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1 ABSTRACT 
In recent years, health hazards associated with air pollution from motor exhaust have 
received increasing attention. Lung cancer and heart disease have been linked to air 
pollution exposure. However, the knowledge concerning exposure levels, is insufficient, 
but is essential for risk assessment. This thesis is aimed at improving our knowledge about 
exposure to motor exhaust related air pollutants, particularly in the Stockholm region. 
In paper I, nitrogen dioxide (NO2) levels were measured at 42 different sites in the 
Stockholm area. NO2 concentrations were measured with passive dosimeters during four 
two-week periods per observation site. Similar measurements were performed in Munich, 
Germany and in the Netherlands. Season-adjusted mean values varied from 11 to 29 μg/m3 
at the different types of sites in Sweden. In the other countries the levels were higher, 
although street levels in central parts of the cities were similar.  
Upon comparison, the passive dosimeter method underestimated the levels in Sweden, 
compared to the reference method, chemiluminescence, for annual mean values, although 
there was a wide variance for individual measurement periods. 
Papers II, III and IV investigate occupational exposure to motor exhaust. Paper II is a 
comparative study of 121 taxi, bus and lorry drivers in the Stockholm region. NO2 was 
measured using portable passive dosimeters, and particle concentration within the size 
range 0.1–10 μm was measured with a real-time monitoring light scattering instrument. For 
both particles and NO2, taxi drivers had the lowest exposure, the lorry drivers the highest 
and the bus drivers’ exposure were in between the others. The group mean exposure 
concentration varied between 48 and 68 μg/m3 for NO2 and between 26 and 57 μg/m3 for 
particles. 
The number of occupations included as well as the measured indicator substances was 
expanded in study III. In all 71 subjects were included, divided into 7 groups depending on 
place of work (indoor, outdoor, vehicle driver) and type of fuel (petrol or diesel). In 
addition to the indicators used in paper II, particles were measured in the size ranges PM1 
(aerodynamic diameter <1.0 μm), PM2.5 (aerodynamic diameter <2.5 μm). A chemical 
analysis was performed in order to ascertain levels of elementary carbon, EC, and total 
carbon, TC. Exposure to NO2 and all particle fractions was considerably higher for the 
group “construction workers in road tunnels” than for any other group. Many of the other 
groups showed surprisingly similar exposure levels for both NO2 and particles. Outdoor 
workers experienced the lowest exposure to NO2 while the driver groups were exposed to 
the lowest levels of some of the particle fractions. Drivers and outdoor workers were 
exposed to similar levels of EC, 4-8 μg/m3, indoor workers 11-12 μg/m3, with tunnel 
workers exposed to 87 μg/m3. All of the observed groups of workers were exposed to 
higher levels of NO2 than urban background levels in Stockholm. 
In conclusion, the work in my thesis demonstrates that it is possible to quantify 
geographical differences in the concentration of NO2 with a simple method at different 
types of sites in metropolitan areas. In Stockholm County NO2 levels were three times as 
high in City streets compared with suburban Järfälla. 
Our knowledge of occupational exposure to NO2 and particles has been improved through 
the use of portable measurement equipment by approximately 200 subjects. 
When subjects working in tunnels were compared with a group of outdoor workers the 
exposure to NO2 was about 10 times higher while exposure to EC, the fraction that most 
closely reflects diesel exhausts, was about 20 times higher. 
Keywords: Exposure measurement, NO2, Particles, EC, diesel exhaust 
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2 SAMMANFATTNING 
De medicinska riskerna med exponering för motoravgasrelaterade luftföroreningar har 
uppmärksammats alltmer under senare år. Lungcancer och hjärtinfarkt kopplas samman 
med exponering för luftföroreningar. Kunskapen är otillräcklig om vilka nivåer man 
exponeras för i allmänna miljön och på arbetsplatser, men den behövs för att bestämma 
risknivåer för ökad sjuklighet. Mitt arbete har syftat till att öka kunskapen om exponeringen 
för motoravgasrelaterade luftföroreningar, framförallt i Stockholmsområdet.  
I artikel I redovisas halterna av kvävedioxid (NO2) på 42 platser i Stockholmsområdet. NO2 
mättes med passiva dosimetrar under fyra 2-veckorsmätningar per plats. Likvärdiga 
mätningar gjordes även i München och i Nederländerna. Årstidsjusterade medelvärden i 
Sverige varierade mellan 11 och 29 µg/m3 på olika kategorier av mätplatser. Halterna i 
centralt belägna gaturum var jämförbara mellan länderna. 
En jämförelse mellan mätningarna med dosimetrar och med referensmetoden (kemiluminis-
censmetoden) visade en underskattning med dosimetrar på årsbasis i Sverige, men med 
stora skillnader för enskilda mätperioder. 
De återstående artiklarna (II, III och IV) belyser yrkesrelaterad exponering för motor-
avgaser. I delarbete två jämfördes exponeringen hos 121 yrkesförare av taxi, buss eller 
lastbil i Stockholmsområdet. NO2 mättes med passiva dosimetrar, och partiklar i storleks-
intervallet 0,1–10 µm mättes med ett direktvisande ljusspridningsinstrument. För både NO2 
och partiklar var taxiförarna lägst exponerade, därefter kom bussförarna medan distribu-
tionsförarna var högst exponerade. Medelvärdet för NO2 varierade mellan 48 och 68 µg/m3, 
och för partiklar mellan 26 och 57 µg/m3. 
I det tredje delarbetet utökades mätningarna till fler exponerade grupper och exponerings-
mätningar av ytterligare indikatorsubstanser. Totalt gjordes mätningar på 71 studiepersoner 
som delades in i sju olika grupper utifrån arbetsplats (inne, ute eller förare) och huvudsaklig 
typ av bränsle (diesel eller bensin). Partiklar mättes även i storleksintervallen PM1 (partiklar 
med aerodynamisk diameter < 1 µm) och PM2.5 (partiklar med aerodynamisk diameter < 
2,5 µm). En kemisk analys utfördes också för att kartlägga halten elementärt kol (EC) och 
totalt kol (TC). Exponeringen för NO2 och samtliga partikelfraktioner var signifikant högre 
i gruppen ”byggnadsarbetare i vägtunnel” än i alla andra grupper. Utomhusarbetarna låg 
lägst vad gällde NO2-exponering och förargrupperna lägst avseende flera av partikelfrak-
tionerna. Många av de resterande grupperna hade en förvånansvärt likvärdig exponering för 
både NO2 och olika partikelmått. För EC sågs ett liknande mönster: tunnelarbetarna 
exponerades för ca 90 µg/m3, inomhusarbetarna för 11–12 µg/m3 och utomhusarbetarna 
och förarna för ungefär samma nivåer, 4–8 µg/m3 EC. Samtliga grupper av yrkesarbetare 
exponerades för högre halter NO2 än de värden som uppmättes på innerstadsgator i 
Stockholm, i artikel I. 
Sammanfattningsvis har jag i mitt avhandlingsarbete visat att det, med en enkel mätmetod, 
går att kvantifiera geografiska skillnader i NO2-halt mellan olika kategorier av mätplatser i 
storstadsområden: NO2-halterna var tre gånger så höga på ett urval innerstadsgator i 
Stockholm som på ett urval platser i Järfälla. 
Genom personburna mätningar på ca 200 personer som yrkesmässigt exponeras för 
motoravgaser, har kunskapen ökat om exponeringsnivåer för NO2 och partiklar i arbetslivet. 
För både NO2 och EC gällde att tunnelarbetare exponerades för den högsta halten och en 
grupp av utomhusarbetare för den lägsta. För NO2 var exponeringen drygt 10 gånger så hög 
och för EC, den partikelfraktion som bäst anses spegla dieselexponering, var exponeringen 
drygt 20 gånger så hög. 

Nyckelord: exponeringsmätningar, NO2, partiklar, EC, dieselavgaser 
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3 LIST OF ABBREVIATIONS 
 
AIC Akaiki Information Criterion 
CO Carbon monoxide 
CO2 Carbon dioxide 
DOAS Differential Optical Absorption Spectroscopy technique 
EC Elemental carbon 
GM Geometric mean = mean values for the logarithmic values 

expressed as the antilogarithmic value 
GSD Geometric standard deviation  
LUCAS Lung cancer in Stockholm 
MK1 Swedish low sulphur diesel fuel (miljöklass 1) 
MK3 Swedish diesel fuel, used until beginning of the 1990s 

(miljöklass 3). More like European diesel. 
NGV Swedish occupational exposure limit 
NO2 Nitrogen dioxide 
NOX All nitrogen oxides  
OC Organic carbon 
OEL Occupational exposure limit 
PAH Polycyclic aromatic hydrocarbons 
PAHL Particles, Exhausts, Heart disease and Lung cancer (in Swedish: 

Partiklar, Avgaser, Hjärtinfarkt och Lungcancer)  
PM1 Particulate matter less than 1.0 micrometer (µm) in 

aerodynamic diameter 
PM2.5 Particulate matter less than 2.5 micrometer (µm) in 

aerodynamic diameter 
PM10 Particulate matter less than 10 micrometer (µm) in aerodynamic 

diameter 
ppm Parts per million 
r2 Coefficient of determination  
SHEEP  Stockholm Heart Epidemiological Program 
SO2 Sulphur dioxide 
SVOC Semivolatile organic compounds 
TC Total carbon (sum of elemental and organic carbon) 
TLV Threshold Limit Values, establish by ACGIH in USA. 
TRAPCA Traffic-Related Air Pollution and Childhood Asthma 
VOC Volatile organic compounds 
WG BR0.95 Weighed group mean level of BR0.95 
µm Micrometer = 10-6 metre 
µg/m3 Microgram per cubic metre 
σ2

B Between workers variance  
σ2

W Within workers variance 
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5 BACKGROUND 
5.1 HISTORICAL PERSPECTIVE 
Throughout history, man has been subjected to pollution caused by combustion processes. 
Until the first half of the 20th century, these atmospheric pollutants were the product of the 
burning of wood, coal and other organic materials for cooking, heating, driving industrial 
machines, electrical production and transportation. Since the middle of the 20th century, 
vehicles rapidly increased in Sweden, exposing the population to one more source of 
pollutants, namely the exhaust fumes from internal combustion engines.  

 
 
Figure 1. Number of private cars registered in Sweden during the period 1923–2005. 
(Taken from www.scb.se) 

Most people living in built up areas are subject to atmospheric pollutants from the 
combustion of petrol and diesel on a daily basis. Approximately 3 million people 
throughout Europe, and 81 000 people in Sweden are exposed to exhaust fumes through 
their daily work (Kauppinen, et al. 2000). 

The risks caused by atmospheric pollutants were highlighted in the middle of the 20th 
century, especially in conjunction with the London smog catastrophe of December 1952. 
This is perhaps the most spectacular example of how short term exposure to atmospheric 
pollutants can affect the population. Bell and Davis (2001) have demonstrated that between 
December 1952 and February 1953, an extra 12 000 deaths can be attributed to the raised 
levels of atmospheric pollutants, primarily from coal fires. Mortality attributed to lung 
disease was 2.5 times above the normal rate while the rate for deaths caused by 
cardiovascular disease was 1.5 times higher than normal. 

Subsequent studies show that both general and work related exposure to pollutants from 
combustion engines give rise to immediate as well as chronic health effects. Brunekreef and 
Holgate (2002) have reviewed much of the available research data concerning health effects 
on the general public related to atmospheric pollutants from combustion. The immediate 
effects are characterised by increased morbidity due to bronchial disease, cardiovascular 
disease and asthma. The long-term effects include increased risk of developing lung cancer 
and an increased risk of myocardial infarction. Avol, et al. (2001) report a reduction in the 
development of lung function amongst children growing up in environments with high 
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levels of air pollutants. Large demographic studies show measurable effects even at low 
pollutant levels. The APHEA study in Europe demonstrated that even a small increase in 
atmospheric particle content can cause a rise in mortality; every 10 µg/m3 increase in 
particulate matter less than 10 micrometer (PM10) leads to a 0.6 % mortality increase 
(Katsouyanni, et al. 2001). Similar findings have also been presented for studies in the USA 
(Pope, et al. 2002), (Dockery, et al. 1993).  

Recently Roberts and Martin (2007) have calculated that a 10 µg/m3 increase in PM10 was 
associated with a 0.12 % increase in total death, and a 0.17 % increment in cardiovascular 
and respiratory mortality. Data from more than 100 US cities was included in the study. 
Even a significant association of nitrogen dioxide (NO2) with total cardiovascular and 
respiratory mortality has been found by Samoli, et al. (2006) and Nafstad, et al. (2004). 
Presumably, in this case NO2 represents the same kind of sources as PM10 air pollution from 
combustion of diesel, petrol, etc. 

Studies show that work related exposure to combustion fumes increases the risk of lung 
cancer, (Parent, et al. 2007, Gustavsson, et al. 2000, Boffetta, et al. 1997), and 
cardiovascular disease, (Bigert, et al. 2003, Tuchsen and Endahl 1999, Belkic, et al. 1998), 
particularly for diesel fumes. Occupational exposure levels to exhaust fumes, with a proven 
increase in morbidity, are considerably higher than the levels causing effects in the general 
public. 

Diesel exhaust was classified in 1989 by the International Agency for Research on Cancer 
(IARC) as “probably carcinogenic”, while petrol exhaust received the classification 
“possibly carcinogenic” (IARC 1989). 
 
5.2 CHEMISTRY 

Engine fumes consist of a mixture of thousands of different substances, both in the gaseous 
phase and as particles. The particles are less than 0.1 μm when formed, but aggregate to 
form larger particles, although the particle size mostly remains under 1 μm. 

Exhaust fumes from diesel engines are characterised by their high proportion of particles, 
nitrogenous oxides (NOX), and also for example polycyclic aromatic hydrocarbon (PAH) 
and aldehydes. The combustion temperature is higher for diesel engines than for petrol 
engines, which causes a higher conversion of atmospheric nitrogen into oxides. The 
aldehydes are formed as a result of incomplete combustion of the fuel when hot diesel 
combines with oxygen from the colder surrounding air. Hundreds of volatile organic 
compounds (VOCs) and semi volatile organic compounds (SVOCs) are also present in the 
exhaust fumes. The SVOCs can, in certain cases, condense on the surface of particles as the 
exhaust fumes dissipate and cool. Particles formed from elemental carbon thus become 
contaminated with substances like PAH, other hydrocarbons, sulphurous compounds and 
metals (HEI 2002). 

Fumes from heavy diesel powered vehicles contains 40 % carbon, 25 % non-combusted oil, 
15 % sulphate and water, 13 % ash and 7 % non-combusted diesel (Kittelson 1998). 

The diesel fuel used in Sweden since the early 1990s (MK1) has a lower sulphur and 
aromatic hydrocarbon content than the one used earlier (MK2 and MK3). The diesel 
currently used in the rest of Europe is similar to the Swedish MK3 diesel, although a 
gradual change to a diesel similar to MK1 is taking place. 
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Table 1. Differences between Swedish Environmental Classified Diesel (MK1) and 
standard diesel (MK3) (Eklund 2001) 

Content Diesel MK1 Diesel MK3 

PAH Below detection limit  1–10 %  
Other Aromatic hydrocarbons < 5 % 20–30 % 
Unsaturated hydrocarbons < 5 % 2–4 % 
Sulphur 5 ppm < 500 ppm 
Paraffin > 95 % 55–80 % 
Density 0.80–0.82 kg/l 0.82–0.84 kg/l 
Market share in Sweden 90 % 10 % 
Content shown as volume %. 

Exhaust from petrol motors are generally considered to pose less of a health risk than that 
from diesel motors, which explains why less research is being made on petrol exhaust. It is 
quite clear that higher amounts of carbon monoxide and volatile organic compounds are 
formed by combustion of petrol when compared with diesel. The levels of nitrous oxides 
produced are lower on petrol exhaust as a result of the lower combustion temperature, while 
the VOC concentration may be higher. The particle content is considerably lower for petrol 
engine exhaust fumes. Carbon monoxide levels have been drastically reduced since the 
introduction of exhaust catalysts. The level of elementary carbon is lower in petrol exhaust 
than in diesel exhaust, whilst the amount of organic carbon is proportionally higher in 
petrol exhaust (Zaebst, et al. 1991). 

5.2.1 Limits for traffic related atmospheric pollutants 
Within the European Union (EU) there have been established limits for outdoor 
environment, based on particulate PM10 and NO2. For PM10, the annual average value 
should not exceed 40 μg/m3, and the average daily value 50 μg/m3 (90-percentile). For 
NO2, the limits are 40 μg/m3 and 60 μg/m3 , respectively, with an average hour limit of 90 
μg/m3 (98-percentile) (Miljökvalitetsnormer 2001). 

There are no occupational exposure limits (OEL) for exhaust fume concentration for 
working environments within the EU, each country is therefore responsible for setting its 
own OEL. Two values, for carbon monoxide (CO), and NO2, have been used in Sweden 
since 1990. The commentary to the OEL states that the accepted value for CO probably 
correlates to emissions from petrol engines, while the value for NO2 correlates to diesel 
engines (AFS 2005:17). The maximum concentration thresholds for CO and NO2 have been 
set at 25 mg/m3 and 2 mg/m3 (2000 µg/m3) respectively. 

A proposal from ACGIH (American Conference of Governmental Industrial Hygienists) for 
a set of Threshold Limit Values (TLV) for diesel exhaust fumes, “a notice of intended 
changes”, based initially on a particle size limitation <1 µm (TLV=150 µg/m3) and 
subsequently EC (TLV=20 µg/m3), was considered between 1998 and 2002. These 
proposals were never adopted by the legislature, resulting in the current lack of TLV in the 
USA (ACGIH 1998-2007). In Germany, diesel exhaust fumes are classified as carcinogenic 
and therefore, as for other carcinogenic substances, lack threshold values (Roth 2006). 

5.2.2 Measurement and estimation of vehicular air pollutants 
5.2.2.1 General environment 

The complexity of mixtures present in exhaust fumes has led to the adoption of exhaust 
fume indicators. There is no unified standard for the quantification of exhaust fumes in the 
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environment. The Swedish local authorities primarily monitor PM10 and NO2, as these are 
included in the legislation. 

In the context of environmental hygiene, measurements are normally collected using 
permanent stations, whereby trends can be observed over longer periods. The results are 
used to compare air quality with the allowed threshold values, to evaluate trends and 
changes in the traffic environment, and as a basis for epidemiological studies. 

Measurements from permanent observation stations have been made since 1966 in 
Stockholm. The initial measurements were preferentially of gasses (for example sulphur 
dioxide (SO2), and nitrogenous oxides, (NOX) and soot. Since 1990 particles, PM10, and 
later particulate matter less than 2.5 μm in aerodynamic diameter ( PM2.5), elementary and 
organic carbon (EC and OC) have also been included in standard measurements. Other 
gasses, such as benzene, butadiene and PAH, have also been included. In some cases 
particle distribution within certain size intervals, particularly ultra fine particles (< 0.1 μm) 
and nanoparticles (<0.05 μm) have been measured. Monitoring sites are normally 
positioned in areas with heavy traffic, with sampling at street level and background 
sampling above roof level (urban background sites). Data has also been collected from 
Stockholm’s suburbs, neighbouring districts and rural areas. 

An automated TEOM (Tapered Element Oscillating Microbalance) is used for particle 
measurements at the permanent monitoring sites in the Stockholm region. EC/OC is 
measured through collection of particles (PM2.5) followed by heating, first to 340 °C (OC), 
then 750 °C (EC). The CO2 formed is used to estimate the carbon present. 

Gas concentrations are measured by a number of different techniques depending on the site 
of measurement and equipment available. Continuous monitoring of NO and NO2 is 
performed using a chemiluminescence method, with DOAS (Differential Optical 
Absorption Spectroscopy) technique or by a passive dosimeter. SO2 levels can be measured 
using the DOAS technique, while for CO the NDIR method based on the infrared 
absorption of CO is preferred (data on measuring methods from www.slb.nu, September 
19, 2007.) 

For research purposes, other methods are sometimes used for collecting data. For particles, 
for example using pump units, impactors or cyclones for selecting the particle fractions and 
gravimetric detection. For gasses use of different types of passive dosimeters is another 
possibility. 

Models which take a number of parameters, including pollutant sources, geographical, and 
meteorological factors, into consideration, are also used to estimate pollutant levels. 
Methods used in studies have for example included screen analysis, interpolation, 
dispersion models, which may also be combined with GIS (Zmirou, et al. 2002, Bellander, 
et al. 2001), or distance estimation to larger roads as used in studies in the Netherlands 
(Hoek, et al. 2002). 

Background concentrations vary considerably between different measuring sites and times. 
Particle concentrations in Stockholm are frequently high in early spring. This is a 
consequence of the generally dry weather and the fine dust resulting from the use of 
studded tyres together with sand used in icy conditions during the winter. On average for 
the period 1997– 2004 the particle concentration (PM10) was 70 % higher in April than 
August for the same site of measurement. NO2 concentrations are generally high in 
conjunction with high traffic intensity, cold weather, weak winds and conditions favouring 
the formation of temperature inversions. 

In the APHEA study, a European study about air pollution and health, data concerning 
background concentrations of, amongst others, PM10 and NO2, from many European cities 
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was collated. Particle concentrations (annual mean from 10 cities over a 2– 6 year period) 
varied from 16 μg/m3 in Stockholm to 59 μg/m3 in Rome, Italy (Zanobetti, et al. 2003). 
During the same period, NO2 concentrations measured in 30 European cities varied from 46 
μg/m3 in Wroclaw, Poland, to 155 μg/m3 in Milan, Italy. A concentration of 48 μg/m3 was 
determined for Stockholm (Samoli, et al. 2006). 

5.2.2.2 Occupational environment 

Even when considering working environments, there are no standard methods for 
measuring exposure to exhaust fumes. Usually scientific studies concentrate on exposure 
from diesel engines in groups where the expected exposure to diesel exhaust is high, for 
example in mining environments (Birch and Noll 2004, Cohen, et al. 2002). Considerably 
less is known about exposure to exhaust fumes from petrol vehicles. Nitrogen dioxide has 
been and still is one of most frequent indicators for diesel exhausts, but since the early 
1990s, EC has also been used. The method based on EC measurement was devised to 
distinguish diesel exhaust fumes from compounds related to passive smoking (ETS). 
Zaebst, et al. (1991) showed that tobacco smoke contains only 2 % EC and 98 % OC, while 
the same study shows that exposure to diesel exhausts gave a mean of 41 % EC and 59 % 
OC. Particle measurements have also been used to indirectly monitor exposure to diesel 
exhausts. In Canadian mines, “respirable combustible dust” (RCD) has been used as a 
measure of exposure to diesel exhausts since the 1970s. In the USA “diesel particulate 
matter” (DPM) is sampled with an impactor cut off at 0.9 μg/m3 (Verma, et al. 1999). In 
other studies, total dust content and respirable dust content (< 5μm) have been measured 
(Backe, et al. 2004, Groves and Cain 2000, Guillemin, et al. 1992 and Gamble, et al. 1987). 

Some examples of studies of workers exposed to general motor exhaust fumes in urban 
environments, such as taxi and bus drivers, are available, although uncommon. (Han, et al. 
2005) included measurements of PM2.5 and CO to study bus drivers in Peru, (Zagury, et al. 
2000) and (Son, et al. 2004) measured NO2 on taxi drivers in Paris, France and towns in 
South Korea respectively. Boffetta, et al. (2002) measured EC on bus drivers in Estonia. 

Both static and personal samplers are used in the context of studying working 
environments. Stationary measurement simulates exposure in situations where the work 
force is exposed at constant levels through being at a particular post throughout a work 
pass. Personal samplers are essential to provide a reasonable estimate of the level of 
exposure for workers who move through areas with different atmospheric environments, a 
situation which often provides the best description for people exposed to motor fumes at 
work (Boleij, et al. 1995). Personal samplers allow for measurements on a large sample of 
the work force or for repeated measurements on specific individuals. In cases where the 
daily variation is expected to be relatively large, the latter method is to be preferred 
(Lampa, et al. 2006) 

Particles are most frequently sampled using pump units and gravimetrical determination, 
although some direct methods are available. Gases can easily be measured directly with 
chemical cells, passive dosimeters or more advanced techniques such as 
chemiluminescence. The choice of technique is often dependent on the purpose of the 
measurement and on whether or not the device needs to be portable. Measurement for 
comparison with the allowed occupational limits does not generally need to be as accurate 
as measurements for research purposes. 

Exposure levels vary in different studies, for different worker categories and for different 
indicators. Table 2 shows measured levels of EC and NO2 obtained in a range of studies. 
EC concentrations varied from 2 μg/m3 for patrol cars in the USA to over 600 μg/m3 for 
coal miners in USA. Exposure levels for NO2 ranged from 50 μg/m3 for taxi drivers in 
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South Korea to over 1000 μg/m3 for bus garage labourers in the USA and tunnel excavators 
in Norway. 

Table 2. Values of EC and NO2 from other studies. Geometric mean (GM) are shown in 
most cases 

Indicator Occupations in the studies GM 
(µg/m3) 

References 

EC Iron mine, Sweden 29* Lidén, et al. 2001 

 Coal mines, USA 86-651 Birch and Noll 2004 

 Tunnel construction workers, Switzerland 79* Sauvain, et al. 2003 

 Tunnel excavators, Norway 160 Backe, et al. 2001 

 Tractor and trailer mechanics, USA 12 Zaebst, et al. 1991 

 Bus garage workers, Canada 14 Seshagiri and Burton 2003 

 Garage for lorries, Canada 6 Seshagiri and Burton 2003 

 Bus garage workers, bus mechanics, UK 31 Groves and Cain 2000 

 Bus mechanics, Estonia 38 Boffetta, et al. 2002 

 Linemen and winch truck operators, USA 3-4 Whittaker, et al. 1999 

 Long distance lorry drivers, USA 4 Zaebst, et al. 1991 

 Bus drivers, Estonia 9 Boffetta, et al. 2002 

 Patrol cars, USA 2* Riediker, et al. 2003 

NO2 Tunnel excavator, Norway 1200  Backe, et al. 2001 

 Railway workers, Canada 30-170* Verma, et al. 1999 

 Bus garages, USA 260-1120* Gamble, et al. 1987 

 Linemen and winch truck operators, USA 600-800 Whittaker, et al. 1999 

 Taxi (inside cars), South Korea 50 Son, et al. 2004 

 Patrol cars, USA 84*  Riediker, et al. 2003 

* arithmetic mean 

 
5.2.2.3 Background to the thesis 

The background to the first paper is a cohort-study of children in the Stockholm County, 
aimed at finding factors related to allergy development (the BAMSE study). Similar studies 
were performed in the Netherlands and Germany as part of an EU project involving 
research groups mapping exposure of children to particles and NO2 in their ambient 
environment. The measurements in Stockholm were made at 42 different sites throughout 
four districts over a one year period, and were the first on such a scale. The results were to 
be used to create predictive models for atmospheric pollutant levels in and around 
children’s homes in each country. 

The remaining three studies concern exposure to exhaust fumes in work environments. 
Several studies initiated by for example the Occupational and Environmental Health, 
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Stockholm County Council which had shown the existence of a correlation between 
exposure to exhaust fumes and poor health, formed the background for these studies. An 
article by Gustavsson, et al. (1996) demonstrates an increased risk for myocardial infarction 
amongst bus drivers in Stockholm. A different study, by Jakobsson, et al. (1997), concluded 
that taxi and lorry drivers in Sweden ran an increased risk of developing lung cancer. Both 
studies were register based, and as such individual case data was scarce. Occupational 
details were inferred from the national census, which precludes all possibilities of 
reasonable estimations of exposure levels. 
Two large case-control studies were subsequently performed within Stockholm County in 
order to assess the spread of risk factors for lung cancer and heart disease. In the LUCAS 
study (Lung Cancer in Stockholm), the causal relationships between various risk factors 
and lung cancer, including exposure to motor exhaust fumes, were studied. An occupational 
hygienist made a semi-quantitative classification of risk exposure for each of the 3400 men 
involved in the study. The risk of developing lung cancer was found to be greatest in the 
group with the highest rate of exposure to motor exhaust fumes. The results suggested that 
the Swedish threshold value of 2000 μg/m3 was insufficient to protect workers from the risk 
of developing lung cancer (Gustavsson, et al. 2000). 

In the case-control study SHEEP (Stockholm Heart Epidemiology Program) a wide range 
of possible risk factors for myocardial infarction were studied in relation to working 
environments for the close to 3000 men and women involved in the study. A risk exposure 
classification was made for each individual in the study by an occupational hygienist in a 
similar manner as to those involved in the LUCAS study. The study showed an increased 
risk of myocardial infarction for those exposed to intermediate levels of exhaust fumes, 
although there was no evidence of a dose-response relationship (Gustavsson, et al. 2001). 

In the two case-control studies mentioned above, where links between exposure to motor 
exhaust fumes at work and elevated frequency of lung cancer and myocardial infarction 
were established, estimations of every worker’s exposure were made by occupational 
hygienists with many years of experience, supported by measurement reports from 
international publications. The availability of experimental data concerning exposure of 
Swedish workers to motor exhaust fumes was very poor. As the number of workers in the 
Stockholm region regularly exposed motor exhaust fumes is expected to remain high, there 
is an urgent need to acquire knowledge and data pertaining to this issue. Studies of 
exposure levels experienced by three major worker categories, bus, taxi and lorry drivers, 
were initiated in the late 1990s (paper II). Measurements were later extended to include 
other groups exposed to exhaust fumes, at the same time the measuring methods were 
refined (papers III and IV). The measurements of PM1, PM2.5 and EC/OC presented in 
paper III represent the introduction of new methods for the measurement of exposure to 
motor exhaust using personal portable measuring devices in Sweden. The purpose of the 
measurements presented in papers III and IV was to provide an improved basis for 
evaluation of occupational exposure of the subjects of the LUCAS and SHEEP studies. It 
was also desired to acquire more knowledge about how the various exhaust fume indicators 
worked, in order to determine whether a single indicator could suffice for reasonable 
exposure estimation. The basis for better exposure evaluation was deemed to be greater 
knowledge of the different exposure levels encountered by subjects in indoor or outdoor 
environments or employed in the various driver categories. Another question raised in the 
study concerned the differences in exposure encountered by subjects working with diesel or 
petrol engines. 
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6 AIMS OF THE THESIS 
The main objective of this thesis has been to increase the knowledge about levels of 
exposure to air pollution from motor engines experienced by people in normal 
environments and by persons who come in contact with motor fumes in their daily work. 
Such knowledge is a prerequisite for the correct classification of exposure levels in 
epidemiological studies.  

Specific aims: 

• Modify and apply different methods for the measurement of exposure to air 
pollution from motor exhausts, in the general environment and in specific working 
environments. 

• Examine the geographic differences in outdoor levels of nitrogen dioxide in and 
around Stockholm.  

• Calculate time-weighted mean exposure levels of exposure to motor exhaust, for 
workers in occupations where exposure is of a high intensity or is highly prevalent.  

• Estimate the correlation between levels of nitrogen dioxide and particles in general 
environments and in different occupational groups, and evaluate various indicators 
for motor exhaust. 

• Apply a mixed model approach to the process of finding homogeneous groups of 
exposed workers. 
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7 MATERIALS AND METHODS 
The papers that form the basis of this thesis are based on three different materials. Paper I is 
based on the TRAPCA study (Traffic-Related Air Pollution and Childhood Asthma), an 
EU-financed project in which a scientific research team from Germany, the Netherlands, 
and Sweden participated. The aim of the project was to investigate the content of 
environmental air by measuring NO2 and particles. Later on, the results from the 
measurements were to be used to model the levels of air pollution at specific locations 
where children belonging to different birth cohorts were growing up. The levels of NO2 in 
the three countries are presented in the first paper. 

Occupational exposure to motor exhaust is dealt with in the remaining three papers. 

Paper II is a separate study in which exposure to NO2 and particles was measured for the 
three most common driver occupations in Stockholm County: taxi, bus and lorry drivers. 

Papers III and IV are part of the PAHL study (Partiklar, Avgaser, Hjärtinfarkt och 
Lungcancer, meaning particles, exhaust, myocardial infarction and lung cancer). The aim of 
the study was to estimate the dose-response relationship between exposure to motor exhaust 
and myocardial infarction and lung cancer, respectively, in two population-based case-
control studies, (SHEEP and LUCAS). In papers III and IV, exposure to motor exhaust in 
selected exposed occupations was investigated. 

 
7.1 PAPER I 
In order to estimate the spatial variation of NO2 in well-defined study areas, about 40 sites 
were selected in each country. The outdoor locations were selected in urban, suburban, or 
rural settings and all locations were well-defined out of intensity of traffic in nearby streets, 
the heights of the measuring etc. In Germany, the locations selected were urban traffic sites 
(UT), urban background sites (UB), and suburban background sites (SB). In the 
Netherlands some rural background sites (RB) were selected, and in Sweden also some 
suburban traffic sites (ST). 

NO2 was sampled with Palmes tubes, a passive diffusion sampler (Palmes 1981, Palmes, et 
al. 1976). In parallel, particles with an aerodynamic diameter of less than 2.5 µm (PM2.5) 
were sampled using pump units, Harvard impactors, and gravimetric determination. After 
weighing of the filters, the absorbance was measured.  

At each of the about 40 sites in each country, the sampling was performed over four 
separate 2-week periods that were equally distributed over the season. The sites were 
divided into groups of about 10 sites, which were measured simultaneously. Since air 
pollutants show substantial temporal variations, we could not make direct spatial 
comparisons of average pollutant levels of sites that were not measured simultaneously. 
Thus, in each country one “reference site” was used for sampling during all sampling 
periods. The results from this reference site were used to adjust for seasonal variability (see 
section 7.4 Statistical methods).  

Information about the sites and time of sampling in different countries is presented in Table 
3.  



 

  15 

Table 3. Description of measurement sites and sampling time. Percentages of the different 
sites represent the proportion of a particular type of measuring site relative to the total 
number of sites in each country. Table from paper I  

 Germany The Netherlands Sweden 

Number of field sites 1 40 40 42 

Urban traffic (UT) 17 (43%) 12 (30%) 6 (14%) 

Urban background 2 

(UB) 
8 (20%) 11 (28%) 11 (26%) 

Suburban traffic (ST)   6 (14%) 

Suburban background 
(SB) 

15 (37%) 5 (12%) 10 (24%) 

Rural background 2 

(RB) 
 12 (30%) 9 (21%) 

Sampling height traffic 
sites (m) 3 

3.3 (2–10) 4.2 (2–5) 4.4 (2–6) 

Sampling height 
background sites (m) 3 

4.0 (2–15) 7.3 (2–15) 9.6 (2–26) 

Distance to major 
street (m) 3 

139 (2–930) 120 (3–450) 112 (5–450) 

Type of reference site UB RB UB 

Sampling period March 1999 –  
July 2000 

March 1999 –  
April 2000 

February 1999 – 
March 2000 

1 Excluding the continuous measurements site. 
2 In the Netherlands, urban corresponds to urbanisation degree 1 and 2 of the municipality (a standard 
classification system ranging from 1 to 5). In Sweden, urban is Stockholm City; suburban is 
Solna/Sundbyberg and rural is a distant suburb (Järfälla), all located in Stockholm County. 
3 Mean (min–max). 

The results of the NO2 measurements are presented in paper I. Results of the other 
measurements are presented in papers by Hoek, et al. (2002) and Cyrys, et al. (2003). 

As mentioned, NO2 was sampled with Palmes tubes, a passive diffusion sampler. Briefly, 
after diffusion in a plastic tube, NO2 is chemically bound to triethanolamine coating on one 
or two steel grids. Later, in the laboratory the nitrite formed (from NO2 and 
triethanolamine) is eluted and analysed (Palmes, et al. 1976). The samplers used in the 
Netherlands and in Sweden were produced and analysed by the team in the Netherlands. 
The team in Germany produced and analysed their own samplers. The Palmes tubes were 
not identical in size, and the samplers in the Netherlands were analysed for nitrite by 
spectrophotometric determination (NEN:2040 1979), while the samplers in Germany were 
analysed for nitrite using a chromatographic method (Cyrys, et al. 2000). 

NO2 and PM2.5, and PM2.5 absorbance, are all indicators of traffic-related air pollution. To 
gain an understanding of the relationships between them, the trend lines and the coefficients 
of determination r2, for the correlation between NO2 and PM2.5, and also between NO2 and 
PM2.5 absorbance, were calculated. 
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To establish the agreement between the results from the measurements with Palmes tubes 
and the chemiluminescence method (the European reference method, ISO 7996), we 
compared the results from the Palmes tube measurements with the results from the 
chemiluminescence instrument, during all 2-week sampling periods at two or three sites in 
each country. In Sweden, one urban background site and one urban traffic site were used 
for the comparison. 

 
7.2 PAPER II 
In paper II, personal full-shift measurements were performed for 121 occupational drivers 
in Stockholm County. The subjects, 39 taxi drivers, 42 bus drivers, and 40 lorry drivers, 
performed their usual work during the day of measurement. NO2 was measured with 
diffusive samplers, developed and analysed by the IVL Swedish Environmental Research 
Institute. Particles 0.1–10 µm in size were measured with a logging instrument, Data-RAM 
(Mie pDR1000), using a nephelometric monitoring method. The instrument estimates the 
levels of particles (in µg/m3) from the numbers and sizes of the particles and is calibrated 
by the manufacturer against a standard dust, Arizona road dust, which means that a correct 
calculation of the levels is only possible when sampling the same type of dust. Otherwise, 
the instrument can over- or underestimates the particle levels. Before the start of each 
sampling day, the instrument was set to zero against particle-free air. 

All of the 39 taxi drivers drove their cars both in the City of Stockholm and in surrounding 
districts. 19 taxis used petrol and the other 20 diesel. 

The bus drivers were recruited from two different bus garages, one in the City of 
Stockholm and one in a suburb about 20 km away from the city (Haninge). Most of the 
buses in the city were fuelled with ethanol, while the rest of them and all of the buses in 
Haninge used diesel (MK1). Since the bus drivers changed buses during the day, it was not 
possible to group them according to type of fuel. Most of the drivers picked up and left 
their buses out of doors, but some of them spent some minutes inside the bus garage during 
the day. 

The 40 lorry drivers distributed provisions, cargo, or post in the City of Stockholm or in 
surrounding districts. 39 of them used diesel fuel and one used rape seed methyl ester fuel. 
All drivers loaded and unloaded their cargo themselves in goods terminals without any 
diesel- or gas-fuelled trucks. During the working day, they delivered cargo to many 
customers.  

Smoking was not allowed indoors at any of the workplaces, nor in any of the vehicles. All 
study subjects were recruited as non-smokers, but nevertheless some of them smoked a few 
cigarettes out of doors during the day of measurement.  

The measurements were carried out between September 1997 and October 1998.  

 
7.3 PAPERS III AND IV 
In the PAHL study, in which the work described in papers III and IV was included, we 
improved the measurements from paper II. The aim was to obtain more basic knowledge 
about exposure to particles associated with motor exhaust. Thus, the measurements of 
particles included particles of size PM1 and PM2.5. To gain an understanding of how much 
of the particle fraction originated from the combustion of diesel or petrol, we analysed the 
particle content of elemental and organic carbon (EC and OC). EC and OC together are 
collectively termed total carbon (TC). 
For all these measurements, portable pump units were used. For PM1 and PM2.5, the levels 
were determined using gravimetric determination and the levels of EC and OC were 
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obtained using chemical determination. For particles 0.1–10 µm in size, we used the same 
methods as in paper II, with the same the logging instrument, Data-RAM (Mie pDR1000). 
NO2 was measured using the diffusive samplers developed and analysed by the IVL 
Swedish Environmental Research Institute. 

Altogether, the measurements were performed over three full shifts for each of the 71 study 
subjects (203 days of measurements).  

Further information on methods, numbers of samplers, and measuring time is given in 
Table 4. 
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Table 4. Methods of sampling and analysis, numbers of samples, and measuring time. Table 
adapted from paper III 
 
 Method No of 

samplers 
(subjects) 

Sampling 
time 

Comments 

PM1 Portable pump units 
and gravimetric 
determination.  
Cyclone: SCC1.063 
Triplex from BGI 
Incorporated 

Filters: 37-mm teflon 

Flow: 3.5 l/min 

63 

(63) 

≈16 hours 

(for each 
sample, we 
need 2 full 
working shifts 
for the same 
worker) 

The flow over the filters was controlled 
before and after measurement, with a 
DryCal DC Lite (Bios International 
Corporation). 

Weighing: the filters were stored for 24 
hours before weighing them in a room 
with constant temperature (20ºC) and 
humidity (50%). All filters were weighed 
twice to values within 5 μg, otherwise 
they were weighed again. The average 
values of the blank filters (2 μg) were 
subtracted from the exposed filters 
before calculation of the exposure levels.  

The limit of detection was calculated as 
follows: 5 μg weighing error, sampling 
volume of 3.5 l/min × 16 hours or 4 
l/min × 8 hours for PM1 and PM2.5 
respectively. This gives a limit of 
detection of 1.5 μg/m3 for PM1 and 2.6 
μg/m3for PM2.5. 

PM2.5 Portable pump units 
and gravimetric 
determination.  

Cyclone: GK2.05 
KTL 
Respirable/thorical 
cyclones from BGI 
Incorporated 

Filters: 37-mm teflon 

Flow: 4.0 l/min 

64 

(64) 

≈ 8 hours 

(1 full 
working shift) 

Particles 
in size  
0.1–10 μm 

Data-RAM – a 
logging instrument 
using nephelometric 
monitoring.  

Measuring time: one 
mean value/minute 

Range: 1–
4×105μg/m3 

67 

(67) 

≈8 hours 

(1 full 
working shift) 

Calibrated by the manufacturer against a 
standard dust (Arizona road dust).  

Set to zero daily using particle-free air. 

EC and 
OC =TC 
 

Portable pump units. 
Open-faced standard 
aerosol filter 
cassettes.  

Pre-prepared quartz 
filter (37 mm) 

Flow: 4.5 l/min 

Analysis: TÜV 
Süddeutschland Bau 
and Betrieb GmbH in 
Donzdorf, Germany 
(German ref. method 
BG,ZH 1/120.44-2). 

69 

(69) 

 

≈16 hours 

(for each 
sample we 
need 2 full 
working shifts 
for the same 
worker) 

 

For flow control see PM1 and PM2.5. 

The detection limit for the analysis was 
10 μg EC/OC per filter. Calculated in the 
same way as for PM1, detection limit for 
the measurement is 10 μg /4.5 l/min × 16 
hours = 2.3 μg/m3. For values below the 
analytical detection limit for the analysis 
we used half the values (5 μg) for the 
calculations.  

15 filters had EC and/or OC levels below 
10 μg.  

NO2 Diffusive samplers 
developed and ana-
lysed by the IVL 
Swedish 
Environmental 
Research Inst. (R. H. 
Ferm M 1997), (S. 
P.-A. Ferm M 1998) 

164 

(70) 

≈8–24 hours 

(1, 2 or 3 full 
working shifts 
for the same 
worker) 

For 47 workers we used one sampler for 
each of the three days. For 19 workers 
we used one sampler for all three days. 
For the rest (4 workers), 2 samplers were 
used for the three days. 
Limit of detection 9 μg/m3 for 8 hours 
measurements. 
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For the 71 workers included in paper III, seven groups of occupations were defined 
depending on the type of fuel (diesel or petrol) and workplace (indoors, out of doors, or in a 
vehicle). Further information about the groups is given Table 5. This division is named a 
priori division in paper IV. 

Table 5. Information on selection of the study subjects in papers III and IV  

Name of group No. of 
workers 

What did they do?  

A. Tunnel construction 
workers 

6 All of them were engaged in the construction of a road tunnel in 
Stockholm. They worked with various installation tasks, using 
diesel-powered machines and vehicles. There was no blasting in 
progress in any part of the tunnel.  

B. Garage workers - diesel 20 Fifteen of them worked as lorry or bus mechanics, three worked 
on other tasks in a bus garage, and two worked for the Swedish 
Vehicle Inspection Company, inspecting lorries and buses. 

C. Garage workers - petrol  8 Six of them worked as private-car mechanics and two as 
parking garage attendants. Since 95% of private cars in Sweden 
use petrol, we classified them as being exposed to petrol 
exhaust.  

D. Construction machine 
operators 

11 All of them worked inside or nearby diesel-fuelled construction 
machines such as excavators, gulley emptiers, etc. The exhaust 
fumes originated mainly from their own vehicle, but nearby 
traffic may have contributed. 

E. Other outdoor workers 
exposed to diesel exhaust  

12 All of them worked in or around diesel-fuelled trucks, tractors 
in agriculture, shunting engines, etc. They all worked in areas 
with no other traffic close by.  

F. Bus and lorry drivers  10 Four bus drivers and six lorry drivers. Two of the bus drivers 
worked in the City of Stockholm (using ethanol-fuelled buses), 
and the other two worked in a suburb (using diesel-fuelled 
buses). All lorry drivers drove in and around Stockholm City, 
using diesel fuel.  

G. Taxi drivers  4 Driving in and around the City of Stockholm. Three of the taxis 
used diesel fuel and one used petrol. 

Since we also wanted to study the correlation between the different particle fractions and 
NO2, used as indicators of motor exhaust exposure, we pooled groups with similar working 
conditions. All indoor workers exposed to diesel exhaust became one group (groups A + 
B), the indoor workers exposed to petrol exhaust remained as one group (group C), while 
all outdoor workers were pooled (groups D + E), as well as all drivers (groups F + G).  

For 47 of the individuals included in paper III, three separate NO2 measurements were 
performed during the three days of particle measurements. For these 47 individuals, we did 
extra statistical calculations to find the ideal way of dividing the subjects into homogenous 
exposure groups (paper IV). 

All workers were non-smokers and smoking was not allowed in any of the workplaces, or 
in any of the vehicles. None of the workers used respiratory protection during work.  

The measurements were carried out between October 2002 and June 2004, under normal 
working conditions. 
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7.4 STATISTICAL METHODS 
In papers I and II non-logarithmic values were used for all calculations, while the statistical 
calculations in paper III and IV were performed on logarithmic values.  

In paper I, to minimize the influence of climatologically conditions, dependent on that we 
could not measure all sites simultaneously, an adjustment for seasonal variability was 
made. The values from one reference site in each country were used. In this site, NO2 was 
measured during all 16 measuring periods. Comparable adjustments were performed for 
PM2.5 and PM2.5 absorbance. The calculations were performed as described below: 

• Calculations of the annual averages for the 16 measurements of the NO2 levels at 
the reference site in Germany, the Netherlands, and Sweden.  

• Calculation of the differences between this value and the value for each of the 16 
measuring periods, in all respective countries, called the adjustment factor for this 
period.  

• From the value measured for each sampler, the adjustment factor for the period was 
subtracted, to obtain the seasonal adjusted value. 

All NO2 levels are presented as seasonally adjusted values, and these values have been used 
for all calculations. For comparative analysis with more than two groups, ANOVA was 
used for the general analyses. The confidence interval was corrected for multiple testing 
with Tukey-Kramer procedure, when comparing more than two groups. 

In paper II, the Kolmogorov-Smirnov test showed normally distributed values. From this, 
all calculations were performed using non-logarithmic values and the results are presented 
as arithmetic means. Student’s t-test was used for calculations of differences of means. 

In papers III and IV, histograms of the results showed log-normal distributions. Thus, we 
used logarithmically transformed readings for the statistical calculations. The results are 
presented as geometric means (GMs) and geometric standard deviations (GSDs). Student’s 
t-test was used for calculations of differences of means on logarithmic values. Pearson’s 
correlation coefficients were used to study the correlations between levels of NO2 and 
different particle fractions.  

In paper IV, using the results from three measurements for each study subject, the “mixed 
model” statistical approach was used on the log of the observed pollutant levels. For each 
group the variance within each person (σ2

W), as well as variance between persons in the 
same group (σ2

B), were estimated. In order to compare how homogeneous different groups 
are, Rappaport (1991), used the expression R0.95, defined as:  

BR0.95 =  97.5th percentile exposure level 
 2.5th percentile exposure level 

The percentiles refer to the distribution of average exposure level for workers in a specific 
group. We followed Rappaport’s suggestion to base this calculation on the original scale 
rather than on the logarithmic scale. This ratio may thus easily be calculated as BR0.95 = 
e3.92σ

B. According to Rappaport, the BR0.95 should be ≤ 2 for a homogenous group. 

The relative success of forming distinct and homogenous groups was evaluated with the 
Akaike Information Criterion: 

AIC = 2k – 2ln(L)  

In this expression k is the number of parameters estimated by the mixed model and L is the 
magnitude of the likelihood function (Akaike 1974).  
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In addition, the average homogeneity of set of groups was evaluated with a weighted BR0.95 
(WBR0.95), calculated as:  

WBR0.95 = (nA × BR0.95 for group A) + (nB × BR0.95 for group B) … /(nA + nB …)  

In this expression nA is the number of individuals in group A, nB is the number of 
individuals in group B, and so on. A grouping was considered better if both the AIC and the 
WBR0.95 were lower. 

Excel and SPSS were used for the statistical calculations. 



 

22 

8 RESULTS AND COMMENTS 
Below is a summary of the main results of each study. Included in this chapter are the 
background levels of NO2 and PM10 during the total measuring period, 1997 to 2004, as 
well as a comparison between the results of papers II and III.  

More information on the study results is given in papers I–IV. 
 
8.1 PAPER I 

In paper I the levels of NO2 in the general environment have been investigated. The results 
are presented as seasonally adjusted mean values, divided for each country and each type of 
measuring site. Each country had a substantial range in annual average concentration across 
the measurement sites; see the box plot in Figure 2, and Table 6. In Germany the NO2 
levels varied between 33.0 µg/m3 in urban traffic sites and 23.4 in suburban background 
sites. In the Netherlands the levels varied between 37.9 µg/m3 in urban traffic sites and 22.3 
µg/m3 in rural background sites. In Sweden the NO2 levels varied between 28.8 µg/m3 in 
urban traffic sites and 10.6 µg/m3 in rural background sites.  

In the Netherlands and Sweden, the levels of NO2 in urban traffic sites were significantly 
higher than the levels in all other sites in the country respectively. For Germany, the levels 
in urban traffic sites were only significantly higher than the levels in suburban background 
sites.  

Comparing the same types of measurement sites in the three countries, there were no 
statistically significant differences between the levels in urban traffic sites. However, for 
urban background sites and suburban background sites, the Swedish levels were 
significantly lower than in Germany and the Netherlands (by about 8 µg/m3). The 
differences between the levels in urban traffic sites and urban background sites were 3 
µg/m3 in Germany, 10 µg/m3 in the Netherlands, and 8 µg/m3 in Sweden, indicating the 
same contribution from local traffic in the Netherlands and Sweden. 

 

Figure 2. Distribution of annual average NO2 concentration (µg/m3) in the three study 
areas. Box limits are the 25th and 75th percentiles; the solid line in the box is the median. 
Whiskers are the 10th and 90th percentiles. Figure adapted from paper I 
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Table 6. Seasonally adjusted NO2 levels (μg/m3) in Germany, the Netherlands, and Sweden 
(number of sites, mean levels, standard deviation, min. and max.), by type of site.  
Table adapted from paper I 

 Site type N Mean 
(µg/m3) 

SD Min. Max. 

Germany Urban traffic 17 33.0 9.2 19.5 50.6 
 Urban background 8 29.7 3.9 23.6 35.1 
 Suburban 

background 
15 23.4 3.5 15.9 28.9 

 All 40 28.8 7.8 15.9 50.6 
The Netherlands Urban traffic 12 37.9 8.8 22.3 50.8 
 Urban background 11 28.0 4.5 19.9 35.4 
 Suburban 

background 
5 25.2 8.4 15.4 37.5 

 Rural background 12 22.3 6.8 12.1 29.9 
 All 40 28.9 9.4 12.1 50.8 
Sweden Urban traffic 6 28.8 8.6 21.8 44.7 
 Urban background 11 21.0 3.5 15.6 26.9 
 Suburban traffic 6 20.5 3.3 15.6 23.9 
 Suburban 

background 
10 15.5 2.7 12.1 21.7 

 Rural background 9 10.6 2.4 6.1 13.8 
 All 42 18.5 7.1 6.1 44.7 

 
8.1.1 Comparison between the different traffic-related pollutants 

Since NO2, PM2.5, and PM2.5 absorbance all are used as indicators of air pollution from 
motor exhaust, the correlations between them were of interest. The coefficient of 
determination, r2, between NO2 and PM2.5 absorbance was high, 0.83, for all annual 
average values in all countries (range for individual countries: 0.76–0.86). For NO2 and 
PM2.5, a lower coefficient of determination was obtained, 0.60, for all countries (range from 
individual countries: 0.64–0.80). The trend lines are also included in paper I (Figures 4 and 
5).  

 
8.1.2 Comparison of Palmes tube and chemiluminiscence monitor 

There was a high correlation between average NO2 concentration from Palmes tubes and 
parallel continuous monitor measurements in all three countries. The coefficients of 
determination, r2, were 0.88 in Germany (n = 41), 0.86 in the Netherlands (n = 51), and 
0.90 in Sweden (n = 24). The overall ratios of the Palmes tube/monitor measurements were 
1.01 in Germany and 0.80 in the Netherlands and Sweden, indicating an underestimation of 
the values with Palmes tubes in the Netherlands and Sweden compared to the values 
obtained with chemiluminescence monitors. For individual 2-week results, the agreements 
were weaker. In Germany, the ratio ranged between 0.44 and 1.10, in the Netherlands 
between 0.74 and 1.44, and in Sweden between 0.36 and 1.11 (Figures 1 and 2 of paper I).  

Measurements from Palmes tubes produced and analysed in the Netherlands and Germany, 
respectively, differed very little, probably due to analysis and not to differences in 
production or size. 



 

24 

 
8.2 PAPER II 

In paper II, exposure to NO2 and particles was measured for occupational drivers: taxi, bus, 
and lorry drivers. Taxi drivers had the lowest degree of exposure and lorry drivers the 
highest, for both NO2 and particles; see Table 7. Mean levels varied between 48 and 68 
µg/m3 for NO2 and between 26 and 57 µg/m3 for particles. 

For NO2 exposure there was a statistically significant difference in mean values between 
taxi drivers and bus drivers, as well as between taxi drivers and lorry drivers (p < 0.01). 
There was no significant difference between bus drivers and lorry drivers.  

Also for particles, the arithmetic mean values differed statistically significantly between 
taxi drivers and bus drivers, as well as between taxi drivers and lorry drivers (p < 0.01). 
There was also a significant difference between bus drivers and lorry drivers (p = 0.02).  

When the bus and lorry drivers were subdivided according to areas of work, within or 
outside the City of Stockholm, the levels of NO2 were significantly higher for bus and lorry 
drivers in city areas. For the bus and lorry drivers in the city area, the levels were 
comparable, but lorry drivers outside the city were exposed to higher levels of NO2 than 
bus drivers outside the city (p = 0.02).  

Bus drivers and lorry drivers driving in the city area were exposed to the same levels of 
particles, whereas lorry drivers outside the city area had somewhat higher levels than lorry 
drivers in the city (no statistical significance). Comparison of drivers working outside the 
city showed statistically significantly higher levels for the lorry drivers. There were no 
statistically significant differences between the bus drivers inside and outside the city area.  

Comparison of the degree of exposure of taxi drivers who drove cars fuelled with petrol or 
diesel revealed no differences, regarding exposure to either NO2 or particles.  

Table 7. Levels of exposure to nitrogen dioxide (NO2) and particles for the three groups of 
drivers. Taxi drivers have also been divided into groups according to the fuel they used. 
Bus and lorry drivers have been divided in groups according to driving area.  
Mean values are given with standard deviation in parentheses 

 Taxi 
n = 39 

Bus  
n = 42 * 

Lorry  
n = 40 

NO2 (µg/m3) 48 (12) 60 (18) 68 (28) 

Particles (µg/m3) 26 (17) 44 (25) 57 (26) 

 Petrol Diesel City Suburb City Suburb 
 n = 19 n = 21 n = 21 n=21 n = 13 n = 22 

NO2 (µg/m3) 50 (13) 47 (13) 72 (13) 49 (14) 74 (18) 60 (17) 

Particles (µg/m3) 27 (18) 25 (16) 47 (23) 40 (13) 49 (13) 62 (33) 

* One sample is missing for particles. 

 
8.3 PAPER III 
In paper III we increased the measurement program, both considering occupations and type 
of particles detected. For the 71 individuals included in the study, the levels of the five 
particle fractions and also the NO2 levels are presented in Table 8. The numbers of study 
subjects in each of the seven groups, as well as number of measurements, are also specified 
in this table. The results are graphically illustrated in Figure 3. 
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The tunnel construction workers were exposed to the highest levels of all indicators, 
compared to all the other groups of workers (p < 0.01). For the other six groups, the levels 
were lower and the ranking between them varied depending on which indicator substance 
was chosen.  

The indoor workers in group B (garage workers – diesel) had statistically significantly 
higher levels of NO2 than groups C – G, that is garage workers – petrol, outdoor workers 
and drivers. For some of the indicators, both groups of indoor workers, groups B and C, had 
higher levels than outdoor workers (groups D and E) and drivers (groups F and G). All the 
significant differences are presented in Table 3 of paper III. 

Table 8. Levels of particles and NO2 in the different groups of workers. Geometric mean 
(GM) and geometric standard deviation (GSD) (within parentheses) of exposure levels 
(µg/m3.) Adapted from paper III 

 No.of  
workers  

PM1 
(µg/m3) 

PM2.5 
(µg/m3) 

Particles 
in size  

0.1–10 µm
(µg/m3) 

EC 
(µg/m3) 

TC* 
(µg/m3) 

NO2 
(µg/m3) 

No. of samples  63 64 67 69 69 168 

A. Tunnel construction 
workers 

6 119.0  
(1.2) 

230.6  
(1.8) 

397.9  
(1.4) 

86.7  
(2.5) 

190.8  
(2.0) 

350.0  
(1.1) 

B. Garage workers - 
diesel 

20 22.8  
(1.9) 

41.8  
(3.0) 

72.9  
(1.7) 

10.7  
(3.2) 

23.6  
(2.6) 

91.9  
(1.6) 

C. Garage workers - 
petrol  

8 23.6  
(1.6) 

69.6  
(1.2) 

54.1  
(2.3) 

11.8  
(2.5) 

30.0  
(2.9) 

41.6  
(1.2) 

D. Construction 
machine operators 

11 27.6  
(1.9) 

26.2  
(1.8) 

80.6  
(2.2) 

7.8  
(2.8) 

19.7  
(2.9) 

42.7  
(2.0) 

E. Other outdoor 
workers exposed to 
diesel exhaust  

12 20.7  
(1.8) 

26.4  
(1.8) 

39.3  
(2.4) 

4.1  
(2.5) 

9.5  
(2.3) 

32.2  
(1.6) 

F. Bus and lorry drivers  10 13.5  
(1.6) 

15.7  
(1.8) 

31.1  
(1.3) 

6.4  
(2.9) 

17.7  
(3.4) 

52.9  
(1.4) 

G. Taxi drivers  4 11.3  
(1.3) 

17.3  
(1.3) 

14.4  
(2.1) 

6.7  
(1.6) 

15.7  
(1.8) 

45.4  
(1.4) 

* TC = sum of elemental carbon (EC) and organic carbon (OC). 
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Figure 3. Geometric mean (µg/m3) of elemental carbon (EC), total carbon (TC), PM1, PM2.5, 
particles in size 0.1–10 (dataRAM), and nitrogen dioxide (NO2) for the separate groups of 
workers. Figure taken from paper III. 

All particle fractions and NO2 were chosen in order to investigate motor exhaust exposure. 
For this reason, the correlations between the indicator substances were calculated for the 
pooled groups described in section 3.3. 

For the group exposed to indoor diesel (groups A + B), there was a statistically significant 
association between all indicator substances; see Table 9. For the other pooled groups, there 
was no homogeneous pattern of correlations between the substances, except for EC and TC, 
which showed a strong correlation to each other in all groups (p < 0.01). 

Study of the pooled groups other than workers exposed to diesel indoors, and correlations 
between NO2 and certain particle fractions revealed that only one of the 15 possible 
associations was statistically significantly correlated. For the group of outdoor workers 
(groups D + E), NO2 and PM1 showed a correlation (p < 0.05).  

Studying the association between the particle fractions, there was a statistically significant 
correlation between particles in size 0.1–10 µm and EC both for indoor workers exposed to 
petrol exhaust (group C) and for outdoor workers (groups D + E). Particles in size 0.1–10 
µm also correlated with statistically significance with PM1 for group C, and for outdoor 
workers (groups D + E) particles in size 0.1–10 µm correlated with PM2.5.  
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Table 9. Pearson’s correlation coefficients between the indicators for the pooled group A 
(tunnel construction workers) and group B (garage workers - diesel) (n = 26) 

 PM1 PM2.5 Particles in 
size 0.1–10 µm 

EC TC NO2 

PM1   0.69** 0.71** 0.50* 0.56** 0.76** 
PM2.5    0.44* 0.45* 0.51* 0.52* 
Particles in size 
0.1–10 µm 

   0.62** 0.68** 0.71** 

EC     0.89** 0.66** 
TC      0.69** 

* p < 0.05 
** p < 0.01 

 

8.4 PAPER IV 
The aim of paper IV was to find the most optimal way of defining occupational groups with 
similar NO2 exposure. We used the results from the NO2 measurements for 47 of the 71 
workers included in paper III. For these 47 workers, we had used one dosimeter for each of 
the three working days, and calculated the results with mixed model. With this method, the 
information from the within-individual variance, σ2

W, is also included in the analysis. The 
NO2 levels varied from 316 to 32 µg/m3 for the different occupational groups. The a priori 
groups from paper III (see Table 5) were used as a starting point. Then all results were 
pooled to one group and then split again in six new divisions. In all steps, we calculated the 
individual group BR0.95, the weighed group mean of the BR0.95 (WG BR0.95), and the Akaiki 
Information Criterion (AIC). All the separate steps of spitting the data are presented in 
Table 10. The results in the last division, division 6, showed the lowest values of both WG 
BR0.95 and AIC, indicating the best division regarding homogeneity in the groups.  
All individual values and mean values, and group mean values, split as in the last division, 
division 6, are presented in Figure 4.  
 
Table 10 (next page). Geometric mean (GM) and BR0.95 for all groups in all divisions. 
Yellow represents indoor workers, green is for outdoor workers and blue for drivers. The 
lower two lines include values of the “weight group BR0.95” (WG BR0.95) and the Akaike 
Information Criterion (AIC) for all separate divisions. Table from paper IV 
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Figure 4. ln NO2 values (µg/m3) for separate samples, and also individual means and group 
mean values for the final seven groups (division 6). N= 47 

 
We used BR0.95 as a measure of homogeneity in groups. Rappaport considered that the 
BR0.95 should be ≤ 2 for good homogeneity in a group (Rappaport 1991). BR0.95 was ≤ 2 
only for tunnel constructions workers, but in the final division the BR0.95 values were about 
3 for all other groups with one exception, the outdoor workers (BR0.95 = 6.3). The value of 
BR0.95 for tunnel construction workers was 1, despite the fact that variability between NO2 
levels can be observed in Figure 4. This is a “mathematical defect”, however, originating 
from the fact that the within-individual variability was greater than the between-individuals 
variability (MSW > MSB in the ANOVA analysis). Thus, the estimate of σ2

B gets a 
negative value, which is impossible, and as a consequence the estimate of σ2

B is set to 0, 
and the logarithm of 0 is 1 (BR0.95 = e3.92σB). 
 
8.5 BACKGROUND LEVELS 
The measurements in this thesis were carried out over a period of nearly 10 years. To check 
whether the urban background levels in Stockholm have changed during this period, the 
annual average levels for NO2 and PM10 were compiled. These levels, presented in Table 
11, were measured by the City of Stockholm Environment and Health Administration at an 
urban background site (Södermalm), and a rural background station in Stockholm County, 
Norr Malma, which is not affected by any traffic. All values were taken from the website 
www.slb.nu on September 25, 2007. 
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Table 11. Levels of NO2 and PM10 at an urban background site inside the City of 
Stockholm and NO2 levels at a rural background site (Norr Malma) 

 
 

 

 

 

 

 

 

 

 

 

 

The trend lines for NO2 levels are somewhat downward: -0.38 for the urban background 
site in the City of Stockholm, and -0.06 for the rural background site outside Stockholm. 
For PM10, there was an upward trend (0.13) over this period. 
 
8.6 COMPARISON OF RESULTS FROM PAPERS II AND III 
In both paper II and paper III, taxi, bus, and lorry drivers were included. In both papers, we 
measured NO2 and measured particles in size 0.1–10 µm using the same equipment. The 
levels in paper II, measured during 1997 to 1999, were higher than those in paper III, 
measured during 2003 to 2004. The particle fraction seems to have decreased more than the 
NO2 levels. See Table 12. 
 

Table 12. Levels of NO2 and particles in size 0.1–10 µm, in papers II and III. 
 All values as arithmetic means in µg/m3 

 Paper II Paper III 

 Taxi Bus Lorry  Taxi Bus Lorry 

No. of drivers 39 42 40  4 4 6 

NO2  48 60 68  47 45 55 

Particles in size  
0.1–10 µm  

26 44 57  14 32 30 

 

Year NO2 urban background 
Stockholm City 

(µg/m3) 

PM10 urban 
background Stockholm 

City (µg/m3) 

NO2 rural background 
Norr Malma (µg/m3) 

1997 19.2 17.9 3.8 

1998 19.7 16.2 3.3 

1999 18.2 16.2 3.3 

2000 18.5 17.4 3.2 

2001 17.6 17.3 3.0 

2002 18.1 18.3 3.2 

2003 16.7 17.8 3.3 

2004 17.0 17.4 3.1 
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9 DISCUSSION 
The main aim of this thesis has been to illuminate the exposure to air pollutants from motor 
vehicles in the general public and in certain occupational groups with known exposure to 
exhaust. 

In my work I have aimed at increasing our knowledge of the levels of exposure experienced 
by the inhabitants of Stockholm. I have also wanted to compare the exposure levels 
measured in the first three papers with figures reported in the literature, and, finally, how 
the data reported in papers I, II, and III correlate to each other. 

Atmospheric pollutants from vehicles are complex, and indicators used in different studies 
to quantify exhaust vary. Indicators are furthermore measured by different methods, making 
comparison between reports even harder. Some of these problems are highlighted in this 
chapter. 

In papers I and III we have attempted to correlate NO2 exposure with various measures of 
particle exposure. Good correlations between indicator substances imply that measures of 
one indicator give a good idea of the size of the other one. Other reports address the same 
problem with various degrees of success. These are also discussed. 

In paper IV, results from repeated measurements using the same subject are used to refine 
the group values and define the most homogeneous group. 

I have included a few words about the possible benefit of my results. 

 
9.1 EXPOSURE LEVELS FOR INHABITANTS AND PERSONS OF SELECTED 

OCCUPATIONS IN THE STOCKHOLM REGION, AND A COMPARISON 
WITH OTHER STUDIES 

9.1.1 Ambient exposure 
Measurements presented in paper I show that the calculated annual mean values of NO2 
varied from 11 µg/m3 in suburban Järfälla to 29 µg/m3 in the streets of Stockholm City. 
Measurements took place during four 2-week periods in the course of one year. Taking the 
seasonal adjustment into account these values can be assumed to be a good reflection of the 
actual exposure values.  

In a report by Bellander, et al. (2005) 247 people living and working in Stockholm County 
were studied for one week in summer and one in winter using portable equipment for NO2 
measurement. Concentrations varied from 11 µg/m3 for those who lived and worked outside 
Stockholm to 17 µg/m3 for those who lived and worked in central Stockholm. Indoor NO2 
levels are lower than those outside, on average slightly less than 60 % of the outdoor value 
(Emenius, et al. 2003). Therefore it was not unexpected to find lower levels for personal 
measurements, since people mostly stay indoors.  

In many other larger cities throughout Europe, the NO2 and particle concentrations are 
considerably higher than in Stockholm. A comparison of values between urban background 
sites in Stockholm and other European cities in the mid 1990s can be seen in Table 13. The 
reasons for lower levels in Stockholm could be lower population density in the Stockholm 
area than in many of the other cities, and the use of a different type of diesel fuel in 
Sweden.  
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Table 13: Mean values for NO2 and PM10 concentrations measured at static monitoring 
urban background sites, in major cities in Europe. All values given as µg/m3 

City, country  Years of 
measurements 

NO2  
µg/m3 

PM10 
µg/m3 

Ref 

Stockholm, Sweden 1994–1996 25 16 1+2 

Athens, Greece 1992–1996  43 1+2 

Budapest, Hungary 1992–1995  41 1 

Helsinki, Finland 1996–1997 30 25 4 

London, Great Britain 1992–1996 64 29 1+2 

Madrid, Spain 1992–1995  38 1 

Paris, France 1992–1996 54 22 1+2 

Oslo, Norway Winter 1993/94 49 19 3 

Prague, the Czech Republic 1992–1995  76  

Rome, Italy 1992–1996 86 59 1+2 

Ref 1: (Le Tertre, et al. 2002) 
Ref 2: (Zanobetti, et al. 2003) 
Ref 3: (Forsberg, et al. 1997) 
Ref 4: (von Klot, et al. 2005) 

 
9.1.2 Occupational exposure 
People, who through their work are subject to motor exhaust, are exposed to higher levels 
than the general public. Among the drivers presented in paper II, exposure to NO2 varied 
between 48 and 68 µg/m3. Corresponding data for all workers in paper III vary between 45 
and 350 µg/m3. With the exception of the tunnel workers (exposed to 350 µg/m3), and 
indoor workers subject to diesel exhaust (95 µg/m3), exposure to NO2 was at the same level 
as background levels in towns such as London, Paris and Rome in the mid 1990s (Table 
13). 

A comparison with other studies of workers exposed to motor exhaust fumes is presented in 
Table 14. In the context of occupational environment, no studies have been found for PM1, 
and only a few containing measurements of PM2.5. Several studies on EC and NO2 
concentrations are included in the table. 
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Table 14. Comparison between results from paper III and other studies, for PM2.5, EC and 
NO2. Geometric means (GM) are shown in most cases  

Indicator Groups of 
occupations  
in our studies 

Paper 
III 

 

Comparable with 
these occupations in 
other studies 

Other’s 
results 

 

References 

PM2.5 Bus and lorry drivers:  16 Bus and combi  
vehicle drivers, Peru 

161* Han, et al. 2005 

 Taxi drivers 17 Patrol cars , USA 23* Riediker, et al. 2003

EC Tunnel construction 
workers 

87 Tunnel construction 
workers, Switzerland 

79* Sauvain, et al. 
2003 

 Garage workers –
diesel 

11 Tractor and trailer 
mechanics, USA 

12 Zaebst, et al. 1991 

   Bus garage workers, 
Canada 

14 Seshagiri and 
Burton 2003 

   Garage for lorries, 
Canada 

6 Seshagiri and 
Burton 2003 

   Bus garage workers 
and bus mechanics, 
UK 

31 Groves and Cain 
2000 

   Bus mechanics, 
Estonia 

38 Boffetta, et al. 
2002 

 Other outdoor workers 
exposed to diesel 
exhaust 

4 Linemen and winch 
truck operators, USA 

3-4 Whittaker, et al. 
1999 

 Bus and lorry drivers 6 Long distance lorry 
drivers, USA 

4 Zaebst, et al. 1991 

 Bus and lorry drivers 6 Bus drivers, Estonia 9 Boffetta, et al. 
2002 

 Taxi drivers 7 Patrol cars , USA 2* Riediker, et al. 
2003 

NO2 Garage workers –
diesel 
Construction machine 
operators  

92 

43 

Railway workers, 
Canada 

30-170* Verma, et al. 1999 

 Garage workers –
diesel 

92 Bus garages, USA 260-
1120* 

Gamble, et al. 
1987 

 Other outdoor workers 
exposed to diesel 
exhaust 

32 Linemen and winch 
truck operators, USA 

600-800 
 

Whittaker, et al. 
1999 

 Taxi drivers 45 Taxi (inside cars), 
Paris 

139* Zagury, et al. 2000 

 Taxi drivers 45 Taxi (inside cars), 
South Korea 

50 Son, et al. 2004 

 Taxi drivers 45 Patrol cars, USA 84*  Riediker, et al. 
2003 

* arithmetic mean 
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There appear to be no comparable values for PM1 from motor exhaust exposure in working 
environments. Lacking such studies we may refer to one by (Johannesson, et al. 2007), 
wherein personal measurements of PM1 were made for 30 non-smokers in Gothenburg, 
showing a daily mean of 5.4 µg/m3. An average of approximately 8 µg/m3 was reported for 
PM2.5 in indoor environments in children’s day-care centres and individual homes, as well 
as outdoors in Sweden, using stationary equipment (Molnar, et al. 2006). All values for 
occupational workers were higher than these indoor values. For taxi drivers, the lowest 
exposed group, the level of PM1 was 11 µg/m3, and for tunnel workers fully 10 times more. 

PM2.5 values have previously been used as an indicator of motor exhaust exposure in some 
studies of drivers. The reported values were then higher than those of our studies (Riediker, 
et al. 2003, Han, et al. 2005). Measurements made in Peru gave values 10 times higher than 
those from our study. This can be explained by different conditions and the lack of 
emission control in Peru. 

The EC exposure levels in paper III varied from 4 to 12 µg/m3 for all groups except tunnel 
construction workers, who had markedly higher exposure levels (87 µg/m3). For indoor 
diesel workers, our result of 11 µg/m3 EC is in accordance with similar environments in North 
America, while somewhat higher levels have been reported from Europe. For drivers there 
seem to be somewhat lower levels in North America, and somewhat higher in Europe 
compared to our results. The differences can be explained partially by differences in analytical 
methods used, see 9.3.2. 

Average nitrogen dioxide levels vary between 32 and 350 µg/m3 in the studies presented in 
papers II and III. Thus, the NO2 levels found in Sweden appear to be lower than for most 
comparable occupations in other countries. One explanation could be the use of another 
type of diesel fuel in Sweden (Swedish MK1-fuel), diesel giving about 12–13% lower 
emission of nitrogen oxides and particles than conventional European diesel fuel (Westerholm 
et al. 2001). In addition, the proportion of diesel driven private cars is lower in Sweden, about 
5 %, compared to many other countries, which will also contribute to a lower ambient NO2 
level. The differences in NO2 levels between our study and others’ could also in some cases be 
due to different analytical methods, see 9.3.1, and lower background levels. 

 
9.2 COMPARISON OF RESULTS FROM PAPERS I–IV 

Measurements were registered between 1997 and 2003. During this period there has been a 
weak trend towards lower ambient concentrations of NO2 and higher of PM10, as shown in 
Table 11. Despite these trends, the exposure of taxi, bus and lorry drivers to both NO2 and 
particles was found to be lower in paper III than in paper II (Table 12). The reduction in 
NO2 exposure was negligible for taxi drivers, but for both bus and lorry drivers the 
reduction was 20–30 %. In the case of bus drivers, the reduction was statistically significant 
(p<0.05). For drivers, particle concentrations for the fraction 0.1–1.0 µg/m3 decreased by 
30–50 % between 1997/8 and 2003/4, but only lorry drivers showed a statistically 
significant decrease  (p<0.05). Lower particle concentrations may be a consequence of 
better particle filters and better placement of air intakes in newer vehicles. The latter of 
these improvements may also help to explain the lower NO2 exposure. But since the 
number of drivers in paper III was small, also random factors may have influenced the 
results, like lower background levels for the specific measuring days. 

Measurements reported in paper III were mainly performed during daytime, 6 am–6 pm, 
Monday to Friday. The values shown in paper I are, on the other hand, annual mean values 
and ought therefore to be lower than values for normal working hours, as traffic frequency 
is lower during evenings and weekends. In order to estimate the differences, the 
concentrations for daytime measurements were compared with the annual mean for 2003 
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(urban background values, Stockholm, values from www.slb.nu in June 2006). The 
concentration of NO2 was 30 % higher and the concentration of PM2.5 10 % higher during 
working hours than the annual mean. Calculated working week NO2 exposure levels for the 
different site types presented in paper I are shown in Table 15. 

Table 15: Environmental levels of NO2 from paper I, and calculated NO2 levels for 
working week time. Also NO2 values for selected occupations from paper II and III. All 
environmental measurements from 1999–2000, and all occupational measurements from 
1997–1998 or 2002–2004 

 Annuals 
average NO2 
levels (µg/m3) 

Calculated NO2 levels 
(µg/m3) - only working 

week time (+30% 
compared to annuals 

average levels ) 

Environmental exposure: Urban traffic 29 38 

Environmental exposure: Urban background 21 27 

Environmental exposure: Suburban traffic 20 26 

Environmental exposure: Suburban background 16 21 

Environmental exposure: Rural background 11 14 

 

NO2 level 
(µg/m3), mean 

value for 
selected 

occupations   

Occupational exposure: Tunnel 350  

Occupational exposure: Indoors 42–92  

Occupational exposure: Outdoors 32–43  

Occupational exposure: Drivers 42–68  

Assuming the same proportional increase in NO2 concentrations at street level as above 
roof level during working hours, the following will be true: 

• Outdoor workers exposed to diesel exhaust in the Stockholm region will experience 
NO2 exposure levels similar to those measured at selected inner city street sites. 

• Comparing drivers’ levels with environmental urban traffic levels, the drivers in the 
Stockholm area have 10 to 80 % higher levels than those measured at street level. 
However the urban traffic levels are measured in the curb-side of the streets, while 
the drivers are driving in the street. 

 
9.3 METHODS OF MEASUREMENT 
In studies of ambient hygiene, measurements are frequently obtained using stationary 
equipment with a high level of automation. A number of permanent observation stations are 
established in Stockholm, allowing for long-term measurement of parameters from which 
trends can be determined in a very reliable manner. Correlation, however, is difficult 
between the values obtained from these permanent stations and actual exposure levels 
experienced by individuals. Sometimes only the urban background levels are used as degree 
of exposure (Dockery, et al. 1993). In the study of Bellander, et al. (2005), the urban 
background exposure to NO2 was overestimated by 15 % for people who lived and worked 
in Stockholm City. It is worth noting that smokers and people using gas cookers were 
excluded from the study. Sarnat et al. (2006) have compared the association between 
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ambient concentrations and personal exposure to PM2.5 and some gases, for example NO2, 
in the USA. The ambient concentrations were measured at a central monitoring site and the 
persons included in the study were non-smoking senior adults. Correlations between 
ambient and personal levels were better for PM2.5 than for NO2. 

When considering measurement of occupational exposure to motor exhaust, personal 
portable equipment is preferable as it can be easily set up to sample the air in the subject’s 
breathing zone (Boleij, et al. 1995). In some of the studies of drivers presented in Table 14, 
the equipment was placed in the vehicle (Son, et al. 2004, Zagury, et al. 2000, Guillemin, et 
al. 1992). There is a risk that these studies underestimate the actual exposure, as raised 
exposure during loading and unloading in a garage or in the vicinity of other vehicles would 
not be correctly detected. 

 
9.3.1 Nitrogen dioxide 
Measurement of NO2 concentrations with stationary equipment is performed with 
chemiluminescence or DOAS techniques. Chemiluminescence is the standard reference 
method in Europe. In paper I the objective was to map ambient levels over a longer period 
at 40 sites throughout Stockholm. In cases like this the chemiluminescence method is not 
possible, therefore the method with passive dosimeters with Palmes tubes was selected. The 
Palmes tube method was originally developed as a passive diffusion sampler in the 1970s. 
It has certain advantages, being relatively inexpensive and easy to use in field conditions; it 
also utilizes well-established analytical methods. The method has been used in a number of 
previously published studies of ambient atmospheric environments (Heal, et al. 2000, 
Bernard, et al. 1997), and can be used for personal measurements in studies of occupational 
environments (Gamble, et al. 1987). 

A comparison of results obtained using chemiluminescence and Palmes tube methods is 
presented in paper I. In Sweden and the Netherlands, Palmes tube underestimated the levels 
of NO2, but the r2 was acceptable. For separate measuring periods in Sweden the ratio 
Palmes tube/chemiluminescence varied from 0.36 to 1.22. In Sweden, several calculations 
were performed to determine the effect of different factors, such as ozone, global radiation, 
temperature, humidity, and wind, on the relative over- and underestimation of exposure. 
There were weak univariate tendencies for decreasing Palmes tube/chemiluminescence 
ratios with increasing ozone levels and global radiation, and of increasing ratio with 
increasing humidity, although these tendencies were not statistically significant. 
Temperature and wind speed did not show any effect on the ratio. Some studies (Heal, et al. 
2000, Campbell, et al. 1994, Kirby, et al. 1994) have shown that Palmes tube overestimates 
the NO2 concentration. Results presented by Gair and Penkett (1995) and Palmes, et al. 
(1976) claim that high wind velocities lead to overestimated values. This effect was not 
observed in the Swedish material. 

In papers II–IV a different passive diffusion sampler, developed by the Swedish 
Environmental Research Institute, IVL, was used. This sampler was developed for outdoor 
use to minimise the reported problems from wind speed experienced with Palmes tube. The 
IVL laboratory is accredited for the analysis of the samplers, and the detection limit for 8-
hours sampling time is 9 μg/m3. Unfortunately there are no published comparisons between 
this sampler and the reference method. The IVL sampler is regularly used in other scientific 
studies for measurement of NO2 concentration in ambient environments. The device has the 
same advantages as Palmes tube. Several other passive dosimeters are available on the 
market. 

Some studies use chemical cells for NO2 detection (Whittaker, et al. 1999). Their advantage 
is that the instrument logs the detection, allowing variation in the exposure levels to be 
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monitored throughout the day. The detection limit is 0.1 ppm NO2 (200 μg/m3). This type 
of sampler has far too high a detection limit to be effective in the environments investigated 
in these studies. Our experience has also shown that chemical cell detectors are temperature 
sensitive. 
 
9.3.2 Particles 

For paper II particles in size 0.1–10 µm were sampled with a Data-RAM, an instrument that 
logs a value every minute during the measuring period. This gives a good picture of how 
particle concentrations vary during the course of a day, and also an understanding of which 
environments are the cause of high and low exposure to particles. For some of the lorry 
drivers we observed higher particle exposure during loading and unloading at the 
distribution terminal than while driving, while for others there was no variation in exposure 
while performing these tasks. The Data-RAM are calibrated, by the manufacturer, for 
Arizona road dust, and the data conversion from particle number and size into μg/m3 are 
only valid for particles with the same size and density as that standard dust. Assuming that 
particles produced in combustion processes are both smaller and lighter than Arizona road 
dust, it is likely that Data-RAM overestimates exposure to combustion particles. If the 
environment also contains particles from road wear and sanding, as well as particles from 
brake pads, it is likely that these will have properties more similar to the standard dust. 

There are only a few reports where Data-RAM has been used for the detection of particles 
in motor exhaust environments. Thus, for example, Guillemin, et al. (1992) used a mini-
RAM to measure exposure to particles for long distance and local lorry drivers in 
Switzerland. Millar, et al (2007) used a Data-RAM for sampling diesel exhaust in 
laboratory tests as part of a study to simulate EC measurements in mining environments. 
After calibration of the measured values for humidity and different workloads on the diesel 
generator, an r2 value of 0.97 was obtained for comparison between Data-RAM and EC. 
Quintana, et al (2000) measured particle concentrations in ambient environments indoors 
and outdoors for asthmatic children in the USA with Data-RAM. Indoor levels were 
reported at 16 μg/m3. Despite insufficient data, the Data-RAM is a usable instrument. In our 
study the Data-RAM information was the only way of knowing anything about variations 
during measuring time. 

In paper III, the particle measurement method was further developed and refined to allow 
for better definition in the selection of particle size in the form of PM1 and PM2.5. These 
measurements were obtained using pumped sampling with personal particle samplers 
employing cyclonic and gravimetric measurement techniques. The PM1 and PM2.5 fractions 
are mostly used for stationary measurement in outdoor environments, while in the context 
of occupational hygiene it is more common to measure respirable particles < 5 μm, total 
dust or inhalable dust. As our interest was in determining the effects of exposure to 
particles from motor exhaust, with particle size mostly < 1 μm, we deemed that methods for 
PM1 and PM2.5 measurement would have greater relevance. 

In our study there was no other important sources for PM1 than motor exhaust, but for 
particles in the PM2.5 range there can be significant contributions from other sources. The 
PM1/PM2.5 ratio varied between 1.8 and 2.9 for indoor workers (including tunnel 
construction workers), between 0.9 and 1.3 for outdoor workers, and between 1.2 and 1.5 
for drivers. These figures indicate that all worker groups are exposed to fine particles from 
sources other than motor exhaust. However, since the PM1 and PM2.5 measurements were 
not made in parallel there may be a certain degree of random variation, which will have an 
effect on the results and for example explain the ratio 0.9. 
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The particles in size 0.1–10 µm/PM1 ratio was higher than the PM1/PM2.5 ratio for all 
groups with the exception of taxi drivers, which demonstrates expose to particles larger 
than those detected by PM2.5 measurements. 

In an attempt to gain an understanding of the proportion of particles that originate from the 
combustion of petrol and diesel, respectively, we chose to study the EC and TC (TC = EC + 
OC) content in paper III. The filters were analysed in Germany, using the standardised 
German method (also called the thermal method). The method works by thermal 
desorption: OC is first removed by desorption at 500 °C, followed by EC desorption at 650 
°C. European laboratories conducting EC/OC analyses were subject to Round Robin testing 
for measurement of EC and OC (Guillemin, et al 2001 and 1997). The differences in the 
results between laboratories varied from 6 to 19 %, which is primarily thought to be a 
consequence of the different methods used at different establishments (variation in 
temperatures and times used). A Swedish standard was introduced in 2004, based on EC 
and OC measurements (SS-EN 14530:2004). The Swedish standard states that the 
respirable dust fraction should be measured, whereas we have measured the total dust 
content for EC analysis. As EC is found in particles < 1 μm in both petrol and diesel 
exhausts, we consider the choice between respirable dust and total dust of little relevance. 
Our choice of total dust measurement was based on the possibility of using higher flow 
rates, which in turn leads to lower detection thresholds. Despite this, 20 % of samples taken 
were below the detection limit. 

A different method for analysis of EC/OC is used in North America (NIOSH method 5040). 
In a comparison between the thermal method and the NIOSH method, a good correlation 
for the TC values was found between the two methods, while there was a variation in 
values for the EC/OC ratio (Birch 1998). Therefor it may be difficult to compare EC values 
between the methods although better agreement is found for TC. 

In Table 16 the ratio between EC and TC are summarised for diesel exhaust exposed indoor 
and outdoor work; results from different measuring methods are shown.” Shaded areas 
represent measurements using the thermal methods normally used in Europe, while the 
remainder is from experiments using the NIOSH method 5040, or performed prior to the 
establishment of the NIOSH method. 

The ratio between EC and TC indicate the amount of carbon originating from diesel and 
petrol exposure, respectively. Generally diesel exhaust is considered to have a higher 
EC/TC ratio than petrol exhaust.  
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Table 16.  EC concentration (µg/m3) and EC/TC ratio (in brackets) for diesel exhaust 
exposure in indoor and outdoor environments. Shaded background shows experiments 
using the European standard method. White background represents experiments using the 
NIOSH or other methods 

 Indoor workers – diesel Outdoor workers – diesel 

Paper III EC  
(ratio EC/TC) 

11-87 µg/m3  
(0.45) 

4-8 µg/m3 
(0.40-0.43) 

(Groves and Cain 2000) EC  
(ratio EC/TC) 

31µg/m3  
(0.26) 

66 µg/m3 
(0.40) 

(Boffetta, et al. 2002) EC  
(ratio EC/TC) 

38 µg/m3  
(0.21) 

 

(Sauvain, et al. 2003) EC  
(ratio EC/TC) 

5-79 µg/m3 
(0.21-0.42) 

 

(Zaebst, et al. 1991) EC  
(ratio EC/TC)  

 7-27µg/m3 
(0.14-0.39) 

(Cantrell and Watts 1997) EC 
(ratio EC/TC)) 

 23-55µg/m3 
(0.28-0.32) 

(Mattenklott, et al. 2002), EC  
(ratio EC/TC) 

24-25 µg/m3 
(0.67-0.75) 

 

Also from paper III, indoor workers exposed to petrol motor exhaust experienced an EC 
value of 11 µg/m3 and an EC/TC ratio of 0.39. For drivers the values were 6 µg/m3 for EC 
with an EC/TC ratio of 0.36–0.43. The data collected in our study showed very 
homogeneous ratios between EC and TC within all groups, with only a few lower values 
for occupations related to higher petrol exhaust exposure. 

Bofetta et al (2002) presented EC/TC data for drivers in Estonia and Latvia. The EC 
concentration was 9 µg/m3 and the EC/TC ratio 0.12. This represents a somewhat higher 
EC concentration than was found in Sweden, with a much lower EC/TC ratio. The TC 
concentration reported by Bofetta was 75 µg/m3, compared to 27 µg/m3 in our studies. In 
the studies reported by Zaebst, et al. (1991) an EC concentration of 4 µg/m3 was reported 
for lorry drivers, with an EC/TC ratio of 0.17, which represents a TC of 22 µg/m3, more 
similar to the Swedish levels. 

With the exception of data reported by Mattenklott, et al. (2002), who used the NIOSH 
method in a mine, our values and ratios were slightly higher than those of other researchers. 

Our conclusion is that the EC levels in Sweden seem to be similar to levels in other 
countries, while TC levels are lower in Sweden, due to this country’s lower organic carbon 
levels. One reason might be the differences in analyse methods used in our study compared 
to most of the others in table 14. Another hypothesis is that the diesel fuel used in Sweden 
has a different EC/TC ratio. This is, nevertheless, an important point to take into 
consideration when comparing results. 

 
9.4 CORRELATIONS BETWEEN INDICATORS 
In paper I the correlations between NO2, PM2.5, and PM2.5 absorbance at all 42 observation 
stations are presented. Correlation between indicators was good; r2 was 0.8 for NO2/PM2.5 
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absorbance and 0.6 for NO2/PM2.5, which demonstrates that starting from the NO2 
concentration and the trend line equation, a reasonable estimation of PM2.5 can be made.  
Another part of the TRAPCA study Cyrys, et al. (2003), showed that levels of PM2.5 
absorbance was highly correlated with EC levels, the r2 values ranging between 0.73 and 
0.94 in different countries. 

For concentrations of NO2 and particles in size 0.1–10, paper II calculations showed no 
correlation, regardless of whether the drivers were treated as a single group (r2 = 0.05) or 
divided into separate driver categories, r2 = 0.03, 0.03, and 0.01 for taxi, bus and delivery 
drivers. Among our drivers there were no other important NO2 sources than motor exhaust 
exposure, hence we consider the absence of correlation between NO2 and particles to be 
due to the lack of correlation between the particles in size 0.1–10 and motor exhaust. The 
0.1–10 µm particles may come from other traffic related sources than the exhaust, like wear 
particles from street-paving, brakes etc.  

In paper III, we calculated the correlation between all indicators. Groups with similar 
exposure conditions were pooled, creating groups of indoor workers exposed to diesel 
exhaust (n=26), indoor workers exposed to petrol exhaust (n=8), outdoor workers (n=23), 
and drivers (n=14). A correlation between PM1, EC and NO2 was expected as these three 
indicators are accepted to have the greatest relevance when considering exposure to motor 
exhaust. Nevertheless, correlation was poor for all groups, except indoor workers exposed 
to diesel exhaust, where all indicators showed significant correlation. Particles in size 0.1–
10 µm were the particle indicator that showed best correlation with other particle indicators. 
This was surprising, as was the observation that NO2 concentrations only correlated to one 
of the particle fractions (PM1 for outdoor workers). Our results showed correlation between 
EC and TC for all groups (p<0.01) which was expected. 

The occurrence of particles not related to motor exhaust is probably amongst the causes of 
the poor correlation. In outdoor urban environments there will abound particles from road 
wear and sanding, as well as from brake pads and tyres. Particle and NO2 emissions from 
diesel motors vary according to the workload. Increasing the workload, for example by 
increasing speed, is coupled to higher NO2 concentrations, while the particle emission 
remains unchanged, or slightly reduced. 

In some other studies, correlations have been estimated for motor exhaust exposure for 
different worker categories. No direct correlation could be found between EC and OC or 
between respirable dust and EC or OC for diesel forklift truck drivers in the UK (Groves 
and Cain, 2000). Similarly, no correlations could be found for the exposure of various 
Canadian railway company employees between RCD (respirable combustible dust) and 
NO2, or between EC and NO2 (Verma, et al. 1999). 

On the other hand, Wheatley and Sadhra (2004) found good correlation between different 
indicators. In distribution depots in the UK, where diesel-powered forklift trucks were in 
use, EC/OC/TC, PAH, respirable dust, and ultrafine particles were all correlated 
significantly to each other, with correlation coefficients between 0.29 and 0.97. Miller, et 
al. (2007) also found a good correlation between Data-RAM and EC, after adjusting the 
values for relative humidity and correcting them using an empirically generated calibration 
factor. Quintana et al. (2000), compared results from Data-RAM measurements with 
Harvard impactor results (PM2.5 and PM10, respectively) and found a better correlation 
between Data-RAM and PM2.5 (r2 = 0.32 outdoors and 0.42 indoors) than between Data-
RAM and PM10. 
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9.5 REPEATED MEASUREMENTS AND HOMOGENEOUS GROUPS 
Statistical calculations, based on the 47 individuals’ participation in three consecutive NO2 
exposure measurements, were continued in paper IV. The original a priori group 
assignment was evaluated, and after statistical analysis using mixed model, five of the 
seven groups were reassigned, resulting in improved homogeneity. The weighted mean 
level of BR0.95 together with the Akaike Information Criterion (AIC) was reduced. 

The BR0.95 value was used as a measure of homogeneity, and according to Rappaport (1991) 
a value ≤ 2 is required for a group to be considered homogeneous. Through reassignment of 
the groups we were not able to fulfil Rappaports criteria. Nevertheless, for 6 of the 7 groups 
values of approximately 3 were obtained. 

For the remaining group, outdoor workers exposed to diesel exhaust, with 12 individuals 
and 36 measurements, a BR0.95 value of 6.29 was obtained, indicating a more heterogeneous 
group. It was not possible to improve this number with the data available. 

Our calculated mean value for BR0.95, weight BR0.95, seemed to work just as well as the more 
established AIC, which was obtained with data program SPSS calculations. Both 
parameters – “weighted mean level of BR0.95” and AIC – showed lower values for higher 
numbers of divisions, with the lowest value for division 6, the last division. The 
categorization of group B (garage – diesel) into two separate divisions was found to have 
great influence, together with the separation of group C (garage – petrol). Further divisions 
had no major effect on the values of “weight mean level of BR0.95”, or on the AIC level. 
However, with a view to using the results to build a job-exposure matrix, we would prefer 
the last division, with more separate occupational groups. 

In the expression ”weight mean level of BR0.95”, as well as for the calculations of AIC, the 
variance between the groups is applied for the control of the most homogenous division of 
the study persons. We found the “weight mean level of BR0.95” mathematically much more 
easy to grasp than the expression of AIC, and fortunately the results were equally good. 

To sum up, the mixed model analysis appears to be a good statistical method to locate groups 
with similar exposure. 
 
9.6 GENERAL DISCUSSION AND FUTURE RESEARCH 

In the field work for these papers a lot of measurements have been performed, both in 
ambient environment and in different occupational contexts, using different methods.  

In paper I we measured each selected site four times during one year. Our method for 
seasonal adjustment was useful. When we calculated the site mean values with only three, 
instead of four, 2-week measuring periods during one year (all adjusted values), the r2 
values between these two calculations were 0.98–0.99 in all three countries. This indicates 
that – with adjustments for seasonal variability – three measuring periods still agree very 
well with the annual average values. Even calculations with only two 2-week measuring 
periods during one year, gave r2 values between 0.89 and 0.91.  

Personal measurements in occupational context require great resources. In paper IV we 
have established that repeated measurements are a desirable method to locate homogeneous 
groups of exposed workers. Nevertheless, for the particle measurements only one 
measurement has been performed for each person due to restricted resources. 

In contrast, repeated NO2 measurements with small samplers are much easier and much 
cheaper to carry out. Liljelind, et al. (2001) have shown that the subjects can execute the 
measurements themselves, with good precision. 
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In paper III we presumed that detected EC would be a good indicator of diesel exhaust. 
Much to our surprise then, 20 % of the measurements did not reach the detection limit after 
two full shift measurements. Also, EC levels were unexpectedly somewhat higher for 
indoor workers exposed to petrol exhaust than for those exposed to diesel exhaust. If EC is 
supposed to be the indicator for diesel fumes, as stated in the Swedish standard, we need 
analysis methods with considerably higher sensitivity than those used in paper III.  

NO2 was the indicator that performed best, according to our expectations of differences 
between groups of workers. For example, those subjects with “indoor diesel work” had 
higher levels of NO2 exposure than those with “indoor petrol work”.  

A weakness in these occupational studies has been the fact that the groups of 
workers/subjects are small, at least regarding papers III and IV. Thus random variation, for 
example seasonal variations in background levels, may influence the measurement results. 
In papers II and III we have tried to adjust for background levels, without, however, finding 
an acceptable method. 

The Swedish OEL for diesel exhaust is coupled to exposure to NO2, and is currently set at 
2000 μg/m3 (AFS. 2005:17). This limit has been set in order to protect individuals from 
acute mucous membrane irritation, and not as a protection against chronic damage such as 
lung cancer (A o H. 2003:16). Diesel exhaust is not categorized as an occupational 
carcinogen in Sweden, which means that there is no classification for cancer in the Swedish 
occupational threshold limit values (AFS. 2005:17). The WHO International Agency for 
Research on Cancer (IARC) classified diesel exhausts as probably carcinogenic for humans 
in 1989 (WHO 1996). 

My hope is that further work based on the results presented in this thesis will result in the 
determination of exposure levels that take into consideration the increased risk for lung 
cancer and cardiovascular disease as a consequence of occupational exposure to motor 
exhaust. 
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10   CONCLUSIONS 
• Measuring nitrogen dioxide with simple methodology adjustment for seasonal 

variation give a high-quality assessment of the annual average levels outdoors.  

• The nitrogen dioxide levels in urban traffic sites in the City of Stockholm are almost 
three times the levels in the rural background sites in the Stockholm area. Street-
levels in central cities are similar in Stockholm, Munich, Germany, and in the 
Netherlands. The observed NO2 contribution from local traffic in Stockholm City is 
about 8 µg/m3, corresponding to 27 % of the nitrogen dioxide concentration found 
in urban traffic sites.  

• The range for occupational exposure is considerable. For nitrogen dioxide and 
elemental carbon, ratios between the highest and lowest exposed study groups are 
greater than 10 and 20, respectively. The lowest exposed study group has 10 % 
higher nitrogen dioxide exposure level than the concentration at urban traffic sites. 
In Stockholm County the nitrogen dioxide and particle exposure levels differ with 
statistical significance between taxi, bus and lorry drivers. The nitrogen dioxide 
exposure for drivers is high compared to outdoors workers using diesel driven 
vehicles and machinery, and also compared to levels at urban street sites. The 
nitrogen dioxide exposure for drivers in the Stockholm area is about 10–80 % 
higher than that outside the vehicle at urban streets. Note however that urban traffic 
levels are measured on the curb-side of the streets, while the drivers are driving in 
the street. Differences between city and suburb drivers are found, but no differences 
can be detected between taxi drivers using petrol or diesel driven cars. 

• In outdoor measurements the correlation is very high between nitrogen dioxide and 
PM2.5 absorbance, and also high between nitrogen dioxide and PM2.5. For 
occupational groups however, the correlation between nitrogen dioxide and the 
different particle fractions is low for all groups, except for indoor workers exposed 
to diesel exhaust, where correlations are high. Correlation between different particle 
fractions is also low, except between elemental carbon and total carbon. The lack of 
correlation between nitrogen dioxide and particles for different occupations makes it 
difficult to compare motor exhaust exposure between them, if only one indicator 
substance is used. Nitrogen dioxide appears thus to be a useful indicator to estimate 
motor exhaust levels in the general environment. Motor exhaust exposure in 
working environments seems more complex, and the use of indicator substances 
needs to be further explored.  

• Repeated measurements and calculations with the “mixed model” statistical method 
enable the establishment of homogeneous exposure groups. Such establishment is 
vital if results of the exposure measurements are to be used for exposure assessment 
in epidemiological studies. 
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11 TACK 
Avhandlingsarbetet kan ses som en resa. Jag klev på tåget och många följde med, mellan 
två stationer eller på hela resan. Nu är jag framme vid målet och jag vill tacka alla som varit 
involverade i denna expedition, från de första mätningarna av motoravgaser i september 
1997 fram till idag, i november 2007, då jag lägger fram min avhandling.  

Först och mest vill jag tacka min huvudhandledare och medförfattare Per Gustavsson. Tack 
för att du övertalade mig att kliva på tåget och att du sedan på ett förträffligt sätt hjälpt och 
stöttat mig, och gett mig så mycket kunskap om yrkesmedicin under resans gång. Tack 
också för fin vänskap och mycket kul på vägen. 

Ett stort varmt tack också till min bihandledare och medförfattare Nils Plato för massor 
med hjälp, stöd och utvecklande diskussioner om yrkeshygien. Tack för att du livar upp 
stämningen med dina ”goa” skratt och för att du är en fantastisk reseledare när vi är ute i 
världen för att presentera våra studieresultat. Du håller riktningen hela tiden och vi kommer 
alltid rätt! Utan dig skulle min doktorsresa varit mycket tråkigare. 

Ett stort varmt tack också till min andra bihandledare och medförfattare Tom Bellander. 
Tack för att jag fick var med i TRAPCA-projektet, det var kul, jobbigt och väldigt lärorikt! 
Tack för att du delat med dig av all din kunskap om luftföroreningar, statistik och 
vetenskapliga metoder.  

Mina andra medförfattare Gun Nise, Marie-Louise Lind och Magnus Alderling vill jag 
tacka för gott samarbete. Tack för att ni så tålmodigt läst alla versioner av artiklarna och 
bidragit med bra diskussioner och idéer.  

Thank you also all co-authors in Germany and the Netherlands for working together in 
Trapca, and for good discussions about paper I.  
Mina kollegor på Arbets- och miljömedicin har fått ta på sig en hel del extrajobb när jag 
krupit in i min kammare och skyllt på avhandlingsarbete när patienterna stått på kö. Tack 
för hjälpen och för allt stöd i jobbiga stunder! Tack Anders Lundin, Pernilla Willix, Britt-
Marie Larsson, Anneli Julander och Annika Carlsson. Nu kommer jag tillbaka till det 
vanliga jobbet igen! 

I mitt avhandlingsarbete har det ingått mycket fältarbete, och jag har många att tacka för 
hjälpen i det arbetet, dvs. mätningarna av luftföroreningar i arbete 1, 2 och 3. Tack Stina 
Johnsson, Karin Borg, Katinka Almrén för hjälp med mätningarna i TRAPCA-projektet. 
Tack Torsten Nentzén för hjälp med förarstudien och sist men inte minst ett tack till Eva 
Lenell för dina tappra insatser i PAHL-projektet.  

I PAHL-projektet vill jag också rikta ett tack till Anna Klepczynska-Nyström för att du 
kom in som en frisk fläkt när vi andra började bli lite trötta. Tack också kodarna Gunilla 
Klingspetz, Mats Levin och Leif Johansson för att ni har haft överseende med att jag ibland 
hellre hållit på med mitt än hjälpt er. 

Tack alla i doktorandgruppen: Jenny Hallberg, Teresia Nyman, Eva Bernmark, Peter 
Bergman, Ulrich Stoetzer, Magnus Alderling, Anna Nyberg och Anna Klepczynska-
Nyström. Och tack alla ni som hann fram före mig till slutstationen: Ola Leijon, Wim 
Grooten, Per Wiklund, Carolina Bigert, Gun Johansson, Kerstin Waldenström och Pernilla 
Wiebert. Många goda tips och uppmuntringar har ni bjudit på! 

Tack till alla andra arbetskamrater på Arbets- och miljömedicin och Magnus Svartengren 
och Anne-Marie Windahl på Institutionen för folkhälsovetenskap. Ni gör livet lättare och 
trivsammare med allt ert stöd. 
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Lunchgänget – vilken tur att ni finns. Det gamla gänget, Anders, Carolina, Ingela, Gun, 
Marianne, Nils och Per, och ”nykomlingarna” Igge, Ingemar och Gunilla. Det är vid detta 
nästan dagliga stopp vid ”station Jöns Jacob” de stora frågorna har avhandlats! Synd att 
stationen nu är nedlagd! 

Men livet är ju inte bara arbete. Jag vill också tacka alla mina vänner för att ni fortfarande 
finns kvar, för allt kul vi har ihop liksom för stöd och uppmuntran när jag behövt det. Tack 
Ingrid, Eva L, Eva C, Kerstin F, Anneli, Björn och Sofie, Marianne, och många fler. Tack 
också mina goda grannar Lotta och Stig, och Kerstin och Håkan, som har fått ställa upp och 
passa höns och trädgård när jag varit på mina resor ut i världen. Vilken rikedom med så 
många vänner! 

Jag vill också tacka mina härliga systrar Lisbeth och Karin med familjer. Tack för allt kul vi 
har ihop och tack för all hjälp jag får av er. Ett speciellt tack till Karin för all hjälp i slutet 
på min resa. Tur att jag hann till min slutstation, innan din och Staffans jorden-runt-resa 
startar! 

Det bästa av allt har jag sparat till sist. Tack till er jag älskar mest. Tack Lasse, Hugo och 
Frida och Hannes. Tack för att ni har trott på projektet, stöttat och hjälpt mig. Tack Lasse 
för allt du har hjälpt mig med, från givande diskussioner om vetenskapsteori till 
korrekturläsning och layoutarbete. Tillsist, ett speciellt tack till min mamma Sonja för all 
kärlek och omtänksamhet. Det är ändå hos er jag vill landa nu när doktorsresan är över! 
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