatic symptoms within the follow-up period. By defining
participants with a possible first onset of asthma before the first
survey, but without symptoms at baseline as cases, both true incidence
in relation to vehicle exhaust and the onset of asthmatic symptoms are
studied.

From a public health viewpoint, this may be as important as studying
true incidence by itself, depending on the severity of the symptoms.
Also; at inclusion, onset cases reported no attacks or use of asthma
medication during the last 12 months, which indicates a very mild
ongoing asthma, if any. The effect estimate increased when studying
incident cases in comparison to onset cases, a tendency also
demonstrated in the ECRHS study [94]. This increase may be related
to less exposure misclassification among the incident cases since some
onset cases developed asthma before participating in the first survey.
In paper II, new cases of asthma were identified and clinically
investigated, which is the reason a high specificity was expected. In
relation to the definition of asthma used in papers III and IV, this
definition is seen as more valid since both questionnaire data and
physiological tests were combined.
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Rhinitis

In paper IV, incident rhinitis was defined as a negative answer to the
question “Do you have any nasal allergies including hay fever” at baseline,
followed by a affirmative answer to the question "Hawve you ever had
blocked nose, nasal congestion and)/ or attacks of sneezing apart from periods of
cold” together with a reported year of first onset within the follow-up
period. Since the screening questionnaire did not include the latter
question, the question regarding hay fever was used to exclude those
with potential rhinitis at baseline. This question has been used in part
to assess allergic rhinitis [100].

Almost half of the population at risk for rhinitis answered
affirmatively to the rhinitis question at follow-up, which could be
explained by the general formulation of the question. However, since
excluding those reporting nasal allergies and hay fever at baseline,
together with a year of first onset within the follow-up period, the
number of false positive cases is assumed to be small. However,
misclassification with regards to the outcome cannot be dismissed as a
reason for the null-findings.

Previous studies show that 75% of those defined as having rhinitis
have allergic rhinitis [106]. However, only 30% of those defined as
incident cases of rhinitis in paper IV, reported hay fever at follow-up.
Information regarding atopy, diagnosed by skin prick test, was
available for a sub-sample of the population in papers III and IV,
therefore, no reliable distinction between allergic and non-allergic
rhinitis could be done. Literature is unclear about whether allergic
rhinitis is more or less related to traffic pollution than non-allergic
rhinitis. Future studies differentiating between allergic and non-allergic
rhinitis and asthma in relation to vehicle exhaust would be interesting,
since previous studies have suggested a modifying effect of atopy on
the association between vehicle exhaust and asthma [94, 107].

Although papers III and IV were based on a prospective cohort, the
definitions of incident asthma and rhinitis were partly retrospective,
due to the use of reported age of onset at follow-up. There is always a
risk of reporting error and bias when using retrospective data.
However, it has been shown that people quite accurately can recall the
year of onset asthma, why the impact of this error is assumed to be
small [108].

41



Annoyance

Paper I discusses the less specific questions of asthmatic symptoms
and degree of annoyance due to vehicle exhaust. The results show that
the prevalence of being highly annoyed due to vehicle exhaust can
vary substantially, both between and within countries. This variability
in results suggests that cultural and personal differences are important
to consider when studying annoyance. In paper I, annoyance to
vehicle exhaust was estimated and later dichotomized into two
categories: less- and highly annoyed. Although grouping the question
results in a loss of information, the effect estimate becomes easier to
interpret. The prevalence of asthmatic symptoms was high in
comparison with more specific asthma questions, which relates to the
wider formulation of the question.

Analysis

Although the purpose of taking random samples from the population
is to draw conclusions from the sample applicable to the whole
population, different types of systematical errors may distort the
possibilities of extrapolation.

Systematic errors

Bias occurs when the relationship between outcome and exposure is
different among those included compared to those excluded in a study
[109]. In papers I, I1I, and IV, the study subjects were randomly
selected from the population registry according to specific age-groups
and areas and therefore no initial selection bias was expected.

The response rate was 62% in paper I, which corresponds to similar
studies conducted previously. However a certain selection cannot be
discarded. People that feel annoyed by vehicle exhausts may be over-
represented in the study due to a greater willingness to participate in
comparison to those who are less annoyed. As a result, the estimated
prevalence may be too high, however, if the difference between
annoyed and not annoyed is the same, regardless of air quality, this will
not bias the association with NO,.

In papers IIT and IV, 86% answered the first questionnaire and of
these respondents, 80% answered the follow-up questionnaire. If there
is a systematic pattern whereby those developing asthma within the
follow-up and lived close to traffic answered more frequently than
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those asthmatics living in lower exposure areas, there would be a risk
of overestimating the effects. However, since all subjects at risk were
motivated to answer the first questionnaire without having asthma or
rhinitis, non-response among incident cases at the follow-up should
not be a serious problem.

In papers 11T and 1V, a large proportion of the initial population at risk
was lost in the process of geo-referencing and matching to the
dispersion model (Table 1). In the initial study, parts of Visterbotten
County were included to represent the northern parts of Sweden,
while in papers III and IV, only residents of Umea were included. This
explains the majority of people lost, together with the fraction of
people lost due to address information and those living beyond the
dispersion model coverage. Despite the large number of people
excluded in this way, no systematic selection was assumed with regard
to the outcome.

In paper 11, potential cases were found based on reports from primary
health care facilities, private clinics, hospitals, and occupational health
physicians. Information regarding the number of cases was dependent
upon the willingness of health care professionals to report patients
(potential cases) to the project. This may account for some bias among
the cases in relation to the randomly selected referents. This selection
bias has not been further evaluated within the thesis. Each case
received a referent according to age and sex.

There was a high risk for bias in paper I when studying the
relationship between self-assessed exposure and self-assessed
outcomes, since high annoyance to vehicle exhaust or having
asthmatic symptoms could lead to an over-estimation of the frequency
of traffic outside the home. This risk is decreased when using an
objective measure of exposure. Response bias related to pollution
levels is not a serious problem within the cohort studies (papers 111
and IV). In the case-referent study (paper II), the cases were not aware
of the study when they contacted their doctor for respiratory
problems, therefore the risk of response bias is considered small.

Although still out-numbered, the concordant results in the cohort
studies regarding traffic pollution and asthma, in comparison to the
prevalence studies, may be a matter of design, but also a matter of
people adjusting their lives due to their disease by moving from high
traffic areas. In cohort studies, this bias is reduced by including people
without asthma in the population at risk. However, studies have
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shown that mild asthmatics tend to underreport their symptoms
leading to bias if they are classified as cases at follow-up. This
discussion could also be held against the definition of onset asthma
used in paper III. In paper 11, cases were included when previously
identified as potential asthmatics, but excluded if their symptoms
started more than 12 months ago, helping to reduce such a bias.

Confounding

Confounding was accounted for by including a predetermined set of
variables in the regression models. This approach was chosen due to
the amount of available variables, but also to make the analysis within
each paper more similar. The selection of variables was based on
previous knowledge of important risk factors for asthma and rhinitis,
where some also could be suspected to be correlated with vehicle
exhaust.

The variables available differed between the different studies. Sex, age
and smoking were adjusted for in all papers, while information on
body mass index (BMI) was not available for paper I. Information
regarding smoking was not collected in the baseline screening
questionnaire (papers III and IV), but was included in the follow-up
questionnaire, leading to a risk of recall bias especially among the
cases. Socio-economic status (SES) has been previously suggested as
an important factor. This information was available for a fraction of
the population in papers III and IV, which accounts for the exclusion
of SES in the final models. In the study cities, we mostly find high
levels of traffic pollution in the city centres where flats are usually
attractive and expensive. This is an important factor to consider in
future studies. In paper II, asthma heredity was included, while this
information was missing in papers I1I and IV. Heredity is a strong
predictor for asthma, and a variable for which a potential confounding
effect cannot be ruled out. In this case the most likely bias is that
families with asthma avoid living in areas with highly polluted streets.

In paper 11, the final model was adjusted for atopy based on skin prick
test (SPT), while the analysis in papers I1I and IV did not adjust for
atopy. In papers 111 and IV, SPT was available for a selected fraction
of participants, therefore, self-reported hay fever was used as a proxy
when studying effect modification. A sub-group analysis showed that
only 60% of those reporting hay fever had a positive SPT, therefore
calling into question the reliability of hay fever as a measure of atopy.
Furthermore, recent studies have suggested vehicle exhaust as a risk
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factor for allergic disease, which explains why adjusting the analysis of
asthma and vehicle exhaust for atopy, could result in over adjustment
of the models. This more conservative approach was not used in
paper 11, however, removing SPT from the main model resulted in
only a marginal impact on the effect estimate.

Adjusting for confounding resulted in no large changes in the effect
estimates when compared to the un-adjusted and adjusted results in
papers I, I11, and IV. In papers III and IV, results for both the crude
and fully adjusted models are presented, while in papers I and II the
results from the adjusted models are given. In paper 11, adjusting for
confounding strengthened the estimates when restricting the
population to those participants living more than 2 years at the same
address, while in the whole population this effect was marginal.

Future research

There is enough past and present research on the adverse health
impacts of traffic pollution to warrant society’s active reduction in
exposure. Causal agents may not be fully understood, however, there
is no doubt that traffic is a major contributor to emissions affecting
people living in urban areas. Studies of the various health effects
related to distance to nearest major road show effects on both less
severe and severe health-related outcomes.

Air quality limits are useful tools in improving air quality, however,
they can also result in actions without a larger perspective on
population and exposure. The public health perspective needs to be
further accounted for in the work related to the air quality limits.

Searching for the substance in traffic pollution most related to adverse
health effects, is important for more detailed prevention strategies.
Research in this area has begun and will continue to focus on
describing primary exhaust close to roads in order to find the missing
link between general traffic indicators as NO, and living close to
major roads. Traffic-emitted particles are often suggested as critical
substances, but larger wear particles from roadways and vehicles
should not be dismissed, since results from toxicological studies have
shown the coarse fraction of ambient particles may be more toxic than
fine and ultra-fine particles [82]. The question of long-term effects of
road dust particles is also very interesting and remains a challenging
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issue for future epidemiological research, especially in the northern
parts of Europe.

The exposure assessment in epidemiological studies of traffic
pollution and health could be improved by accounting for outdoor
levels of traffic pollution in environments others than outside the
home. Using geographical information systems (GIS), in combination
with dispersion models or geographical metrics, makes this possible
for large populations, given the necessary data is available. The use of
registries and the estimation of exposure for several addresses would
also improve the exposure estimate, especially in prevalence studies.
These methods would also be interesting for cohort-studies of
incident respiratory diseases among adults.

More studies are needed to confirm and understand the impact of air
pollution on adult asthma and rhinitis. Although there are obvious
reasons for focusing on children, later-onset asthma impacts the
quality of life and is costly for society since those developing the
disease may be affected for many years. Recent studies have focused
on Chronic Obstructive Pulmonary Disease (COPD), and Swedish
findings have shown a significant correlations between traffic
pollution and the prevalence of COPD [91]. Additional well-designed
cohort studies for examining causality are needed together with
follow-ups of already existing cohorts.
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Conclusions

The following conclusions were made based on the studies within this

thesis:

Increasing levels of vehicle exhaust outside the home increases

the proportion of people reporting to be highly annoyed by
vehicle exhaust. This was demonstrated with both objective
and subjective exposure metrics.

The prevalence of asthmatic symptoms is related to the levels

of vehicle exhaust outside the home.

The risk of developing asthma among adults increases with
higher levels of vehicle exhaust outside the home.

The increased risk of developing asthma was shown using
different exposure metrics, with a tendency for stronger
associations for the geographical metric, indicating that there
may be specific short-lived traffic-related components
involved.

The development of rhinitis was not associated with high
levels of vehicle exhaust outside the home.
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