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1 Introduction 
The MRC Institute for Environment and Health (IEH) has been hosting annual review meetings on 
outdoor and indoor air pollution research in the UK since 1997. The proceedings of several previous 
annual review meetings have been published (IEH, 2000, 2002, 2004). 

The aim of the annual review meeting is to provide an opportunity for UK researchers undertaking 
work on air pollution, from exposure measurement and characterisation to toxicology, mechanisms of 
toxicity and volunteer and epidemiological studies, to present proposed, continuing or completed 
work. The meetings and published proceedings facilitate exchange of information and expertise 
between researchers themselves and between researchers and those funding UK research on air 
pollution and health. 

The eighth annual review meeting was held at the University of Leicester on 29–30 March 2004 and 
was  sponsored by the Department of Health. Abstracts of 26 oral papers, including a guest lecture 
from Dr Michal Krzyzanowski (WHO European Centre for Environment and Health), and 15 posters 
presented at the meeting are included in this report. 

References 
IEH (2000) Joint Research Programmes on Outdoor and Indoor Air Pollution (Review of Progress, 1999), 
Leicester, UK, MRC Institute for Environment and Health 

IEH (2002) Proceeding of the Sixth Annual UK Review Meeting on Outdoor and Indoor Air Pollution Research, 
15–16 April 2002 (Web Report W12), Leicester, UK, MRC Institute for Environment and Health, available at 
http://www.le.ac.uk/ieh/ 

IEH (2004) Proceeding of the Seventh Annual UK Review Meeting on Outdoor and Indoor Air Pollution 
Research, 1–2 April 2003 (Web Report W15), Leicester, UK, MRC Institute for Environment and Health, 
available at http://www.le.ac.uk/ieh/ 
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2 Pollutant exposure and modelling 

2.1 Ventilation and indoor air quality in new homes: 
Peak levels study 
Crump D, Dimitroulopoulou S, Ross D, Pierce B & Squire R 
BRE, Watford, Herts 

Background and objectives 
People spend the large majority of their time in buildings and their exposure to air pollution is 
strongly influenced by the quality of indoor air. Studies in the UK and elsewhere have characterised 
indoor air pollutants and shown their concentration to be dependent on the concentration in outdoor 
air, the strength of indoor sources, the rate of exchange of outdoor with indoor air, and processes 
indoors including deposition to surfaces and chemical reactions involving pollutants. 

There is information about concentrations of several pollutants in considerable numbers of UK homes 
including homes with occupants concerned about indoor air quality (IAQ) (Berry et al., 1996; Brown 
et al., 1996; Mann and Crump 1999; Coward et al., 2001, 2002; Crump et al., 2002; Yu et al., 2002). 
These studies and those in other countries have not involved parallel measurements of the ventilation 
rate. This is generally because techniques suitable for use in homes have not been widely available 
and resources for these studies have been limiting. However, air exchange is responsible for ambient 
air pollutants entering a home and for dilution of pollutants generated indoors as well as their removal 
to the outdoors. It is therefore necessary to understand this important factor determining the levels of 
indoor air pollutants. 

The need for adequate ventilation of buildings is recognised as part of UK Building Regulations and 
guidance on meeting requirements is given in Approved Document F (ADF). Provision of adequate 
ventilation in homes is primarily based on the need to control moisture. This should be achieved by 
background ventilation, such as the use of trickle ventilators, together with provision for additional 
rapid ventilation that can be achieved by opening of windows, and for air extraction from ‘wet’ 
rooms. The current provisions aim to provide a background air exchange rate of about 0.5 air changes 
per hour (ach). 

This paper reports results of a study investigating ventilation and IAQ in homes in England built since 
1995, which is the date of the last revision of ADF. A summary of measurements of ventilation and 
IAQ in 37 homes during winter and summer has been given previously (Crump, 2003). The current 
paper focuses on more detailed measurements in five of the homes. 

Study description 
The main part of the project involved a winter (January to March 2002) and summer (2002) period of 
monitoring of nitrogen dioxide (NO2), carbon monoxide (CO), formaldehyde, individual and total 
volatile organic compounds (VOCs), particulate matter of aerodynamic diameter less than 10 µm 
(PM10), temperature and humidity in 37 homes. Concurrently with pollution monitoring, 
measurements were made of the rate of exchange of indoor and outdoor air using a perfluorocarbon 
tracer (PFT) technique. During winter 2002/03 and summer 2003 further measurements of pollutants 
and ventilation were undertaken in a subgroup of five homes. Pollutants were monitored using both 
short-term (pumped and continuous) and long term (diffusive) methods. The homes were selected 
from the 37 homes to include a range of house and pollutant characteristics, and with occupants 
prepared to participate. One of the homes (H28) has passive stack ventilation in the kitchen and 
bathroom and the other four (H05, H12, H15 and H26) have conventional mechanical extract 
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ventilation available in these rooms. H12 and H15 are bungalows, H05 a centre terrace house, H28 an 
end terrace, and H26 a flat. 

Results 
Winter 2002/03 
Average two week whole house air exchange rates measured using the PFT tracer were below 0.5 ach 
in three of the five homes. H28 (with passive stack ventilation) had the highest whole house 
ventilation rate (0.83 ach) and also the greatest difference between rooms (1.22 ach in kitchen and 
0.43 in bedroom 2). The lowest whole house ventilation rate was in the bungalow, H12, and the ach 
values in each of the main rooms of this property were similar. 

Short-term (~30 minute) measurements of room ventilation rate using SF6 (sulphur hexafluoride) in 
the main bedroom gave some indication of quite large changes over time in some rooms. Most 
readings were higher than the two week average concentrations, although these SF6 measurements 
include air exchange within the building as well as that with the outdoors. More detailed work is 
required to understand the short-term changes that can occur in air change rates. The main IAQ 
findings are listed below. 

• Two week mean CO concentrations were below World Health Organization (WHO) guidelines in 
the five homes, but 1 hour and 8 hour WHO guidelines were exceeded in H05 where gas cooking 
occurred. 

• Two week mean NO2 concentrations exceeded the WHO annual mean in the kitchen of H28, 
which had gas cooking, and 1 hour guidelines were exceeded in H05, H15 and H28 (all had gas 
cooking). 

• Three day mean and 30 minute mean formaldehyde concentrations were below the 30 minute 
WHO guideline. 

• Two week mean, whole house total volatile organic compound (TVOC) concentrations exceeded 
300 µg/m3 in three homes. The highest reading for any location was 643 µg/m3 in bedroom 2 of 
H28. The 30 minute concentrations in bedroom 1 on three different days ranged from 120 to 
735 µg/m3. There is no WHO guideline for TVOCs, although some groups have proposed values 
in the range of 200 to 600 µg/m3 (Coward et al., 2001). 

• PM10 concentrations exceeded 50 µg/m3 in H12 where cigarette smoking was reported (there is no 
guideline for indoor air but there is an ambient air standard for the UK). 

Summer 2003 
Results were obtained for four of the five homes (H05 withdrew from the study). Two week average 
ventilation rates were below 0.5 ach in two properties (H12 and H26) and were highest in H15 
(1.2 ach). The main IAQ findings were as follows. 

• The WHO CO guidelines were not exceeded. 

• The 1 hour NO2 guideline was exceeded in the kitchens of H15 and H28 (with gas cooking). 

• The 24 hour PM10 concentration exceeded 50 µg/m3 in H12 (with smoker). 

• The 3 day mean formaldehyde concentrations exceeded the 30 minute WHO guideline in one 
bedroom in H12 and H15, and a 30 minute measurement exceeded the guideline in H12. It is 
notable that the air exchange measured in the bedroom of H15 was high (2.1 ach), whereas in H12 
it was low (0.28 ach), indicating the importance of source strength for determining pollutant 
concentrations. 
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• Whole house TVOC concentrations exceeded 700 µg/m3 in H12 and H26, the highest reading 
being 1241 µg/m3 in the kitchen of H26. Painting and decorating were reported to have taken 
place in H12. All measurements in H15 and H28 were below 300 µg/m3. The 30 minute TVOC 
concentrations in bedroom 1 ranged from 105 to 3533 µg/m3. The source of the highest TVOC 
concentration has not been identified. 

Conclusions 
The detailed study of homes has provided further information about the variability in pollutant 
concentrations and ventilation. Available IAQ guidelines have been exceeded for each of the 
pollutants in some homes. A full analysis is being undertaken of both the ‘main study’ (of 37 homes) 
and the ‘peak levels’ (of five homes) data to investigate links between levels of air pollution, 
ventilation sources and occupant behaviour. 

Acknowledgements 
The Building Regulations Division of the Office of the Deputy Prime Minister (ODPM) is 
acknowledged for financial support. Veronica Brown and Silky Yu (BRE) are thanked for laboratory 
analysis of air samplers. 

References 
Berry RW, Brown V, Coward S, Gavin M, Grimes C, Higham D, Hull A, Hunter C, Jeffery I, Lea R, Llewellyn 
J & Raw G (1996) Indoor Air Quality in Homes. The Building Research Establishment Indoor Environment 
Study (BRE Reports BR299 and BR300), Watford, Herts, CRC Ltd 

Brown V, Cockram A, Crump D & Mann H (1996) The use of diffusive samplers to investigate occupant 
complaints about poor indoor air quality. In: Proceedings of Indoor Air ‘96, July 21–26, Nagoya, Japan, Vol 2, 
pp 115–120 

Coward S, Llewellyn J, Raw G, Brown V, Crump D & Ross D (2001) Indoor Air Quality in Homes in England 
(BRE Report BR 433), London, CRC Ltd 

Coward S, Brown V, Crump D, Raw G & Llewellyn J (2002) Indoor Air Quality in Homes in England. Volatile 
Organic Compounds (BRE Report BR 446), London, CRC Ltd 

Crump D (2004) Ventilation and indoor air quality in new homes. In: Proceedings of the Seventh Annual UK 
Review Meeting on Outdoor and Indoor Air Pollution Research 1–2 April 2003 (Web Report W15), Leicester, 
UK, MRC Institute for Environment and Health, available at http://www.le.ac.uk/ieh/ 

Crump D, Brown V, Rowley J, Llewellyn J, Wilkinson G & Moss R (2002) Sampling of hexachlorobutadiene in 
the air of homes at a site contaminated by industrial waste in England. In: Proceedings of Indoor Air 2002, June 
30–July 5, Monterey, California, Vol 1, pp 944–949 

Mann H & Crump D (1999) Formaldehyde in new and refurbished homes. In: Proceedings of Indoor Air’99, 8–
13 August, Edinburgh, UK, Vol 4, pp 153–158 

Yu C, Crump DR & Waugh M (2002) An investigation of styrene contamination in apartment properties due to 
refurbishment of concrete walkways. Proceedings of Indoor Air 2002, June 30–July 5, Monterey, California, 
Vol 2, pp 195–200 

 



6 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

2.2 Indoor air quality: Fuel oil in residences (Poster) 
Grey CNB, Drinkwater M & Murray V 
Chemical Hazards and Poisons Division (London), Health Protection Agency, Guys & St Thomas’ NHS 
Trust, London 

Background and objectives 
Currently, there are no residential indoor air standards for any individual hydrocarbon or mixture of 
hydrocarbons. This lack of standards for use as action points impedes public health practitioners’ 
ability to respond quickly and effectively to hydrocarbon spills that may enter the indoor environment 
through volatilisation into air (Goodfellow et al., 2002). 

Hydrocarbons are sourced from crude oil, which is converted by physical and chemical distillation 
processes into a wide range of refined products. The individual distillates do not have discrete 
chemical formulae, but comprise a relatively crude mixture of hydrocarbons and can vary greatly. 
This creates a problem with identifying source, individual types, and resulting concentrations and 
ultimately the potential health effects from any exposure.  

The main objectives of this paper are: to identify the public health risk presented by indoor air 
pollution of residential properties following fuel oil leaks and spills; and to understand the need for 
action concentration levels for hydrocarbons. 

Study description 
The Incident Response database of the Chemical Hazards and Poisons Division (London) 
(ChaPD(London)), was searched for residential incidents occurring between 2001 and 2003. These 
were screened for chemicals indicative of fuel oil spills: benzene, diesel, petroleum distillates, 
hydrocarbons, naphthalene, oil, petrol, xylene, aviation fuel and white spirit. This list was then 
screened to ensure that the chemicals presented a risk to residential properties. 

Two case studies of incidents dealing with fuel oil and indoor air pollution have been selected and 
described. 

Results 
Of the 3805 incidents that CHaPD(London) responded to in the period 2001–2003, 943 (25%) were 
residential and 82 (9%) of these were residential fuel oil spills. This is likely to be an underreporting 
of the true number of residential incidents involving fuel oil, as the surveillance system used by 
ChaPD(London) is passive. A pilot project with emergency services in Wiltshire showed that the 
reporting system used by CHaPD(London) resulted in an underreporting of incidents such that only 
16% of total chemical incidents were captured (Leonardi et al., 2003). 

Two case studies of fuel leaks 
Case study 1: A kerosene fuel leak 

On 5 September 2003 CHaPD(London) received a call from a Consultant for Communicable Disease 
Control (CCDC) asking for advice on whether to evacuate the parents and an 18 month child from 
their home following a spill of kerosene in a housing estate. The CCDC had received some indoor air 
quality monitoring data from the Local Authority (see Table 1) showing fluctuating, high kerosene 
concentrations in air (see Table 1). 
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Table 1 Case study 1: Kerosene concentrations in indoor air (mg/m3) 

Sampling date/time 
(2003) 

Kitchen Front room Rear bedroom Back room 

5 Sept 18.6 3.6 1.9  
24 Sept (pm) 1.2     
25 Sept (am) 5.9  5.1 4.7   
1 Oct (14.00) 0.3     
2 Oct (05.30) 5.0 5.3 6.2  
8 Oct (14.00) 1.2    
8 Oct (21.30)    2.3 
9 Oct (05.30) 5.7  1.7  1.2   

 

CHaPD(London) made a site visit with the CCDC. The suspected cause of the contamination was 
demonstrated to be a heating oil tank that had leaked an unknown quantity of fuel into the soil 
adjoining the house. When interviewed the mother said that she had not noticed any typical symptoms 
such as euphoria-like reaction, drowsiness or respiratory complains, but had experienced a great deal 
of stress and identified other physical symptoms ranging from headaches to a recent miscarriage. 

Consultation between CHaPD(London) and the CCDC led to biological sampling being conducted on 
both parents. Blood test results received on 30 September 2003 did not show detectable levels of 
kerosene. The incident was concluded on 20 October, following clean-up of the site where a gas 
evacuation system was installed to reduce further vapours, and kerosene-contaminated soil was 
removed. 

Case study 2: A kerosene spill affecting water supply and indoor air quality in eight homes 

On 1 May 2003, CHaPD(London) was contacted by a Health Protection Unit (HPU) regarding a spill 
of kerosene affecting up to eight properties in a cul-de-sac. The local water company had sampled tap 
water and found elevated levels of kerosene, xylene, toluene and benzene. Residents had been 
provided with an alternative source of potable water, a freshwater standpipe, and arrangements were 
being made for the installation of barrier pipes impervious to kerosene and other volatile organic 
compounds. 

One of the houses was being monitored for indoor air quality and its occupants had been evacuated. 
The results of indoor air monitoring of the single house taken on the 1 May were: kitchen, 3.8 mg/m3; 
lounge, 11.8 mg/m3; bedroom 1, 2.7 mg/m3; bedroom 2, 2.7 mg/m3. The water quality testing results 
for all houses were: house 17, 9 µg/l; 21, 2 µg/l; 22, 55 µg/l; 23, 5 µg/l; 24, 121 µg/l; 28, Clear. 

CHaPD conducted a site visit with the HPU on 27 May 2003. They found that residents had reported 
minor skin irritations, nausea, light-headedness and headaches — symptoms typical of hydrocarbon 
exposure. The source of the fuel oil was thought to be a tank situated at the end of the cul-de-sac. 
Historically this had supplied fuel to the homes; when it was disconnected the oil pipeline 
infrastructure was left in place outside the homes and ‘caps’ placed on the pipes. New homes 
appeared to have been built over this pipework. 

Homeowners were contacting their insurance companies to discuss remediation and the water 
company was connecting uncontaminated water supplies as levels were exceeding the benchmark, 
where the Maximum Admissible Concentration is 10 µg/l. In this case having a benchmark for water 
was the trigger for remediation, although high levels of hydrocarbons were also detected in air. 
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Discussion 
Toxicological evaluation of petroleum hydrocarbons from soil contamination is difficult because they 
are present in the environment as complex mixtures. Similarly, it becomes impractical to analyse for 
individual compounds when these are present in complex mixtures (Environment Agency, 2003). The 
public are being exposed to hydrocarbons in indoor air from frequent fuel oil spills, resulting in an 
increasing need for benchmarks. 

Indoor spaces are important microenvironments when addressing risks from air and other pollution. 
Most of a person's daily exposure to many air pollutants comes through inhalation of indoor air, both 
because of the amount of time spent indoors and because air pollutants tend to accumulate there at a 
higher concentration than outdoors (Whitmore et al., 1994). Susceptible subgroups of the population 
such as small children and the elderly spend even more time indoors (Weaver et al., 1998). One 
estimate was that British children spend an average of 19.3 hours per day indoors (Farrow & Golding, 
1997). 

Conclusion 
There are no established ‘safe’ levels for exposure to hydrocarbons in indoor air. Therefore, the 
current approach in the UK is to use either UK or WHO benchmarks set for outdoor air when 
available, or to apply uncertainty factors to occupational exposure limits (OELs). There is a need for 
improved action levels to safeguard public health from hydrocarbon exposure in residential air. 

References 
Environment Agency (2003) Principles for Evaluating the Human Health Risks from Petroleum Hydrocarbons 
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2.3 Ion nucleation of nano-aerosols — example 
from stir-fry cooking (Poster) 
Keitch PA, Fews AP, Ainsbury LA & Henshaw DL 
HH Wills Physics Laboratory, University of Bristol 

Introduction 
A number of studies (Seow et al., 1998, 2000; Ko et al., 2000) have looked at the incidence of lung 
cancer among Chinese women. These studies have found a high prevalence of lung cancer, despite 
low levels of smoking. A number of risk factors have been proposed. The strongest associations are 
with indoor pollution from open fires in unvented homes and cooking oil vapours associated with stir-
fry cooking. There is an inconclusive association with passive smoking. No significant association has 
been found for kerosene stove cooking, incense burning and indoor radon (Lam 1996). There are 
reported links to the oils themselves, particularly if they are heated to a level where they smoke (Ko et 
al., 2000; Seow et al., 2000), which is often the case in stir-fry cooking. Rapeseed oil is commonly 
used in China and this is often poorly refined. 

A number of carcinogens have been found in cooking oils, including polycyclic aromatic 
hydrocarbons, benzene, formaldehyde (Ko et al., 2000) and, during the cooking of fish, 2-amino-3,8-
dimethylimidazo[4,5-f]quinoxaline (Yang et al., 1998). 

Dennekamp et al. (2001) studied ultrafine particles and the emission of nitrogen oxides with gas and 
electric cooking. They found that gas cooking resulted in the emission of a larger number of particles 
than did electric cooking and that frying bacon produced the largest number of particles. The amount 
of nitrogen oxides and particulates emitted in poorly ventilated situations was potentially a health risk. 

In the present study, experiments were carried out using an electric cooker in a poorly ventilated room 
in a domestic dwelling. Three types of particles were measured: small ions, small charged aerosols up 
to 50 nm and all aerosols from 10 nm to a few micrometres. ‘Small ions’ refers to small clusters of 
molecules nucleated around initial ion species such as molecular ions of oxygen and nitrogen that are 
held together by this core charge. If the core charge is neutralised, the molecular cluster will fall apart 
because the inter-molecular/chemical binding forces are insufficient to hold the cluster together. Small 
ions range in size up to ~1800 amu or ~1.7 nm. Larger aerosols are self supporting, whether or not 
they carry electric charge. Those that do carry charge, either naturally or by becoming charged by 
small ions, are classed simply as ‘charged aerosols’. 

Materials and methods 
Two instruments were used in the analysis of the particles given off due to stir-fry cooking: a TSI 
3010 condensation particle counter, which measures from 10 nm (50% efficiency) to a few 
micrometres; and an in-house-built small ion spectrometer, which measures charged particles from 
0.4 nm to about 50 nm. This provided data with typical integration times of ~15 min. 

Four readily available oils, corn oil, sunflower oil, olive oil and rapeseed oil, were analysed. A 
mixture of vegetables and sausages was also cooked to see whether actual cooking gave different 
spectra. Each set of ingredients was stir-fried for 15 min. The small ion, charged aerosol and total 
aerosol concentrations were measured over the 24 hour period following cessation of stir-frying. 

Results 
Figure 1 shows the small ion concentration as a function of time. Data are plotted every 14.7 min, 
which is the time taken for the spectrometer to scan over its operating voltage range of 2 to 1000 V. 
The results are presented as total concentration of charged aerosol. The spectrometer data can also be 
unfolded to give the ion mobility spectra; these spectra will be presented at a later date. As expected 
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the small ion concentration dropped dramatically as cooking progressed, the small ions becoming 
attached to the aerosols produced in high flux from stir-frying. The small ions slowly recovered, 
taking about 14 hours to return to their former levels. 

Figure 1 Small ion concentration generated by stir-fry cooking 

 

The aerosol concentrations measured by the spectrometer and aerosol counter are both shown in 
Figure 2. An extremely large number of aerosols was detected by the TSI 3010 counter, necessitating 
a correction to the individual values. This value is an extrapolation beyond the correct operating range 
of the TSI 3010 and it is likely that the values given are a lower limit to the actual concentrations. The 
ion spectrometer and the aerosol counter measure different components of the aerosol spectrum: the 
spectrometer measures the charged aerosol between 2 and 50 nm diameter, whereas the TSI 3010 
measures the charged and uncharged aerosol above 10 nm diameter. As expected, the charged 
component measured by the ion spectrometer is lower in concentration. The level of the large aerosols 
detected by the TSI 3010 decreases fairly rapidly and returns to background levels by approximately 
5.5 hours. In comparison the small charged aerosols (5 -50 nm) from the ion spectrometer do not 
reach a peak until about 5.5 hours and return to background levels after 13.5 hours. Presumably, this 
is due to an increase in the rate of small ion charging of these aerosols, since the small ion 
concentration starts recovering at around this time. Eventually, the charged aerosol also falls in 
concentration as the particle concentration recovers completely to its background level (around 
4000/cm3). 

An excess of positive charged over negative charged aerosol particles was also observed during the 
cooking process and for around 30 min afterwards. At later times the positive and negative charged 
components were equal. 
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Figure 2 Total aerosol concentration generated by stir-fry cooking 

 

Summary 
Despite their low levels of smoking, Chinese women have a high incidence of lung cancer. One 
possible factor is exposure to carcinogens from stir-fry cooking. Preliminary data are presented on 
nano-particles analysed using an in-house-built small ion spectrometer and a TSI 3010 condensation 
particle counter. In stir-fry cooking, a large plume of aerosols is initially generated and the natural 
concentration of small ions in air is rapidly depleted. Once cooking has finished the aerosol 
concentration falls exponentially. However, it takes over 14 hours for the small ion concentration to 
recover to the pre-cooking level. The charged aerosol concentration of particles up to 30 nm in size 
increases at a much steadier rate than that of the total aerosols detected by the TSI 3010 and peaks at 
approximately 5.5 hours. The charged aerosol concentration does not return to background levels for 
13 hours. 

References 
Dennekamp M, Howarth S, Dick CAJ, Cherrie JW, Donaldson K & Seaton A (2001) Ultrafine particles and 
nitrogen oxides generated by gas and electric cooking. Occup Environ Med, 58, 511–516 

Fews AP, Holden NK, Keitch PA & Henshaw DL (2004) A novel high resolution small ion spectrometer to 
study ion nucleation of aerosols in ambient outdoor air. Atmos Res (in press) 

Ko Y-C, L Cheng S-C, Lee C-H, Huang J-J, Huang M-S, Kao E-L, Wang H-Z & Lin H-J (2000) Chinese food 
cooking and lung cancer in women non-smokers. Am J Epidemiol, 151, 140–147 

Lam W-K (1996) Aetiological factors in lung cancers in Chinese female patients who are non–smokers. Chinese 
Med J (Taipei), 57, S44 

Seow A, Duffy SW, Ng TP, McGee MA & Lee HP (1998) Lung cancer among Chinese females in Singapore 
1968–1992: Time trends, dialect group differences and implications for aetiology. Int J Epidemiol, 27, 167–172 

Seow A, Poh W-T, The M, Eng P, Wang Y-T, Tan W-C, Yu MC & Lee H-P (2000) Fumes from meat cooking 
and lung cancer risk in Chinese women. Cancer Epidemiol Biomarkers Prevent, 9, 1215–1221 

Yang C-C, Jenq SN & Lee H (1998) Characterization of the carcinogen 2-amino-3,8-dimethylimidazo[4,5-
f]quinoxaline in cooking aerosols under domestic conditions. Carcinogenesis, 19, 359–363  



12 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

2.4 Corona ion emission from high voltage 
powerlines — their impact on human exposure to 
air pollution 
Henshaw DL, Fews AP, Keitch PA & Ainsbury EA 
HH Wills Physics Laboratory, University of Bristol 
Corona ion emission from high voltage powerlines has health implications relating to exposure to air 
pollution as illustrated in Figure 1. High voltage powerlines ionise the air, emitting so-called corona 
ions into the atmosphere. The initial ion species consist of molecular ions of nitrogen and oxygen. 
Within 100 ns these attract clusters of molecules, resulting in the so-called small ions in the 
approximate size range 0.4 to 1.7 nm. The small ions then attach to larger aerosol particles on a 
typical time scale of 10 to 100 s, thereby increasing the charge state on these aerosols. In urban air the 
number distribution of aerosol particles is dominated by the size range 20 to 300 nm. Recent 
measurements suggest that such aerosols carry a significant proportion by mass of the potentially 
carcinogenic polycyclic aromatic hydrocarbons (PAHs). When inhaled, aerosols with excess charge 
have a higher probability of depositing in the lung compared with those in their normal charge state. 
Charge state, therefore, is one parameter linking exposure to human inhalation uptake. 

Figure 1 Corona ion emission from powerlines and increased exposure to air pollution 

 

To study both the ion nucleation process and attachment of ions to larger aerosol particles, novel high 
resolution mobility spectrometers employing maximum entropy analysis have been developed in this 
laboratory. These have the ability to obtain high resolution spectra over short time periods, typically a 
few minutes, at ambient ion concentrations seen in normal outdoor air. Two spectrometers have been 
constructed to cover the respective size ranges 0.4 to 50 nm and 20 nm to 1 µm. Measurements were 
made of the mobility spectrum for the lower size range 0.4 to 50 nm in the relatively ion-rich 
atmosphere near high voltage powerlines, compared with ambient conditions away from powerlines. 

Figure 2 shows the variation in ion concentration with time and wind direction one metre above the 
ground on 21/11/2002 near an electricity substation and associated powerlines at Iwood Lane, 
Somerset (OSGB: ST451622). When the wind direction was 168º, corona ions from the powerline 
were not blown towards the spectrometer housed in the car. When the wind direction changed to 213º, 
ions were blown towards the spectrometer and a sudden increase in concentration of negative ions 
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was seen. The values plotted at the final time point show a reversal of corona, with an excess of 
positive ion concentration. 

Figure 2 Variation in ion concentration with wind direction near the Iwood Lane substation, 
Somerset (OSGB: ST451622) on 21/11/02 

 

A feature of corona ion emission is that on some occasions an excess of positive corona is observed 
while on other occasions an excess negative corona is found. Spectral analysis reveals that what is 
actually being observed is an excess bipolar distribution of both small ions and charged nano-aerosols 
upon which a unipolar excess of either positive or negative polarity may be observed. Examples of 
both excess positive and negative corona have been observed where peaks in the mobility spectrum 
are found within both the structure of the small ions (up to ~ 1.7 nm) and the corona ion charged 
nano-aerosols up to 50 nm. Figure 3 shows excess negative corona 165 m downwind from the Iwood 
Lane substation. The significant observation is that of a second peak in the negative ion spectrum at a 
mobility ~10-4 m2/V/s, corresponding to small ions of ~400 to 600 amu and ~1 nm in diameter. 

Figure 3a,b Positive and negative small ion spectra: a typical outdoor spectrum — rural 
location; b spectrum 165 m downwind of Iwood substation and powerlines. The number of 
ions in each spectrum is: a N+ = 2.1 × 108/m3, N- = 3.2 × 108/m3; b N+ = 7.3 × 108/m3, N- = 5.3 × 
108/m3. The number of ions in b is enhanced by corona ions from the powerline 
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Conclusions 

High voltage powerlines emit corona ions that attach to larger aerosols, thereby increasing their 
charge state. Corona ions also nucleate small ions in their own right. These processes are under 
investigation from the point of view of possible adverse health effects associated with increased lung 
deposition of inhaled aerosols with excess charge, but also from the fundamental point of view of ion-
induced nucleation of nano-aerosols. 
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2.5 Personal exposure and indoor PM2.5 

concentrations in an urban population 
Mohammadyan M & Ashmore M 
Department of Geography and Environmental Science, University of Bradford 

Background and objectives 
Recent epidemiological studies have documented associations between particulate matter air pollution 
and several acute health effects. In these studies, exposure assessment is based on fixed site 
measurements in ambient air. Major studies of personal exposure to particles have found very poor 
correlations between personal exposure to fine particulate matter and ambient air particle 
concentrations and good relationships between personal exposure and indoor particulate air 
concentrations. 

This project focused on personal exposure to particulate air pollution (PM2.5) in the city of Bradford, 
which has a high incidence of certain causes of mortality/poor health. The objectives of this study 
were: to determine the distribution of personal exposure to PM2.5 in a Bradford urban population; and 
to identify the main determinants of personal exposure to PM2.5 (traffic, cooking, smoking, indoor and 
outdoor pollution levels). 

Study description 
Participants were volunteers from non-smoker workers at the University of Bradford. Their personal 
exposure to particulate matter (PM2.5) was monitored during a 48 hour period, simultaneously with 
measurements of concentrations in their offices and their homes. All subjects completed a Time–
Microenvironment–Activity–Diary (TMAD) as a questionnaire in 15 minute time segments and also 
completed a questionnaire, which covered air quality related characteristics of each subject’s 
microenvironments and some personal characteristics that related to personal exposure to particulate 
matter. 

Personal exposure, and indoor and outdoor PM2.5 concentrations were measured using the same 
equipment (personal sampling pump, PM2.5 PEM impactor with 37 mm 2 µm Teflon filter). Personal 
monitors were worn within 30 cm of the breathing zone to ensure that the sampled air represented the 
air that individuals breathed. Volunteers had to carry sampling equipment for 48 hours. Indoor home 
particle mass concentrations were measured in the living room. This fixed sampler was run 
continuously throughout the night when the volunteer stayed at home. The office PM2.5 concentration 
was measured for the normal working hours at the actual workplace of the subject. 

Results 
Results from 40 participants showed that daytime and non-work personal mean PM2.5 exposures (35.5 
and 23.6 µg/m3) were higher than corresponding indoor office and indoor home PM2.5 concentrations 
(27.3 and 19.0 µg/m3, respectively). The time weighted average personal exposure (TWA) to PM2.5 
(30.3 µg/m3) also showed a higher concentration than the PM10 concentrations measured by the 
Bradford fixed site monitor (26.3 µg/m3). Personal exposures and indoor microenvironment 
concentrations were considerably higher in winter than in summer. In contrast, fixed site PM10 
concentrations were similar in winter and summer. Univariate regression models based on log-
concentrations showed that the association between non-work personal and residential indoor PM2.5 
concentrations was stronger than that between daytime personal exposures and indoor office PM2.5 
concentrations (r = 0.62 and r = 0.53, respectively). There were weak, but statistically significant, 
correlations between personal PM2.5 exposures (daytime, non-work time and TWA) and fixed site 
PM10 levels (r = 0.31, r = 0.28, and r = 0.29, respectively). Also, there were weak but significant 
correlations between indoor office, home, and office plus home (TWA) PM2.5 and fixed site PM10 
concentrations (r = 0.30, r = 0.33, and r = 0.35, respectively). 
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A stepwise multiple regression analysis showed that the model of best fit for both indoor office and 
indoor home PM2.5 concentrations included ambient temperature during the monitoring period and 
PM10 concentrations at the fixed site. Indoor office PM2.5 concentration was the only significant 
predictor for daytime personal exposure, and indoor home PM2.5 concentrations and time spent in pubs 
were the strongest predictors for non-work personal exposure to PM2.5 concentrations. 

Discussion and conclusions 
The geometric mean personal TWA exposure to PM2.5 in this study (30.3 µg/m3) was higher than the 
mean 48-hour personal exposure in European EXPOLIS studies (24.9 µg/m3) overall. In contrast, 
indoor home and office PM2.5 concentrations showed lower levels than those reported in EXPOLIS 
studies. The EXPOLIS personal exposure (24.9 µg/m3) was lower than indoor office and home PM2.5 
concentrations (Rotko et al., 2002), in contrast to this study, in which personal exposure was higher 
than indoor office and home PM2.5 levels. One possible cause of this difference is that, while this 
study measured personal exposure in the breathing zone, the EXPOLIS studies relied on equipment 
carried by hand by volunteers. Personal exposure (TWA) and indoor home PM2.5 concentrations in 
this study (30.3 and 19.0 µg/m3) were similar to those reported by Pellizzari et al. (1999) in a large-
scale population study in Toronto (28.4 and 19 µg/m3). 

This study, like all other major personal exposure studies, showed a better correlation of personal 
exposure with indoor than outdoor concentrations (e.g. Clayton et al., 1993; Pellizzari et al., 1999; 
Kousa et al., 2002; Lia & Nieuwenhuijsen, 2003). The multiple regression analysis in this study 
indicated that time spent in a smoky pub was also a predictor of non-work personal exposure to PM2.5. 

There were weak correlations between indoor office and home PM2.5 concentrations, and fixed site 
PM10 levels, which is also comparable with the studies of Pellizzari et al. (1999) in Toronto and 
Kousa et al. (2002) and Lia & Nieuwenhuijsen (2003) in European EXPOLIS cities. However, this 
study, unlike earlier studies, which did not consider this factor, showed that there were significant 
negative effects of ambient temperature on the microenvironmental PM2.5 concentrations 
corresponding to a given fixed site concentration. One possible explanation is that opening windows 
in warm weather causes an increase in air exchange and dilution of indoor pollutants when there is an 
indoor particle source. 
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2.6 Exposure of road users to air pollution at a street 
canyon intersection (Poster) 
Kaur S, Nieuwenhuijsen M & Colvile R 
Department of Environmental Science & Technology, Faculty of Life Sciences, Imperial College London 

Background and objectives 
DAPPLE is a 4 year project funded by the UK Engineering and Physical Science Research Council 
(EPSRC) that brings together a multidisciplinary research group, from six universities (Bristol, 
Cambridge, Imperial College London, Leeds, Reading and Surrey), whose aim is to enhance 
understanding of events from emission to exposure for air pollution in the urban environment. It is 
also intended to quantify the determinants of human exposure to air pollution as sources and people 
move together through the urban environment, and thereby contribute to better planning and 
management of urban air quality taking account of requirements and opportunities to minimise 
exposure. The wider aim is to assist in the evaluation and development of appropriate decision 
support tools, to permit the development of sustainable, safer, and more pleasant cities worldwide. 

Preliminary results are presented for the PM2.5 personal exposure measurements made during the first 
field campaign in Central London between 28 April and 24 May 2003. For the most recent 
information please refer to the web site at. 

Study description 
The measurements were centred at Westminster Council House on the intersection of Marylebone 
Road and Gloucester Place in Central London, with a surrounding study area approximately 250 m in 
radius. Marylebone Road is a busy dual carriageway (A501) and forms the northern boundary of the 
London Congestion-Charging Zone. Gloucester Place is three lanes, one-way north (Baker Street is 
southbound one block to the East). The roads intersect perpendicularly and Marylebone Road is at a 
20° angle north of due east, approximately WSW–ENE. 

During the four week DAPPLE field campaign, groups of four volunteers collected data at each of the 
three timings (morning, lunch and afternoon), with the exception of the first week when additional 
early evening measurements were made at a fourth timing. They travelled along two routes via four 
modes of transport: walking; cycling; car/taxi and bus. 

The first route on Marylebone Road was circular and included the heavily trafficked area between the 
stations of Marylebone and Baker Street. The second route was a figure-of-eight circuit centred on 
Westminster Council House using Gloucester Place and back-streets to the North and South of 
Marylebone Road. The mode of transport and route followed by each volunteer at each timing was 
randomly designated. 

Personal exposure to three pollutants were measured, this included PM2.5 (using gravimetric high flow 
personal samplers developed by Adams et al., 2001), ultra-fine particle counts at 1 s resolution using 
TSI P-Traks, and 10 s CO exposure with Langan T15 CO personal monitors equipped with a Langan 
DataBear data logger. 

Results 
Preliminary analysis of PM2.5 personal exposure data indicates that mean personal exposure varies 
through the day, being lowest at lunchtime and similar in the morning and afternoon. Mean personal 
exposure was found to be higher on the Marylebone Road circuit than on the Gloucester Place and 
back-street route. 
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Examination of the mean personal exposures for the different modes of transport indicates that the 
mean personal exposure was lowest when walking, similar when cycling or using the bus, and highest 
when using the car/taxi. 

In addition, collaborative work with the Health and Safety Laboratory (HSL) resulted in the 
application in an urban pollution context of an exposure visualisation technique previously used in an 
occupational environment (Walsh et al., 2000). Individuals were videoed as they moved through the 
field study area while simultaneously measuring their personal exposure to pollutants. The HSL-
developed software displayed the synchronous video and exposure profile, allowing main factors 
affecting personal exposure to be visually identified. 

Conclusions 
At this early stage of analysis, the PM2.5 personal exposure results indicate a variation in personal 
exposure within and between transport modes, sample timings and routes. Some of these are likely to 
depend more strongly than others on the traffic flow and the weather conditions. The full data set 
when completed, for carbon monoxide and ultrafine particle number counts as well as for PM2.5, will 
be analysed in more detail to identify the determinants of exposure in a street canyon intersection 
environment. 
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2.7 Aerosol time-of-flight mass spectrometry: 
Atmospheric chemical processes and the source 
apportionment of airborne particulate matter 
Dall’Osto M1, Harrison RM1, Kinnersley RP1,3, Schofield MJ1, Beddows DCS1,4, Donovan RJ2 & Heal MR2 
1Division of Environmental Health and Risk Management, University of Birmingham 
2School of Chemistry, University of Edinburgh 
3Present address: Air Land and Water Science, Environment Agency, Solihull, West Midlands 
4Present address: Department of Physics, University of Wales, Swansea 

Background and objectives 
Health effects of aerosol particles have raised a great interest in the investigation of aerosols. Usually 
particles are measured as particulate matter mass (PM10 and PM2.5) in health related studies. Pope et 
al. (2002), for example, in the extended American Cancer Society study of the associations between 
lung cancer, cardiopulmonary mortality and exposure to fine particulate air pollution, found a 
statistically significant association between long-term exposure to fine particulate air pollution (PM2.5) 
and both cardiopulmonary and lung cancer mortality. 

A detailed knowledge of the chemical composition of particles, alongside a knowledge of their size 
and concentration, is important in apportioning the sources of particulate matter in the atmosphere, 
assessing the health problems associated with airborne particles, and understanding the influence of 
particles on atmospheric chemistry. The atmospheric particle burden is extremely diverse and 
influenced by a multitude of sources and transformation processes. 

Traditional chemical speciation is dependent on accumulation of sufficient material (often over days) 
on traps or filters and subsequent off-line analyses. The major disadvantages of such techniques are 
the low time resolution and the artefacts arising from substrate–particle reactions, particle–particle 
reactions and chemical losses of semi-volatile compounds. However, to overcome these weaknesses, 
in the past few years there has been considerable development of instrumentation capable of sizing 
and chemically characterising airborne particles in real time (Suess & Prather, 1999). The 
fundamental characteristic of those techniques remains the same, involving the continuous 
introduction of aerosol directly into the source region of a mass spectrometer. In this work an aerosol 
time-of-flight mass spectrometer (ATOFMS) was deployed (Gard et al., 1997). 

The ATOFMS is the first commercially available single particle mass spectrometer (TSI-3800) and it 
provides information on polydisperse aerosol (0.3 to 3.5 µm), acquiring precise aerodynamic diameter 
(±1%) and individual particle positive and negative mass spectral data in real time. Particles are 
sampled from the atmosphere through a nozzle and two differentially pumped skimmers, removing 
the excess gas molecules whilst collimating the particles into a narrow beam. The particles are 
detected and aerodynamically sized by two orthogonal continuous-wave argon lasers. The time taken 
for a particle to move between the lasers is monitored by a logic circuit, which controls the 
desorption/ionisation laser (Nd:YAG laser; 266 nm), therefore, firing the laser when the particle 
enters the centre source region. The positive and negative ions produced are separated by TOFMS 
with ions of different mass to charge ratios (m/z) reaching the detector at different times. 

Study description 
During June, July and August 2002 the ATOFMS was employed in a long field measurement 
campaign. Three measurement sites were chosen: (1) a road tunnel, A38, Queensway, Birmingham, 
UK; (2) a roadside (A38, Bristol Road, Birmingham, UK); and (3) a remote marine site (Mace Head 
Atmospheric Research Station, Ireland). 
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Results and discussion 
The ATOFMS is capable of measuring the size and chemical composition of individual polydisperse 
aerosol particles in real time by recording the aerodynamic diameter, and the positive and negative 
mass spectra of each particle sampled. By performing searches based only on the presence or absence 
of various m/z signals belonging to different chemical species, the ATOFMS can provide a qualitative 
description of the aerosol composition. The data analysis refers to the numbers of particles containing 
the indicated chemical species and is not related to their mass. 

(1) Road tunnel (A38, Queensway, Birmingham, UK) 
Airborne particulate matter sampled at this site resulted mainly from road traffic emissions. Such 
particles come not only from the tail pipes of vehicles, but can also be produced mechanically by the 
wearing of tyres, clutches, brake linings and road surfaces along with the corrosion of chassis, 
bodywork and other car components. Extensive laboratory characterisation of the mass spectra of 
typical urban particulate source materials has enabled particles in the smaller size fractions associated 
with long Cn

+ chains (where n >10) to be apportioned to exhaust emissions from diesel vehicles. For 
coarser particles, a dramatic difference in chemical composition was observed. Particles arising from 
road dust, tyre wear and brake dust progressively became dominant within the mass spectral patterns. 
Mineral-soil-derived particles were traced by the characteristic pattern of occurrence of sodium, 
magnesium, aluminium, potassium, calcium, titanium and iron. Characteristic features for brake 
linings were iron and iron oxide (m/z = 56 and -88, respectively) and barium and barium oxide (m/z = 
138 and 154, respectively). However, it should be noted that even though the overall composition of 
these coarser particles suggests they have been produced by mechanical means, the observation of 
PAHs shows that some coarser particles may result directly or indirectly from exhaust emissions, 
although other modes of origin are also possible. 

(2) Roadside (A38, Bristol Road, Birmingham, UK) 
Data from the Bristol Road site showed a strong influence of the road traffic signature seen in the 
Queensway Tunnel site. This was, however, modified by a greater influence of sulphate and nitrate 
particles, presumably deriving from regional transport. The coarse particle size ranges at this site 
showed a strong influence of sodium chloride, represented by peaks at m/z +81 and +83 [Na2

35Cl]+ 
and [Na2

37Cl]+. The negative spectra of the particles containing sodium chloride clusters were heavily 
dominated by the presence of nitrates and chloride containing spectra. The patterns obtained suggest 
that these are characteristic of aged sea-salt particles, where chloride has been depleted by the reaction 
between HNO3 and pure sea-salt particles. 

(3) Remote marine site (Mace Head, Ireland) 
The particles were divided into general classes based on different queries to the database, giving three 
main broad chemical classes: (a) sea salt, (b) dust and (c) carbon-containing particles (Dall’Osto et 
al., 2004). As expected, pure sea-salt represented a major source, detected when air masses were 
coming straight from the clean sector (180–250°) with increasing local wind speed (6–12 m/s1), 
reflecting the production of sea salt aerosols within the surf zone. 

Two distinct classes of dust particles were identified: Ca-rich particles and Al/SiOx-rich particles. 
Both types showed peaks for sodium, magnesium, potassium, chloride and oxygen. In addition, peaks 
for calcium and nitrate were present for Ca-rich particles. In the Al/Si-rich particles, peaks of silicate 
dominated the negative spectra. While Ca-rich particles occurred frequently, Al/SiOx-rich particles 
arose only when specific air masses from the SW arrived at Mace Head, suggesting long-range 
transport of Saharan particles, since the five-day back trajectories indicate an origin from the Azores 
high pressure region, which can draw air from North Africa. 

Of the particles classified as carbon-containing particles (TC), 67% had an aerodynamic diameter of 
less than 1 µm. They were internally mixed in different percentages with other ions: 70% with 
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ammonium, 11% with nitrate and 46% with sulphate. On inspection of single mass spectra of TC 
particles, the degree of mixing with secondary species changed remarkably with particle size. The 
average mass spectra of particles in the ranges 0.2–0.5 µm, 0.5–0.7 µm and 0.7–1 µm exhibited no 
major differences. Peaks representing carbon, potassium and sulphate dominated the positive and 
negative average spectra. However, in particles greater than 1 µm, sodium and nitrate were also 
found. Sodium and potassium were the two elements most commonly associated with carbon. Another 
element found to be associated with carbon was vanadium. It is likely that vanadium-containing 
particles from Europe originate from crude oil, whereas the wholly inorganic signature of vanadium-
containing particles coming from North America suggests a metallurgical pollution origin. 

Conclusions 
ATOFMS was used to identify several characteristic peaks that can serve as chemical markers for 
source allocation of atmospheric particles in three different sites: (1) a road tunnel, A38, Queensway, 
Birmingham, UK; (2) a roadside site, A38, Bristol Road, Birmingham, UK; and (3) a remote marine 
site, Mace Head Atmospheric Research Station, Ireland. This study demonstrates how ATOFMS can 
be used for source apportionment of particulate matter, either natural or anthropogenic, local or due to 
long-range transport. 
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2.8 High resolution microscopy for physicochemical 
characterisation of fine aerosol particulate matter 
(Poster) 
Sexton K, Bérubé K & Richards R 
Cardiff School of Biosciences, Cardiff University, Cardiff 

Background and objectives 
There is evidence to suggest that exposure to airborne particulate matter with an aerodynamic 
diameter less than 10 µm (PM10) causes acute and chronic morbidity in cardio-respiratory sensitive 
groups. These observations are based upon mass measurements of PM10 and the relative contribution 
of particle type, number and size to the health effects seen in the above-mentioned groups is 
unknown. The objective in this study was to develop and use an image analysis (IA) program to 
compare the particle morphology of heterogeneous samples of PM10 collections from the UK, New 
Zealand and Hawaii. 

Study description 
A portion of a PM10 filter sample was prepared for high resolution microscopy (field emission 
scanning electron microscopy, FESEM) to examine and identify the types of particles exactly as they 
were collected at sampling. The advantage of this technique is to provide a 3D image of particles to an 
accuracy of 5 nm and at the same time not to remove soluble materials (sulphates, nitrates, chlorides, 
etc.) that might be present. The IA routine for particle characterisation consisted of a sequence of 
operations that reduced the total information content of a complex FESEM image to a few pertinent 
measurements, for example equivalent spherical diameter (ESD). 

Results and discussion 
UK PM10 (indoor and outdoor) 
The contribution of each type of particle category to overall indoor/outdoor PM10 composition was 
determined for a UK home as a first attempt to differentiate between the indoor and outdoor 
environments. For all UK samples investigated in this study, particles (individual and aggregated) 
below 1 µm in diameter dominated the number distribution for both indoor and outdoor PM10 
samples, with most particles in the 0.3 to 0.8 µm diameter size range. A similar finding was reported 
by Kamens et al. (1991) in a study of three homes in North Carolina, USA. 

Most particles (99%) detected were classified as fine (particles between 0.2 µm and 2 µm diameter), 
and a higher proportion of these particles were detected indoors (52.03% indoor versus 47.04% 
outdoor) as shown in Table 1. This ratio of distribution was repeated for particles classified as coarse 
(particles greater than 2 µm diameter). Very few ultrafine (particles less than 0.2 µm) were measured 
and none of these were detected outdoors. 

The most prevalent particles observed in indoor and outdoor samples of PM10 were salt crystals and 
soot aggregates. 
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Table  1 Trends in PM10 size n (%) for indoor and outdoor UK PM10a 

Size range b Indoor  n (%) Outdoor n (%) Total n (%) 

Ultrafine 14 (0.02) - (-)c 14 (0.02) 
Fine 39 364 (52.03) 35 590 (47.04) 74 954 (99.07) 
Coarse 419 (0.55) 270 (0.36) 689 (0.91) 
Total 39 797 (52.6) 35 860 (47.4) 75 657 (100) 
a There is a significant difference between indoor and outdoor PM10: overall anova test, χ2 = 31.4599, p <0.0001 
b Based upon equivalent spherical diameter (ESD) 
c No measurement (-) 

New Zealand 
The contribution of each type of particle category to New Zealand wintertime PM10 was determined. 
The most common outdoor sources are wood smoke from the primary heating source and traffic 
exhaust emissions. Most particles (99%) detected were classified as ultrafine and fine. The most 
prevalent particles observed were soot and to a lesser degree salt. Daytime soot particle distribution 
was split with 40% ultrafine and 60% fine particles in the 0.1 µm–2 µm size range (Figure 1). This 
high percentage of ultrafine has only been found in Christchurch daytime samples. Night-time soot 
particle distribution had a 13% reduction of the ultrafine when compared with the daytime sample 
(Figure 2). Based on the soot size distribution, the particles sampled could be derived either from 
vehicle emissions or solid fuel combustion (wood or coal) and particles from both types of emissions 
are found in the respirable fraction (<2.5 µm). Salt particles were found in the fine range, with ESDs 
of 0.2 µm–2 µm. 

Distinct differences in particle morphology were noticed between the early morning and night-time 
filters and those collected throughout the day. The early morning and night-time particles 
agglomerated less as chains, and more as ‘clumps’, revealing a lower surface area, but larger mass and 
volume. The observation of clumps of particles on the night filters (with distinct filter pores) is similar 
to filters exposed to ETS. This similarity is not surprising in that wood smoke particles consist of a 
high percentage of aromatic compounds that include ‘sticky’ resin acids (Schauer et al., 2001). The 
presence of these aromatic products and their influence on particulate morphology is important, not 
only because of the structural differences between wood and vehicle emission particulates but also 
because of their potential biological effects. 

Figure 1a,b Characteristics of New Zealand PM10 collected in the daytime (12.25–14.25).  
a FESEM image. b Size distribution of soot particles from a Christchurch collection 

 

 

a 



24 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

 

Figure 2a,b Characteristics of New Zealand PM10 collected in the night-time (22.35–00.35).  
a FESEM image. b Size distribution of soot particles from a Christchurch collection 
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Hawaii 
The majority of residential area particles (90%) detected were classified as fine (Figure 3). Salt 
particles predominated and were in the 0.1 µm–2 µm size range (Figure 3c). The presence of these 
crystals can be explained by the nucleation of dissolved salt in ocean spray. The other dominant 
species is sulphuric acid (Chaun, 1997), of which there are two sources in this case. The first source is 
from the ocean entry, mainly in the form of methanesulphonic acid or sulphuric acid. The other 
source, which can be orders of magnitude more abundant, is sulphuric acid from the volcano; this is 
formed at the eruption of the plume from the oxidation of sulphur dioxide, which becomes hydrated as 
the plume departs from the vent. FESEM images from the volcanic emissions revealed a dendritic 
form of long crystals (Chaun et al., 1994), all larger than the 10 µm cut off (Figure 3b), therefore 
these particles were formed post-deposition. 

Figure 3a–c Characteristics of PM10 from different locations in Hawaii. a FESEM image of PM10 

from populated and residential areas (Kona waena and Pahala); b FESEM image of PM10 

from volcanic emissions; c size distribution of PM10 from Kona waena and Pahala 
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Conclusion 
The combination of the FESEM and IA techniques has made it possible to analyse complex 
heterogeneous collections of PM10 and provide quantitative data to enhance the morphological 
descriptions of the particles. IA has also allowed high sample throughput and increased validity for 
sample-to-sample comparisons owing to reduced input and subjectivity by the investigator. 
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2.9 Dust exposure in the London Underground 
Seaton A 1,2, Cherrie JW 1, Dennekamp M 2, Donaldson K 3, Tran L 1& Hurley F1 
1Institute of Occupational Medicine, Edinburgh 
2Department of Environmental and Occupational Medicine, Aberdeen University 
3ELEGI Laboratory, Edinburgh University 

Background and objectives 
For some years it has been known that the London Underground is a relatively dusty environment 
compared with conditions above ground (London Transport, 1982). Recent research has confirmed 
that there are also elevated dust concentrations in other underground railway systems (Johansson & 
Johansson, 2002; Chillrud et al., 2004). 

The present work was carried out as part of a study to assess hazards associated with exposure to dust 
in the London Underground and to provide an informed opinion, based on evidence, of the risks to 
workers and the travelling public from exposure to tunnel dust. The exposure data and the overall 
conclusions of the study are briefly outlined. 

Study description 
Measurements were made of the concentrations of dust, as mass (PM2.5) and particle number, at three 
underground stations and in train cabs. In each case measurements were made over three separate 
days. Dust concentration was assessed using direct reading instruments (Dustrak and P-Trak) and 
using conventional gravimetric samplers. The composition of the dust was analysed to determine the 
main metallic components and the proportion of quartz in the dust. Samples were also collected for 
analysis by transmission electron microscopy to assess the size distributions of the aerosol. 

These data along with information about worker activity patterns were used to estimate the likely 
maximal exposures of staff and passengers. In vitro toxicological testing was undertaken on airborne 
dusts collected using high volume PM2.5 samplers located on station platforms and the results from 
these tests were compared with data for other dusts. 

Results 
Concentrations on station platforms ranged from 270–480 µg/m3 and 14 000–29 000 particles/cm3. 
Cab concentrations over a shift averaged from 130–200 µg/m3 and 17 000–23 000/cm3. The dust 
comprised 64-71% iron oxide, 1–2% quartz and traces of other metals. The very fine particles are 
drawn underground from the surface, while the coarse dust is generated by interaction of brakes, 
wheels and rails. Taking account of exposure durations, it was estimated that drivers and station staff 
would have maximum exposures of about 200 µg/m3 (8 hour average), or 60–70 µg/m3 averaged over 
24 hours. For commuters, 2 hours spent underground per day would increase their 24 hour average 
PM2.5 exposure by approximately 17 µg/m3. 

Conclusions 
Concentrations of PM2.5 are higher underground than on the surface because of fine iron aerosol 
generated by abrasion of wheels and rails. Concentrations of ultrafine particles are lower underground 
than on the surface. Occupational exposure levels are low in comparison with the exposure limit for 
iron oxide. Based on the composition and toxicology tests, the tunnel dust was considered comparable 
to welding fume. 

Discussion 
It is unjustifiable to compare PM2.5 exposure underground with that on the surface, since the adverse 
effects of iron oxide and combustion-generated particles differ. The concentrations are well below 
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allowable workplace exposures for iron oxide and unlikely to represent a significant cumulative risk 
to health of workers or commuters. The mode of travel chosen by commuters should be on the basis 
of convenience rather than health concerns. 
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2.10 How should we respond to the public health 
challenges of fires involving asbestos? (Poster) 
Herriott N & Murray V 
Chemical Hazards and Poisons Division (London), Health Protection Agency, Guy’s and St Thomas’ NHS 
Trust, London 

Background and objectives 
Asbestos materials are frequently released into the environment when there is a structural collapse of 
a building during a fire. The local Health Protection Unit (HPU) and Environmental Health 
Practitioners (EHPs) need to work together to assess the health risk to the local community, estimate 
exposure and ensure effective clean-up of any asbestos material released. In addition media reports 
about these incidents often drive community concerns about the potential health effects of 
environmental exposure to asbestos. 

The objectives of this paper are to: 

• review incidents reported to the Chemical Hazards and Poisons Division (London) 
(CHAPD(London)); 

• examine the response of the HPU and EHPs in a number of key incidents; and 

• assess whether environmental sampling can contribute to the health risk assessment process. 

Study description and results 
The CHAPD(London) currently serves six of the nine English regions and maintains a database of 
chemical incidents for this area. From January 1998 to January 2004 they recorded 7760 chemical 
incidents; of these 769 (10%) were fires and 72 (9%) of these fires involved asbestos. 

Discussion 
The incidents where asbestos is released typically involve fires in premises with asbestos roofs; the 
roof disintegrates during the fire and chunks of asbestos material are distributed in the local area 
(Packard & Welsh, 2002; Stuart & MacDonald, 2002). The local community may be exposed to 
asbestos fibres. Additional risks are likely to occur if asbestos material is not cleaned up in a timely 
fashion. This could result in spread of asbestos by, for instance, lawnmowing fragments, driving cars 
over them and allowing dogs (and people) to walk into homes with asbestos material on their feet. All 
could lead to continuing exposure to fibres. 

It has been suggested that “any source of pollution by asbestos which releases significant amounts of 
fibres should be eliminated as soon as it is discovered using the correct equipment and techniques” 
(Hillerdal, 1999). 

Key incidents examined indicate that there is variation in the approach to managing the incident, 
doing environmental sampling and cleaning up of asbestos-containing materials (Bridgman et al., 
1999). One of the key lessons learned is that an effective risk assessment demands the ability and 
resources to do timely environmental sampling in order to understand the dispersal of the asbestos 
material, the potential public exposure and associated health impacts. 

References 
Bridgman SA (1999) Lessons learnt from a factory fire with asbestos-containing fallout. J Public Health Med, 
21, 158–165 



30 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

Hillerdal G (1999) Mesothelioma: Cases associated with non-occupational and low dose exposure. Occup 
Environ Med, 56, 505–513 

Packard D, Welch F (2002) Fire resulting in the distribution of asbestos: An example of good practice. Chem 
Incident Rep, 24, April, 3–5 

Stuart A, MacDonald P (2002) Asbestos roof fire. Chem Incident Rep, no 24, April, 2–3 

 



31 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

2.11 Air Science within the Environment Agency: 
Scope and case study (Poster) 
Stewart H1, Timmis R1 & Wilson P2 
1Environment Agency, Air Science 
2Space and Atmospheric Physics, Imperial College London 

Background and objectives 
The Environment Agency has recently reorganised the way it does science, and has created a new Air 
Science team. The team has identified a number of air science issues facing the Agency in the next 5 
years. These can be grouped under the following headings: 

• techniques to minimise releases to air from Agency-regulated processes; 

• methods to measure and predict air pollutants; 

• scientific assessment and management of local and regional air pollution impacts; 

• atmospheric amenity and quality of life; and 

• strategies for a sustainable atmosphere. 

To address these issues, the air science team will cultivate links with policy, process and other science 
groups within the Agency, and also with external bodies such as universities, the Natural Environment 
Research Council (NERC), Government, and technical centres/groups. 

Case study —  the Aire Valley, North Yorkshire 
In August 2003, the Agency received an application to vary the fuel and SO2 emissions at Drax power 
station, which is one of three coal-fired power stations in the Aire Valley, North Yorkshire. The Air 
Science team was asked to analyse recent ambient monitoring data from the valley in order to assess 
the impact on local air quality of SO2 emissions from Drax and the other stations.  

The three power stations are Drax, Eggborough and Ferrybridge. Drax was fitted with Flue Gas 
Desulphurisation (FGD) in the mid-1990s to abate its SO2 emissions, and Eggborough is currently 
(2004) being retrofitted with FGD on half its plant. Ferrybridge is not fitted with FGD.  

In order to control the impacts of coal and oil-fired power stations, operators have been required to 
develop air quality management and monitoring plans for each station. Monitoring data were 
available from 5-6 monitors (5 in 2001 and 6 in 2002) in the rural Aire Valley, and from 2-3 monitors 
(3 in 2001 and 2 in 2002) in the nearby towns of Leeds, Hull and Scunthorpe. The data from these 
monitors are reported to the Environment Agency and used by the operators at Drax, Eggborough and 
Ferrybridge to inform their management plans to achieve compliance with the Government’s air 
quality objectives by the required date. 

The objectives of the study were to: 

• assess ambient SO2 concentrations against criteria for protecting human health and the 
environment; and  

• investigate whether or not air quality impacts can be attributed to the local power stations and/or 
to other sources using directional and other methods. 
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Study description 
Comparison with air quality criteria 
Criteria for different pollutants and averaging times were compared with monitored concentrations in 
the Aire Valley. The most stringent criterion in this situation was the short-term (15-minute) Air 
Quality Strategy (AQS) objective for SO2. The study therefore emphasised this pollutant and 
averaging time. 

The AQS objective requires that 15-minute SO2 concentrations do not exceed 266 µg/m3 on more than 
35 occasions per year by 2005. To plan compliance with this, it is useful to compare the 2001/2 air 
quality situation with the objective. The probability of breaching the numerical value of the objective 
at a site was defined using the number of monitored ‘exceedence events’, that is occasions when 
concentrations exceeded 266 µg/m3. The definitions were: ‘negligible’ (<4 occasions per year), 
‘minimal’ (4-6), ‘discernible’ (7–13), ‘substantial’ (14–35) or ‘demonstrated’ (>35). 

Source identification analysis 
Directional analysis was used to try and attribute exceedence events to sources, with particular 
attention to the contributions of local power stations. Standard pollution and percentile roses were 
plotted for each monitoring site. In addition, the dependence of SO2 concentration on wind speed and 
time of day was analysed for separate directional sectors, in order to identify impacts due to high-level 
sources such as power station stacks.  

The variable trajectories of power station plumes make it necessary to attribute monitored plume 
impacts using a range of angles on either side of a power station’s bearing, that is using an ‘attribution 
angle’. The proportion of events attributed in this way depends on the size of the attribution angle. 
Angles of ±10, 15, 20 and 25 degrees were used to test sensitivity to this parameter, and exceedence 
events falling within the specified ranges were termed power station exceedence events (PSEEs). 

Further analyses 
The SO2:NOx ratios in monitoring data were analysed to see whether it was possible to distinguish 
between FGD and non-FGD power station plume impacts solely using SO2 and NOx concentration 
data.  

The possibility that ‘start up’ or ‘shut down’ periods might be important for air quality impacts was 
investigated. Here, ‘start up’ is defined as the 4 hour period following (and including) a power station 
unit load being below a threshold of 90% of the minimum stable generation at that station. ‘Shut 
down’ is defined as the 4 hour period preceding (and including) the first value below the same 
threshold.  

The relationship between SO2 impacts and dispersion conditions, as indicated by time of day, month 
of year, wind speed and cloud cover conditions, was investigated using a meteorological calendar. 

Results and discussion 
Comparison with air quality criteria 
In both years, one monitoring site in the rural Aire Valley, namely West Bank, had a ‘demonstrated’ 
probability of breaching the numerical value of the objective and three of the other rural sites had a 
‘substantial’ probability of breaching. The ‘demonstrated’ exceedence at West Bank was marginal in 
one year, but was by a factor of two in the other. 

In both years, all the monitoring sites in the nearby towns had ‘minimal’ or ‘negligible’ probabilities 
of breaching the numerical value of the objective.  
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Source identification analysis 
Most exceedence events at Aire Valley monitoring sites were attributable to local power stations. The 
results of the wind speed and time of day analyses were broadly consistent with this conclusion. The 
percentage of events attributable to local power stations was 55% for an attribution angle of ±10º, and 
increased to 80% for an attribution angle of ±20º. Increasing the attribution angle to ±25º did not 
substantially increase this percentage. An attribution angle of ±20º was used for the remainder of the 
analysis, unless otherwise stated. 

Existing SO2 monitors are mostly placed where they will receive maximum impacts from overlapping 
power station plumes. These locations are necessarily less useful for the purpose of distinguishing 
individual station contributions, so that it was often not possible to attribute exceedence events to 
individual stations. Where attribution to individual or groups of stations was possible, exceedence 
events were more attributable to Ferrybridge and Eggborough than to Drax. At the monitoring site 
where concentrations in 2001/2 were greater than the objective for 2005 (West Bank), as two-year 
means, 87% of exceedence events were attributable to the Aire power stations: 82% from Eggborough 
and Ferrybridge, and 5% from Drax. 

There was general evidence of a relatively distant source outside the Aire Valley that accounted for 
9% of exceedence events (based on an attribution angle of ±25º to account for the greater distances 
involved. A plausible source region for these impacts is the Trent/Soar valley area, which contains 
several coal-fired power stations. On this interpretation, power stations could account for ~90% of 
monitored exceedence events in the Aire Valley.  

Power stations in the Aire Valley appeared to have ‘minimal’ or ‘negligible’ impacts on air quality in 
Leeds, Hull and Scunthorpe.  

Further analyses 
Events from the FGD station (Drax) generally had lower SO2:NOx ratios than those from the non-
FGD stations (Eggborough and Ferrybridge). However, there was significant overlap between the two 
sets of ratios, so that ratio values are only indicative (rather than conclusive) evidence of the type of 
station.  

There is some evidence to suggest that exceedence events are more likely to occur during periods of 
start up or shut down at the Aire Valley power stations. Events attributable to the FGD station were up 
to ~4 times more likely to occur during periods of start up than during the year as a whole. Events 
attributable to the non-FGD stations were up to ~2 times more likely to occur during periods of shut 
down than during the year as a whole.  

There was a pronounced tendency for exceedence events monitored in the Aire Valley to occur during 
daytime in spring and summer. There were 229 events in 2001–2002, of which 123 (54%) occurred 
between 8am and 4pm in March–August, (i.e. in 17% of the year); 108 of these events were 
attributable to power stations. Similarly, 159 events (69%) occurred between 8am–8pm in March–
August, (i.e. in 25% of the year); 154 of these events were attributable to power stations.  

Conclusions 
Ambient SO2 data from monitoring sites in the rural Aire Valley in 2001/2 were compared with the 
15-minute AQS objective, which will apply from 2005. This comparison provides useful information 
for developing the management plan to achieve compliance by 2005. 

There were two occasions in the rural Aire Valley in 2001/2 where there was a ‘demonstrated’ 
probability of breaching the numerical value of the 15-minute SO2 objective. Both occasions occurred 
at West Bank, although three other sites had ‘substantial’ probabilities of breaching the numerical 
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value of the objective. In the outlying towns of Leeds, Scunthorpe and Hull there were ‘minimal’ or 
‘negligible’ probabilities of breaching.1 

Of all exceedence events in the Aire Valley, 80% were attributable to power stations in the Aire 
Valley. A further 9% may have been due to power stations in the Trent/Soar valleys. More events 
were attributable by wind direction to the non-FGD stations, Eggborough and Ferrybridge, than to the 
FGD station, Drax.  

It was not possible to use SO2:NOx ratios to separate FGD and non-FGD plume impacts 
unequivocally. 

Preliminary analysis of operational and seasonal/meteorological data suggests that the number of 
exceedence events could be reduced by targeting low-sulphur efforts towards daytime emissions in 
spring and summer, and towards periods of start up at FGD stations and shut down at non-FGD 
stations. 

When siting monitors, it is important to consider what information is needed to support air quality 
management and regulatory decisions. For example, different sites may be needed to detect (i) the 
maximum combined impact of sources, and (ii) individual source contributions and individual 
improvements in emissions.  

Corrigendum:  Figure 1 Revised conclusions panel from poster presented at meeting 

 
 
 
 
 
 
 
 
 
 
 

                                                           
1 NB Monitoring in the Aire Valley in 2003 (data not shown) has shown that the number of exceedence events 
was less than the allowance set for 2005 in the AQS objective 

 Simple geometrySimple geometry can be used to plancan be used to plan
monitoring locationsmonitoring locations from which the
contributions of individual power stations can
be identified.

 Analysis of operational and seasonal/meteorological
data suggest that one option for reducing exceedenceexceedence
events might be a targeted reduction of day time sulphurevents might be a targeted reduction of day time sulphur
emissions during the spring and summer periods.emissions during the spring and summer periods.

Conclusions
 Ambient SO2 data from monitoring sites in the rural

Aire Valley in 2001/2 were compared with the 15-minute
AQS objective, which will apply from 2005. Some sitesSome sites
had concentrations which were greater than the AQShad concentrations which were greater than the AQS
objective, or which “substantially” approached it.objective, or which “substantially” approached it.
However, more recent monitoring data for 2003 (notHowever, more recent monitoring data for 2003 (not
reported here) showed fewer exceedence events thanreported here) showed fewer exceedence events than
the allowance set in the AQS objective.the allowance set in the AQS objective.

 Of exceedence events in the Aire Valley, ~90%~90%
were attributable to power stations and ~80% towere attributable to power stations and ~80% to
AireAire Valley stations Valley stations. Of this 80%, more events were
attributable to the non-FGD stations than to the FGD
station. This suggests that the most effective way to
reduce SO2 impacts in the Valley is to reduce power
station emissions - particularly those from local non-
FGD stations.
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2.12 Potential applications of a new zonal–
multizonal indoor air quality model 
Stewart JR & Ren Z 
The QUESTOR Centre and the School of Computer Science, Queen’s University, Belfast 

Background and objectives 
The work described here is part of an on-going project to develop a practical computer model for the 
emission, concentration and dispersion of indoor air pollutants. 

There are three broad categories of models in current use: multizone, computational fluid dynamics 
(CFD) and zonal models. In multizone models, such as COMIS (Feustel, 1999), each room in a 
building is represented by a single node in a network describing the whole building. These models 
estimate air flows through links between the nodes, where links are flow paths through doorways, 
windows, cracks, ventilation ducts, etc. COMIS allows users to enter details of constant or varying 
pollutant source rates in a particular room (node) and to track the changing concentrations in other 
parts of the building as the material is dispersed. One significant weakness of multizone models is that 
they cannot be used to predict variations in air velocities, temperatures or pollutant concentrations 
within rooms. There are many practical cases where emission rates, concentrations and subsequent 
dispersion of pollutants will vary markedly with the locations of sources and room conditions. There 
has been widespread use of CFD to model conditions inside rooms. This technique can provide details 
at very fine resolution. Ongoing improvements in both CFD software and computer hardware are 
bringing CFD applications to more routine use, although significant computing power, set up and 
execution times, and user expertise are still needed. Zonal models are intermediate in scale between 
CFD and multizone models and have been applied to single rooms rather than whole buildings. A 
room is divided into a small number (tens to hundreds) of zones, each of which is modelled as if it 
contained well-mixed air. Some of the zones will contain ‘flow drivers’ such as heaters, fans or inlet 
ducts from ventilation systems. Air flows from these zones are determined by the operation of the 
‘driver’. Details have been published on the use of zonal models to predict air flows and temperatures 
(Inard et al., 1996) and pollutant distributions (Musy et al., 1999). 

The approach that has been taken is to modify a multizone model by nesting within it facilities for 
zonal modelling. This combines the ability to predict variations within rooms with the general whole-
building modelling of a multizone model. A range of source emission rate models, which take 
appropriate input parameters for air velocities, temperatures and concentrations from local rather than 
room-averaged values, was also incorporated. The strength of this new program is that it can be used 
to predict the spatial and temporal variation of pollutant concentrations and dispersion through 
buildings with relatively modest computing facilities. The popular public domain multizone model, 
COMIS, was adopted as the starting point for the project, adding the necessary functionality to it. The 
new program is called COwZ, for ‘COMIS with sub-Zones’. 

Description of COwZ 
Effective modelling of contaminant emission rates and dispersion through buildings and of occupant 
exposure will often be highly dependent on the layout and air flows in one or more critical rooms 
where the source and occupants are located. In such cases the critical room is sub-divided, using a 
Cartesian grid, into a number of discrete control volumes or cells, which have been called sub-zones. 
Within a sub-zone, temperature and concentration are represented by single average values. All other 
rooms are treated as single zones. 

Two types of sub-zone are used in COwZ: standard sub-zones and flow element sub-zones. Flow 
element sub-zones contain, or are directly influenced by, some driving force such as an inlet jet, a fan 
or a thermal plume. Specific models have been developed to describe the resulting air flow rates 
through these sub-zones (Ren, 2002). Standard sub-zones have no special driving forces within the 



36 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

zone, they are described by representative values for air temperature and pressure and typically have 
lower velocities than flow element sub-zones. Air flow rates between adjacent standard sub-zones are 
determined by the pressure difference between them. Pressures in each sub-zone are arbitrarily 
assigned by the model and do not represent the actual local pressure. The methods used to nest sub-
zones within COMIS and to implement the thermal and mass balance equations have been described 
in Ren (2002). 

The most recent development of COwZ has been the addition of facilities to model building occupants 
and their exposure to contaminants. A simple model of a person has been devised where the occupant 
acts both as an obstruction to air flow and as a source of heat (and potentially of air contaminants). 
The model may be used to estimate both exposure concentrations and occupational exposure rates. 

An example application of COwZ 
The case study presented here uses most of the important features of COwZ. A rectangular room is 
supplied with warm air via an inlet duct near the ceiling at one end. The air is exhausted via an outlet 
near the floor at the opposite end of the room (Figure 1). Data were available from experimental 
measurements of air flows and concentrations (Neilsen, 1990) and CFD modelling of occupational 
exposure (Brohus, 1997). 

Figure 1 Geometry of the ventilated room. Air is supplied at (1) located close to the ceiling, 
and is exhausted at (2) located close to the floor at the opposite end. The occupant (3) is 
located in the symmetry plane, z = 0 m (adapted from Brohus, 1997) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The empty room was modelled in two dimensions by dividing it into six horizontal and eight vertical 
sub-zones. When the occupant was present, located on the room centre line (z = 0), three dimensions 
were used, and the room was further divided into six sub-zones in the z direction. The inlet conditions 
for the test cases are as described by Nielsen (1990). The inlet velocity is 0.455 m/s, which 
corresponds to an air change rate of 10 volumes per hour. The supply air temperature is 21 °C. In the 
empty room the flow is isothermal, otherwise the only heat source is the occupant with a surface heat 
flux of 25 W/m2. A contaminant source is evenly distributed over the whole area of the floor. 
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Results 
Figure 2 shows a comparison between measurements and an analytical solution (Neilsen, 1981) and 
predicted concentrations from COwZ. The data are all for a height of 0.75 m from the floor. With this 
arrangement of inlet and outlet, the major air flow path is along the ceiling from left (the inlet) to 
right, then down the right-hand wall and out of the exhaust vent. There is a weak recirculation flow 
back along the floor from right to left and a low-flow region near the room centre. With this pattern 
there is a build up of contaminants in the lower left corner of the room. Near the left wall 
concentrations are two to three times higher than at the exhaust vent. Results from COwZ are within 
10% of measurements. 

 
Figure 2 Comparison of dimensionless concentration from COwZ, measurement and 
analytical calculation (adapted from Nielsen, 1981) at a height of 0.75 m through the 
occupied zone of the room. C is concentration in the appropriate subzone and CR is the 
concentration in the return opening of the ventilated room.  

 
 

For the second test, there is an occupant standing on the room centreline and 3 m from the left wall (at 
x = 3 m, z = 0 m). The most significant consequence of the presence of the occupant is as a heat 
source and there will be a rising warm air plume directly above the location that will interfere with the 
flow of air across the ceiling from the inlet vent. COwZ is not capable of modelling this interaction, 
so the sub-zones at and beyond the area of interaction are set to ‘standard’ rather than ‘flow element’ 
type. Figure 3 illustrates the predicted concentrations from COwZ. The lines are concentration 
contours (normalised concentration). The upward air flow from the occupant heating effect and the 
flow blocking effect modifies the air flow pattern so that there are now two recirculation regions, one 
either side of the person. The region of elevated concentration has been extended to near the 
occupant’s head. The normalised exposure concentration (Ce*), which is the concentration in the sub-
zone adjacent to the occupant’s mouth and nose is 1.9 if they face left and 1.3 if they face right. 
Brohus (1997) used CFD to model this situation and his results were 2.0 and 1.2, respectively. 
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Figure 3 Distribution of a dimensionless contaminant concentration in the vertical symmetry 
plane (z = 0 m). The floor is a planar source. The dimensionless concentration Ce* = C/CR. 
Ce* in the sub-zone adjacent to the occupants mouth and nose is 1.9 for a left-facing 
occupant and 1.3 if right facing 

Discussion 

During the development of the program a wide range of other case studies were carried out where 
output was compared with published results from experimental and modelling studies. These 
included: air flow rates and temperatures (Ren & Stewart, 2003); pollutant concentrations and 
ventilation efficiency (Stewart & Ren, 2003); source emission rates (Ren, 2002); and exposure 
concentrations and occupational exposure (Ren & Stewart, 2004). In many of these cases COwZ 
provided useful results where the output was closer to measurements than results from multizone 
models. In some cases, where the limitations of zonal models were not important, the results 
compared favourably with those from CFD modelling. 

COwZ may be used for most building types and for a wide range of applications including modelling: 

• air flows within rooms; 

• air temperatures within rooms; 

• source emission rates in rooms using local conditions prevailing at the release point; 

• concentration and dispersion of pollutants within rooms and to other rooms and the outside; 

• the effects of occupants on air flows and temperatures, and the consequences for pollutant 
concentration and dispersion; and, 

• exposure for occupants in different locations in a room or building, including cumulative exposure 
over extended periods. 

Zonal models have weaknesses, however, including a tendency to underestimate air velocities in 
standard sub-zones (Mora et al., 2003). Current research initiatives to overcome the weaknesses 
include attempts to improve zonal models (Axley, 2001) and to utilize coarse-grid CFD in place of 
zonal models (Mora et al., 2003). Plans for the further development of COwZ include: the addition of 
facilities for CFD, probably using large eddy simulation techniques; improved thermal modelling by 
incorporating a more sophisticated energy balance model; incorporating more source emission 
models; and, developing a hybrid exposure model that includes both outdoor and indoor exposure. 
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2.13 Developing a model to estimate individual 
long-term exposure to air pollutants 
Khaw F-M 1, Pearce MS 2, Charlton ME 3 & Pless-Mulloli T1 

1School of Population and Health Sciences, University of Newcastle upon Tyne 
2School of Clinical Medical Sciences, University of Newcastle upon Tyne 
3School of Geography, Politics and Sociology, University of Newcastle upon Tyne 

Background and objectives 
Introduction 
Previous studies of the health effects of chronic exposure to air pollution have often relied on poor or 
proxy estimates of long-term exposure to air pollutants. Historical air quality data were often not 
available, data from monitoring sites were averaged over wide areas, and residential histories of 
participants after enrolment into a study were not taken (Dockery et al., 1993; Pope III et al., 2002). 
In-depth long-term observations to study health effects of air pollutants require a better assessment of 
chronic exposure. 

Objectives 
The aim of this study is to develop a model for estimating cumulative exposure of individuals to air 
pollution. The initial stages are to identify and obtain the data necessary to develop such a model. 
Calculated exposures may then be used to determine the health effects of chronic exposure to air 
pollutants in a cohort of 1142 participants born in Newcastle upon Tyne in 1947, for whom detailed 
health records are available until age 15 and at age 50. 

Study description 
Data 
Historical air quality data were used to estimate individual monthly pollution levels. Data were 
available for total suspended particles (collected by deposit gauges), SO2, and black smoke reported as 
monthly averages. The quality of these data was assessed. Data on historical meteorological 
conditions, known point sources of pollution, household density and indoor fuel usage were also 
sought. The influence of these factors on measured pollution levels will be tested in the model. 

Geostatistics 
The geostatistical technique of kriging is used to calculate pollution levels for each of approximately 
12 000 grid squares of 0.01 km2 in the area of interest, using air quality data available from 
monitoring stations. 

Kriging is named after D.G. Krige, who first described this technique in the estimation of mineral ore 
content in South Africa (Krige, 1951). Applications of this technique in estimating air pollution levels 
are still in their infancy, but have shown spatial variability within metropolitan areas, suggesting 
significantly different personal exposures among individuals (Liu & Rossini, 1996). The use of 
kriging in environmental epidemiology to study health effects of exposure to air pollutants has not 
been reported. 

There are several advantages of kriging over other interpolation procedures for modelling spatial data, 
such as triangulation, moving averages, and trend surface analysis. Firstly, observations are weighted 
and are not dependent on data values. Secondly, an estimation of error is provided. Thirdly, the 
estimate of any observation is the observation itself, which is obviously relevant in the context of data 
from monitoring stations. In this way, air quality data from monitoring stations are not treated as point 
sources. 
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Newcastle Thousand Families cohort study 
The feasibility of using calculated levels of pollution was tested against participants of the Newcastle 
Thousand Families cohort study during the period 1947–1962. This cohort comprises all 1142 
children born in May and June 1947 to mothers resident in Newcastle upon Tyne, in the North-East of 
England (Spence, 1954). The study was initiated to identify factors that influenced children’s health in 
infancy. The cohort was followed up at regular intervals up to age 15 years. Residential histories of 
participants were recorded prospectively during this time. More recently, a 50 year follow-up was 
undertaken, with 574 participants returning a self-completed health and lifestyle questionnaire and 
412 attending a clinical examination (Lamont et al., 1998). 

Results 
Air quality has been monitored in the United Kingdom since the early part of the 20th century. As the 
number of monitoring sites increased, so too did the frequency of reporting data. By 1947, seven 
monitors covered the conurbation of interest in this study, increasing to 26 in 1962. From 1946, the 
Department of Scientific and Industrial Research published data in a confidential monthly report, 
Atmospheric Pollution Bulletin. The paper records of air quality data from monitoring stations in 
Newcastle have been abstracted for the period 1946 to 1962 and entered into an electronic database. 
During this 16 year period, there were very few gaps in data. 

During the period 1946 to 1962, particulate matter was measured by deposit gauges and black smoke 
filters. Sulphur dioxide was measured either by a standard lead peroxide candle or net acidity of the 
air (excluding carbon dioxide) method. Monitoring stations were active from 1 to 15 years during this 
period. Figure 1 shows the periods of activity of a selection of monitoring stations in the area. 

Figure 1 Bar chart of the periods of activity of monitoring stations in Newcastle showing the 
period of monitoring and the measured pollutants 
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Although there was no consistent trend for individual stations over the 15 year period, there was up to 
a tenfold variation between monitoring sites, reflecting the geographical variation in levels of 
pollution (Figure 2). 

Figure 2 Line-plot of data from two deposit gauge monitors for particulate matter showing 
monthly variation and differences between levels at an  urban (Newcastle 3) and suburban  
site (Longbenton 1, 5 km from city centre) 

 

Full residential histories of cohort participants were obtained from written and electronic archives. 
Postcodes assigned to each place of residence were used to locate participants on a monthly ‘pollution 
grid’ with a calculated pollution level for each grid square. Participants’ residences were tracked on 
this grid at monthly intervals. In this way, cumulative exposure to pollutants was calculated for each 
participant. Figure 3 shows the distribution of monitors and participants within the area of interest. 

Conclusions 
This model describes a novel way of estimating an individual’s long-term exposure to air pollutants, 
which takes into account spatial variation in levels of air pollutants over a wide geographical area. 
Such a model depends on the availability of air quality data and residential history. Where such 
information is available, this model adds a valuable environmental component to lifecourse 
epidemiological studies. Where historical air quality data are not available, this model can be applied 
to prospective cohort studies. 

The application of the calculated estimate of individual exposure to known health outcomes of 
participants of the Newcastle Thousand Families cohort will provide a new perspective on health 
effects research on exposure to air pollutants. The developed model will serve as an invaluable tool 
for future environmental epidemiological studies. 
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Figure 3 Map of the Newcastle area showing distribution of smoke monitors and childhood 
residential location of cohort participants in the Newcastle 1000 families study 
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2.14 RUPERT — Reducing urban pollution exposure 
from road traffic and development of a new 
probabilistic model of indoor and personal 
exposure 
Bell M 1, Namdeo A 1, Chen H 1, Ashmore M 2, Terry A 2 & Dimitroulopoulou S 3 
1Institute for Transport Studies, University of Leeds 
2Dept of Geography & Environmental Science, University of Bradford 
3Environmental Engineering Centre, BRE, Watford, Herts 

Introduction 
The health effects of air pollution are related to personal exposure. However, current assessments of 
the health benefits of air pollution control policies rely on estimates of outdoor concentrations rather 
than personal exposures. This paper presents progress and preliminary results of a two-year study on 
reducing urban pollution exposure from road transport (RUPERT). The project aims to develop an 
innovative modelling framework that will simulate personal exposure frequency distributions 
(PEFDs) as a function of urban background and roadside concentrations, under different traffic 
conditions. The relationships between predicted PEFDs across a city and outdoor concentrations will 
provide a basis from which to estimate the potential health benefits of traffic measures designed to 
reduce concentrations at the roadside and urban background locations. This approach links modelling 
of roadside concentrations with the probabilistic modelling of population exposures. The modelling of 
roadside concentrations consists of two main elements, namely analysis of concentration patterns at 
different roadside sites and the use of neural networks to derive the relationship between traffic 
conditions and added roadside pollution. The exposure modelling has been carried out by linking two 
models: the INDAIR model, which probabilistically simulates diurnal profiles of air pollutant 
concentrations in a range of indoor microenvironments, and the EXPAIR model, which simulates 
population exposure patterns based on population time-activity patterns and a library of 
microenvironmental concentrations derived from the INDAIR model. Each of these models has been 
re-designed, and in the case of INDAIR, completely re-coded, to provide a new and flexible approach 
to modelling population exposures across a city network with different traffic conditions. This paper 
elaborates on the roadside concentration models and presents the components of an integrated tool 
capable of estimating the impact of urban traffic on exposure. 

Modelling of roadside concentrations 
Analysis of roadside pollution concentration 
A comprehensive statistical analysis of roadside pollution data has been completed. The analysis 
focused on air quality data from Leicester. The Leicester data set consists of data from the AURN 
(automated urban and rural network) site, 13 RPMs (roadside pollution monitors) and seven air 
quality monitoring stations maintained by Leicester City Council. Data collected at 1 minute intervals 
was analysed for the year 2001 to give 15 minute and 5 minute averaged diurnal, weekly, seasonal 
and yearly profiles of CO and NO2 concentrations. 

Relationship between traffic conditions and roadside pollution 
In order to develop a more fundamental understanding of the relationships between, and relative 
importance of, traffic characteristics, for example flow, delay, stops, congestion, on diurnal variations 
in the levels of roadside pollutants, it was necessary to combine meteorological and traffic data and to 
adopt a different statistical approach. Novel statistics and artificial neural networks, namely feed 
forward neural network and radial basis neural network, were used to estimate roadside CO and NO2 
concentrations near a road intersection, making use of traffic and meteorological data available from 
the Instrumented City facility. The results demonstrated that the neural networks captured well the 
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relationship between pollutant concentrations and local traffic characteristics and meteorological 
conditions. It was shown that the neural network explained about 77% and 65% of the variations in 
CO and NO2 concentrations, respectively. The results also showed that meteorological data have the 
most influence, and congestion and delay parameters have the least influence, in explaining the 
variation in concentrations. This seems counterintuitive. However, given that flow, delay, stops and 
congestion are to a lesser or greater extent auto-correlated, this result suggests that it is flow and stops 
rather than congestion and delay that are of highest importance. 

A generic approach was developed to allow the neural networks derived at the selected study site to 
be transferable to other sites, regardless of the topologies of intersections in urban areas. In order to 
achieve this, it was necessary to aggregate for inbound and outbound links, on each arm of the 
junction, the flow, stops and delay to produce 6 input variables based on the traffic data, together with 
three meteorological parameters. This result was very encouraging, resulting in a neural network with 
a performance very similar to that with 31 input variables. It is clear from the analysis that the neural 
network is less effective at predicting the higher levels of pollutants. 

As a result of the statistical approach described above, the descriptions of pollutant concentrations at 
the roadside can be modelled to capture within day and yearly variations created by traffic and/or 
meteorological conditions on all the links in the demand-responsive control regions. 

Exposure modelling 
Development of INDAIR-2 model 
The earlier version of the INDAIR/EXPAIR model was designed to simulate indoor concentrations 
and personal exposures at specific locations, using an assumed and fixed activity pattern, in terms of 
smoking and cooking and was unable to accommodate time-varying activity patterns within a 
population. In the RUPERT project, a more flexible version of the model has now been designed and 
parameterised to address this shortfall. The new INDAIR-2 model predicts the frequency distribution 
of concentrations in each microenvironment as a function of the outdoor concentration and four 
regression coefficients. Two of these coefficients define the relationship between indoor and outdoor 
concentrations in the absence of any significant indoor source, on the basis of log-transformed 
variables. The remaining two coefficients describe the incremental effect of differing activities, 
appropriate to each microenvironment, on the modelled concentrations. Each coefficient is defined as 
a probability density function, while the input concentrations are defined as log-normal distributions 
for the appropriate road category. The INDAIR code allows the values of these coefficients to be 
varied over the course of the day, to reflect different levels of activity, hence providing a more 
flexible modelling tool. 

Development of the EXPAIR-2 model 
The previous version of the EXPAIR model took outdoor concentrations from a single site, typically 
from the appropriate AURN site. The data were used to simulate population exposures from 
appropriate time–activity data. However, this approach assumed that all microenvironments (homes, 
schools, offices, etc.) have the same outdoor concentration, which is clearly inappropriate for complex 
urban environments. In the RUPERT project, the EXPAIR model has been modified to allow 
simulations to be undertaken based on simultaneous outdoor concentration frequency distributions 
representing four types of road traffic environments, instead of a single location. This demands a 
further input data-stream namely the proportion of the locations for each generic microenvironment 
that is linked to the four types of traffic environments for any particular city. 

For the RUPERT project, the proportion of all road links that belong to each of the four types of 
traffic environments was identified for Leicester using a K-means statistical analysis of traffic data. 
Two independent data sets were considered. The first was the hourly levels of traffic flow, delay, 
stops and congestion measured throughout the year 2001 for the 323 links across Leicester’s demand-
responsive control system. The second set of data was the modelled flow and speed for the 4353 links 
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available from the Leicestershire County Council strategic transportation model. The two sets of four 
families of road/link types were then benchmarked using those links in Leicester where RPM 
pollutant concentrations were measured. Each distribution of pollutant concentration was then 
assigned to each of the four types of road traffic environments. Population time–activity profiles for 
the EXPAIR model are already available for children, home workers, office workers and elderly 
people, based on UK census data and a national survey of personal activity. 

The next step of this work is to use the enhanced INDAIR-2 and EXPAIR-2 together with the rich 
statistics derived from the analysis of measured pollutant concentrations and traffic data to derive the 
PEFDs for typical activity patterns and indoor/outdoor microenvironments. 

Conclusions 
This paper has described the methodological approach to the development of a tool that will play an 
important role in understanding the health impact of traffic-related air pollution and identifying ways 
of reducing personal exposure. Fundamental to this approach has been the statistical analysis of 
comprehensive data sets of measured roadside pollutant concentrations of CO and NO2. These data 
were available from the Instrumented City database for the city of Leicester. A conventional statistical 
analysis of the measured data provided the 15 minute diurnal profile averaged over the year. Using 
neural networks, the analysis of variation in hourly roadside concentrations from day to day over the 
year has been used to predict pollution distributions for the links without roadside monitoring using 
traffic and meteorological conditions. The INDAIR model has been substantially recoded to define 
the relationship between indoor and outdoor concentrations in the absence of any significant indoor 
source, and to use time-profiles of activities linked to indoor pollution sources across the modelled 
population to simulate microenvironmental concentrations. The EXPAIR model has been enhanced to 
allow four types of road traffic environments to be modelled rather than a single one. This requires 
additional data on the proportion of all links for each of the flow types of roadside location in the 
modelled city. This has been derived for Leicester City urban area by the K-means statistical method 
on two independent traffic datasets. 

The next step in the RUPERT project is to link the different models and data sets together, to predict 
the effects of changes in traffic management on the distribution of personal exposures, and finally to 
assess the effectiveness of this new approach as a tool for quantifying the impact of traffic 
management on personal exposure. 
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2.15 LANTERN — Leeds health, air pollution, noise, 
traffic and emissions research network (Poster) 
Bell M, Tomlin A, Seakins P, Kale G, Watson A, Andrews G, Routledge M, Tate J & Goodman P 
Institute for Transport Studies, University of Leeds 

Introduction 
Road traffic is one of the largest sources of atmospheric pollutants and urban noise. The LANTERN 
programme of research has been made possible by a £4 million EPSRC Joint Infrastructure 
investment in equipment, to enhance and extend existing research facilities. These will allow six 
Departments of the University of Leeds, as well as partners outside of the University to embark on 
integrated research programmes. 

A sample of the spectrum of research from advanced traffic modelling to in-depth studies of air 
quality in urban street canyons to gain a fundamental understanding of the impact of exposure to 
traffic pollution on health is described. This will result in better informed policy decisions that will 
affect the whole population. 

Platform Grant 1 (Institute for Transport Studies, ITS; Energy and 
Resources Research Institute, ERRI) 
The LANTERN Platform Grant, funded by EPSRC (value £400 000), combines the fields of: 

• traffic modelling down to the individual vehicle level, incorporating data collected directly from 
on-street detectors; 

• microscopic emissions modelling of air pollutants and noise; 

• analysis of the micro-climate of urban street canyons; and  

• on-street survey campaigns to support the above. 

HEAVEN: Policy (ITS; Swedish Meteorogical and Hydrological 
Institute, SMHI; Leicester City Council) 
• The European project HEAVEN (healthier environment through the abatement of vehicle 

emissions and noise), funded by the European Union 5th Framework (value £206 000, ITS only) 
provided: 

• A common decision support system architecture for six European cities (Berlin, Leicester, Paris, 
Prague, Rome, Rotterdam); 

• An assessment of traffic demand management strategies (TDMS) in those cities based on urban 
air quality and noise; 

• In Leicester one of the TDMS studied was the effects on air pollution and noise of introducing 
new park and ride sites. 

Health and exposure (PhD projects) (ERRI, Epidemiology) 
Two PhD research projects on the size-segregated chemical composition analysis and genotoxic 
effects of urban particulate matter, funded by both the ESRC and MRC: 

• Size-distributed urban particulate samples analysed for trace metals; 
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• Results demonstrated a strong link between particle size and oxidative damage to DNA; 

• Particles below PM2.5 induce higher levels of DNA damage than larger particulates. 

RETEMM: Vehicle emissions (ITS, ERRI, Civil Engineering) 
The RETEMM (real-world traffic emissions measurement and modelling) project, recently funded by 
the EPSRC (value £400 000), aims to: 

• Assess the variability of driver behaviour using on-street instrumented probe vehicles; 

• Assess the effects on emissions using both in-vehicle sensor equipment and engine dynamometer 
testing; 

• Combine data to produce a new microscopic traffic emissions model. 

Secondary pollutants (School of Chemistry) 
High resolution analysis of spatial and temporal dependence of secondary pollutants (primarily NO2 
and formaldehyde) using mobile laboratory equipment. Measurements taken perpendicular to the A1 
near Wetherby show good correlations between model and measurements if the chemistry is taken 
into account. 

Platform Grant 2: Dispersion (ITS, ERRI) 
In addition to the work on traffic and emissions, the Platform Grant is also looking at the combination 
of micro-scale emissions data with: 

• LaGrangian particle modelling to predict pollutant dispersion patterns, including turbulence 
effects, within urban street canyons; 

• Acoustic ray tracing for the propagation of noise in street canyons. 

RUPERT: Exposure modelling (ITS, University of Bradford, BRE) 
The RUPERT (reducing urban pollution and exposure from road traffic) project, funded by the 
Department of Health (value £86 000), is developing a framework for NO2, CO and PM10 to simulate 
and assess the impact of personal exposures to roadside concentrations. 

• Modelling of frequency distributions of personal exposures (PEFDs); 

• Utilised a combination of existing traffic models, congestion assessment and probabilistic air 
pollution exposure modelling; 

• Neural networks assessed as tools to predict concentrations; 

Analysis of diurnal, day of week and seasonal pollution concentrations. 

Others 
In addition to the above, LANTERN is also supporting work on: 

Development of environment, exposure and health-related databases which enable research in fusion, 
data mining and visualisation of data using intelligent agents, Pan-European generic impact 
assessment of noise levels and mapping, uncertainty in environmental models, investigation of new 
technology and new fuels on urban pollutants and the use of mass spectrometry to detect nitro-PAH 
haemoglobin adducts. 
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2.16 A model to predict the likelihood of detecting 
fugitive odours (Poster) 
Stewart JR 
QUESTOR Centre and the School of Computer Science, Queen’s University, Belfast 

Background and objectives 
Omonos is a computer model for the dispersion of odours in air. Because the detection time for 
odours is small, typically just the few seconds needed to inhale a breath of air, a suitable model must 
be able to predict the near-instantaneous concentration of a contaminant in air. This is quite a difficult 
problem and many existing models for the dispersion of pollutants in air avoid it by making 
predictions for a longer averaging time such as ten minutes to an hour, or even longer. These longer 
averaging times often fit well with the requirements of legislation and regulation for outdoor air 
quality. 

The difficulty is caused by the rapid, random movements of turbulent air in the lower few hundred 
metres of the atmosphere. A contaminated plume from a point source, such as a chimney stack or 
vent, will be carried away by any prevailing wind. Its average direction and speed will be that of the 
average wind, but, on a time scale of a few seconds its speed and direction will vary rapidly with the 
turbulent eddy flows of the wind. Since it is not possible to predict these instantaneous changes in 
speed and direction and their effect on the concentration of pollutants in the air at any particular down 
wind receptor position, some other means of predicting what happens over short time scales is needed. 
Omonos uses a probability distribution function, together with predictions of (longer-term) mean 
concentration, fluctuation intensity and intermittency to make a prediction of the likelihood of 
detecting an odour. It therefore avoids the difficult task of predicting the highest actual instantaneous 
concentration. 

Mean concentrations observed at a fixed point arising from a long term release event or many repeats 
of shorter identical releases (ensemble releases) may vary by a factor of two or more and peak 
concentrations by a factor of ten or more. Conventional dispersion models such as the USEPA’s 
AERMOD and other models should only be used for predicting the mean concentration, not the peaks. 
The use of ‘modified’ dispersion factors or arbitrary ‘peak-to-mean’ ratios to extract information from 
mean concentration models has been shown to be unsatisfactory (Wilson, 1995). 

Figure 1 shows the kind of trace that would be obtained if the concentration of an odour, or any other 
pollutant gas with near ideal gas properties, was continuously monitored by an instrument with high 
resolution and instantaneous response time, at some fixed location downwind of the source. The trace 
is very variable and includes many periods when no pollutant is present and a few short periods when 
the concentration rises to peak values well above the time-averaged mean value (C). In this example, 
a detection threshold concentration (Cth) is shown that is substantially higher than the mean 
concentration. The instantaneous concentration sometimes exceeds this threshold for short periods. 



50 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

Figure 1 Concentration fluctuations in a water channel simulation of an elevated plume 
source. Time scale in seconds is approximately equivalent to minutes in full scale atmosphere 
(adapted from Wilson, 1995) 

 

The shape of the response trace is determined by the way in which turbulent air transports and 
disperses emissions of pollutants. Figure 2a shows a plan view of a pollutant plume emitted from a 
stack. The prevailing mean wind flow bends the initially vertical plume over into the horizontal 
direction and transports the contents downwind. The atmosphere is generally turbulent with a 
continuous size range of randomly oriented turbulent eddy currents from hundreds of metres diameter 
down to microscopic viscous scales. Eddies of different sizes are important in different ways. The 
smallest eddies act to mix the contents of the plume and to distribute material evenly in the air. Eddies 
about the same size as the plume mix ‘clean air’ into the plume and ‘dirty air’ out, causing plume 
growth. This is why the plume increases in diameter (and decreases in mean concentration) with time 
and downwind movement. 

In Figure 2b, the outer plume margins represent mean plume size and shape over a relatively long 
averaging time (15 or more minutes – and this is what conventional air dispersion models predict) 
while the smaller internal wandering plumes represent the instantaneous size and position of the 
plume at different times. Now, from the observer’s point of view, it can be seen that for much of the 
time there is no pollutant present at their location. But, occasionally, the narrow concentrated plume 
will pass directly overhead – and the observer may then experience a concentration much higher than 
the time averaged mean, but for just a few seconds. This is the pattern depicted in Figure 1 and what a 
suitable odour model must be able to predict. 
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Figure 2 a Different eddy sizes have different effects on plume mixing, growth and 
displacement. b Narrower, more concentrated meandering plumes contribute to a conical 
time-averaged profile 

 

 

 

 

 

Description of the Omonos computer model 
This model uses the methods described by Wilson (1995) for point sources and has been extended, 
through work at the University’s QUESTOR Centre (Cheung 1998; Lee & Stewart 1999), to cover 
area sources and multiple sources. 

Omonos takes a range of input data relating to the odour source, the odorous material being emitted, 
the atmospheric conditions and the receptor positions of interest, and determines the mean 
concentration at each receptor position. This mean concentration data is used as input to a probability 
model based on an enhanced version of Wilson’s plume meandering model. An estimate of the 
probability of exceeding the odour detection threshold is given based on four input parameters: 

• the concentration fluctuation intensity (i), which is the ratio of the standard deviation of the 
instantaneous concentration to the time-averaged mean concentration (including zero 
concentration intervals) and is estimated from a meandering plume fluctuation model; 

• the conditional in-plume fluctuation intensity (ip), which is defined by the standard deviation and 
mean of the non-zero concentrations; 

• the intermittency factor (γ), which is the fraction of time that non-zero concentrations occur in a 
time series and is calculated from an exact algebraic relation between i and ip; and 

• a suitable probability distribution for non-zero concentrations (the log-normal distribution 
recommended by Wilson is used). 

Other parameters such as release height and source size have important effects and these are also 
accounted for in the model. Predicting instantaneous concentrations is much more difficult than 
predicting the probability of exceeding some given detection threshold. Omonos can only be used for 
probability estimates. The program runs under the Windows operating system on a PC and includes 
facilities for data entry, storing input and output data, graphical and textual presentation of results and 
user help files. 

Results 
Fluctuation intensity and intermittency vary with source size, source elevation, degree of air 
turbulence, cross wind and down wind distance (or travel time). The consequence is that the 
probability of detection also varies with these parameters. Figure 3 shows plots from Omonos for 
down wind (a) and cross wind (b) probabilities of exceeding a threshold of 0.001 g/m3 from a small, 
elevated point source with an emission rate of 10 g/s for different atmospheric conditions (B, D and E 
are Pasquill-Gifford categories for turbulent, neutral and stable air). In this case, the curves are similar 
in shape to those that would be obtained for longer term mean concentration, but the location of peak 

Time = t1

Time = t2
Observer

Plume edge

a b
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probabilities is further from the source than the peak mean concentration and the probability values 
decrease more rapidly after the position of the peak value. 

Figure 3a,b Down wind (a) and cross wind (b) probabilities of exceeding a concentration of 
0.001 g/m3 from an elevated point source with emission rate of 10 g/s for different 
atmospheric conditions 

 

The probabilities can be interpreted either as the fraction of time over which the threshold 
concentration will be exceeded, or, for multiple independent sample events, the fraction of samples 
above the threshold. 

Discussion 
The provision of a standalone, relatively easily used program for the prediction of probabilities of 
detection of odours downwind of their source is intended to make a contribution to the difficult 
problem of analysing odour releases, mitigating their effects and regulating emissions. There is a 
natural tendency to discuss odours and odour problems in the same terms as other air pollution issues. 
It might be assumed reasonable to talk of maximum allowable concentrations at receptor positions. 
However, for odours it would then be necessary to set the maximum allowable concentration at the 
source to be below the odour detection threshold – otherwise there will always be some, perhaps very 
small, probability that ‘undiluted’ odour from the source would reach a receptor. 

The use of probabilities to express the likelihood of exceeding a threshold is more appropriate for 
odour problems. This approach has become familiar from its use for other air contaminants where 
regulations or guidelines use percentile values. 

In its current form Omonos may be used to predict probabilities of detection at a number of down 
wind and cross wind receptor positions either for one particular set of atmospheric conditions or to 
establish a worst-case situation using a set of ‘screening’ conditions that cover a wide range of 
possible atmospheric conditions. 

The publication IPPC H4 (Environment Agency, 2002), the UK Government’s Horizontal Guidance 
for Odour sets out current best practice and indicates some of the requirements for adequate odour 
models. Planned modifications to Omonos will allow the program to import files of long term hourly 
meteorological data, or summaries of longer term data, and to use these data to provide probabilities 
of detection over longer periods. Also, since many odour sources are both intermittent and of variable 
intensity, it is intended to allow users to input some kind of release timetable. Taken together, these 
facilities will add to the value of Omonos as a predictive tool and address some of the requirements in 
IPPC H4. 
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3 Air quality in Europe 

3.1 Systematic review of health aspects of air 
quality in Europe and its implications for research 
Krzyzanowski M & Schneider J 
WHO European Centre for Environment and Health, Bonn Office 

Background and objectives 
The European Commission (EC) is developing a thematic strategy on Clean Air for Europe (CAFE), 
which will be published in mid-2005 and will provide the foundation for European policies on clean 
air for the next decades. It is based on the most recent and relevant scientific evidence with the aim of 
effective prevention and reduction of adverse impacts of air pollution on health and the environment. 
The WHO project Systematic Review of Health Aspects of Air Quality in Europe, implemented in 
2002–2004 with the support of the EC, represented a systematic, independent review of the scientific 
evidence generated in recent years. The review concentrated on particulate matter (PM), ozone and 
nitrogen dioxide (NO2), but also addressed other relevant pollutants. It included a special review on 
impacts of air pollution on children’s health. Overall, more than 50 scientists from Europe and North 
America contributed to the review as members of the Scientific Advisory Committee, authors of the 
background papers, reviewers and members of the WHO Working Groups. 

The work focused on answering a set of questions formulated by the EC and considered as essential 
for the development of the CAFE strategy. Based on a review of recent research, groups of invited 
authors prepared background documents, which were used to formulate the answers to the questions 
and short rationales. After broad external review, the final text of the answers was agreed by meetings 
of WHO Working Groups, which also provided inputs to the final version of the rationale. The review 
concluded that the body of evidence on health effects of air pollution at levels currently common in 
Europe has strengthened considerably over the past few years; both epidemiological and toxicological 
evidence has contributed to this strengthening; the latter provides new insights into possible 
mechanisms for the hazardous effects of air pollutants on human health and complements the large 
body of epidemiological evidence. The evidence is sufficient to recommend strongly further policy 
action to reduce levels of air pollutants including PM, NO2 and ozone. It is reasonable to assume that 
a reduction in air pollution will lead to considerable health benefits. The present assessment represents 
the state-of-the-art understanding of the existing science. Even though the evidence on the 
relationship between exposure to different air pollutants and health effects has increased dramatically 
over the past few years, there are still uncertainties and considerable gaps in knowledge. These gaps 
can only be reduced by targeted scientific research. Areas where such research is needed include: 
exposure assessment; dosimetry; toxicity of different components; mechanisms of injury; susceptible 
groups, effects of mixtures versus single substances, etc. 

The results of the review are published as WHO documents and available on the WHO Web page 
(http://www.euro.who.int/air) and have been submitted to the CAFE programme for further 
application in the policy-making process. 
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4 Mechanisms of toxicity 

4.1 1950s London Black Smoke: Reason(s) for 
lethality 
Richards RJ, Sexton K, Maynard RL & Whittaker AG 
School of Biosciences, Cardiff University, Cardiff 
Department of Health, Skipton House, London 

Background and objectives 
Black smoke samples collected in London between 1955 and 1962 were examined for 
physicochemical properties and oxidative potential. Comparisons were made with present-day (2001) 
London particulate matter (PM) collections. Specific attention was focussed on the metal components 
to see whether their presence was linked with oxidative damage induced by whole particulate samples 
or water-soluble fractions containing (bioavailable) metal components. Earlier studies have shown 
that the most bioreactive component(s) of ambient PM is found in a water-soluble fraction that will 
induce damage in the lung (Adamson et al., 1999) or in primary alveolar cells (Reynolds et al., 2000) 
and DNA scission (Greenwell et al., 2002). Bioavailable metal components may not reside for long 
periods in the lung as they are likely to translocate rapidly into the pulmonary circulation. Thus, they 
will readily pass to the heart and a further objective of the present study was to examine changes in 
stress gene expression in the rat heart once water-soluble black smoke fractions, containing 
bioavailable metals, were delivered to the lung. 

Study description 
Archived London black smoke samples (Jan and Oct 1955, Dec 1958, Jan 1959, Dec 1962) and a 
present-day London sample (Jan 2001) were characterised using high resolution scanning microscopy. 
Whole samples were processed by inductively coupled plasma mass spectrometry (ICP-MS) to 
determine metal composition. Similar ICP-MS studies were carried out on supernatant fractions of 
PM once the particles had been washed in HPLC grade water and then centrifuged to pellet the 
durable (non-water-soluble) dust. Such supernatant samples were designated as water-soluble 
fractions of PM. Whole PM and water-soluble fractions were tested for oxidative capacity using the 
plasmid assay, a semi-quantitative measurement of DNA relaxation and linearization (Greenwell et 
al., 2002). Comparisons were made between the mass of PM sample required to produce 20% damage 
(Toxic Dose 20, TD20) to the plasmid DNA. ICP-MS studies concentrated on the measurement of Al, 
Fe, Zn, Cu, Co, Mn, As, Pb and V, as all of these metals are potentially bioreactive. Comparisons 
were made between total and individual metal levels of whole PM or the water-soluble fraction and 
oxidative potential in the plasmid assay. Deductions were also carried out on the likely human 
exposure to bioavailable metals during the 1950’s smogs compared with the present day. Rats 
received a non-invasive lung instillation of the water-soluble fraction derived from 10 mg mass of 
London Dec 1958 PM. Four and one half hours later the heart was immediately frozen after animal 
sacrifice and stored at –80 °C. RNA was purified from the heart and reverse transcribed into 32P-
labelled cDNA. Gene expression was detected by phosphoimaging using ATLAS cDNA stress arrays 
(207 genes) and Image software. Only genes with a fivefold difference between sham- and PM-treated 
animal hearts were considered to be up- or down-regulated. 

Results 
High-resolution micrographs of historic black smoke samples showed that these were rich in 
aggregates of approximately 50 nm carbonaceous particles mixed with metal spheres, salts and fly ash 
(Whittaker, 2003). Modern-day samples were predominantly 30–50 nm carbonaceous particle 
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aggregates with noticeably less fly ash but with more salts (NaCl, gypsum) than the historical 
samples. ICP-MS analysis showed that all five samples of 1955–1962 black smoke contained a 
variable and individual spectrum of metal components (Table 1). Al, Mg and Zn proved difficult to 
measure for most samples as these metals were found to be contaminants of the glass fibre collection 
filter used at the time. In order to determine the source of bioreactivity within the London samples 
(including the present day) the various chemical components of the PM were plotted against TD20 
values from the plasmid assay (mass of whole or equivalent mass of soluble fractions). No connection 
could be found between the TD20 and the levels of chloride, nitrate and sulphate determined by ion 
chromatography. Similarly, the total metal content from the whole fraction (omitting Zn and Al) or 
any individual metal provided no correlation between mass of material used and bioreactivity in the 
plasmid assay. However, when the total metal content (omitting Zn and Al) of the soluble fraction 
was plotted against TD20 of the plasmid assay a clear relationship between oxidative potential and 
bioavailable metal content was observed. Each metal was investigated separately to determine which 
of the soluble fraction components were responsible for the activity. Soluble Fe, Cu and V and 
probably Pb and Zn all appear to influence bioreactivity with As, Co and Mn being without effect. 
Four and one half hours following rat lung instillation of the water-soluble fraction of Dec 1958 black 
smoke, 29 genes were altered in the heart compared with animals receiving a sham instillation 
(vehicle only). Eleven genes were up-regulated, most of which were involved in xenobiotic 
metabolism. Eighteen genes were down-regulated and most of these were involved in DNA repair 
processes. 

Conclusions and discussion 
Electron microscopy studies show that past and present-day London ambient aerosols are composed 
mostly of aggregates of carbon-rich particles. Present-day samples seem to have more salt and 
gypsum, which may explain why as much as 80% of the mass of the sample is water soluble. In 
contrast only 10% of the mass of the historical Dec 1958 black smoke sample was found to be water 
soluble. Past and present whole and water-soluble PM contains varying amounts of total and 
individual metal components. However, in this study a link was established between total water-
soluble metal content and oxidative potential of the PM sample in a simple plasmid assay. The same 
correlation held well for the individual soluble metals Fe, Cu and V. For further information on these 
and other metal reactivities in the plasmid assay the reader is referred to the work of Merolla et al. 
(see Section 4.2). From the ICP-MS data and knowledge of the mass exposure to past and present PM 
aerosols it is possible to calculate the likely human individual inhaled intake of bioavailable metals in 
London today and during the 1950’s smogs. Present PM levels in London may reach 35 µg/m3 per 
day and contain approximately 0.5 µg/m3 of water-soluble metals. An individual takes in 
approximately 15 m3 of air per day and thus potentially 7.5 µg of bioavailable metal. During the 
London smogs the ambient mass levels approached 7000 µg/m3 with a water-soluble metal content of 
97 µg/m3. This would lead to a potential intake for an individual of 1450 µg/day. With smogs lasting 
one to three days this burden of highly reactive metals may well have overcome lung defences and 
explained increases in mortality and morbidity. Alternatively the translocation from lung of such large 
quantities of water-soluble metals may have had an effect on the heart. Within this study, instillation 
of the water-soluble London 1958 PM fraction caused rapid up-regulation of xenobiotic metabolism 
genes and down-regulation of DNA repair genes in the heart. It is unclear whether such changes 
formed part of a protective system or were detrimental. It is also not proven that the bioavailable 
metals in this sample were the only cause of such changes. Nevertheless, the toxicity of metals, their 
clinical manifestations and role in disease processes have been recognised for some time (Louria et 
al., 1972). In addition, water-soluble metal components from ambient aerosols have been shown to 
induce damage in acellular systems (Greenwell et al., 2002), and in primary lung cells (Reynolds et 
al., 2000); to increase mouse (Adamson et al., 1999) and rat lung permeability (Dye et al., 2001); to 
alter heart gene expression following lung deposition (Whittaker, 2003); and to produce significant 
alterations in cardiac autonomic function (Magari et al., 2002). Further studies have shown that metal 
cation removal from Utah Valley ambient aerosols is associated with an attenuation of cellular 
responses in vitro (Molinelli et al., 2002). The conclusion drawn from this study and the other 
investigations is that high quantities of metals, made readily available by foggy, humid conditions 
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together with sulphuric acid (sulphur dioxide) solvation from carbon-rich historical London PM, were 
responsible for the excess deaths and morbidity seen during smogs. 

Table 1 Total and individual metal components (ppm) in whole and water- soluble fractions 
of London black smokes (1955–1962) and present-day (2001) PM compared with bioreactivity 
observed in the plasmid scission assay (TD20)  

Sample Fe Zn Cu Co Mn As Pb V Totala Plasmid 
assayb 

Whole 
Jan 
1955 

19 294 c 795 34 508 399 4924 444 26 398 500 

Oct 
1955 

10 489 c 1504 16 244 294 4651 228 17 426 103 

Dec 
1958 

4836 2308 nd 14 338 255 4109 1080 10 632 73 

Jan 
1959 

6767 2795 nd 22 383 322 3386 700 11 580 169 

Dec 
1962 

8066 c 477 17 190 320 9971 691 19 732 100 

 
Jan 
2001 

16 382 1496 557 1 388 32 434 59 17 853 28 

 
Water-soluble fraction 
Jan 
1955 

nd c 69 6 177 17 209 47 525 548 

Oct 
1955 

165 c 282 5 120 31 498 28 1129 147 

Dec 
1958 

999 1291 59 7 168 21 553 282 2089 66 

Jan 
1959 

229 1269 23 6 173 30 139 80 680 370 

Dec 
1962 

nr nr nr nr nr nr nr nr nr nr 

 
Jan 
2001 

977 2442 762 3 219 40 296 154 2451 69 

nd, not detected; nr, not recorded 
a Total metals exclude Zn and Al 
b Values for the plasmid assay are given as µg/ml of whole sample or as equivalent mass for water-soluble samples 
c Cannot be recorded because of collection filter saturation 
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4.2 Oxidative capacity of soluble metals in UK PM10 
Merolla L, Moreno T & Richards RJ 
Cardiff School of Biosciences, Cardiff University 

Background and objectives 
Health effects of ambient Particulate Matter (PM) are commonly associated with metal ion content, 
particularly samples rich in bioavailable metals such as residual oil fly ash (ROFA) (Dreher et al., 
1996, 1997) and EHC93 (Adamson et al., 1999). Research has highlighted the bioavailable fraction as 
the primary source of damage in the lung. Water-soluble metals present in PM were analysed 
according to oxidation state and secondary components to elucidate their oxidative potential. 
Comparisons were drawn between individual metals in different oxidation states as well as between 
metals, with the emphasis on establishing a hierarchy of oxidative bioreactivity of metals common to 
PM. 

The bioreactivity of certain bioavailable metals present in PM is currently being considered causative 
in acute toxic effects in the lung via their ability to initiate the production of reactive oxygen species 
(ROS). Different metal ions act by individual mechanisms, producing distinct pulmonary effects 
(Johannson & Camner, 1986). Increased concentrations of iron cause acute and chronic pulmonary 
damage (Quinlan et al., 2002). Copper acts as a catalyst in the formation of ROS and catalyses 
peroxidation of membrane lipids (Chan et al., 1982). Vanadium aids in the formation of ROS via the 
reduction of molecular oxygen (Shi et al., 1996). Zinc initiates the greatest inflammatory response in 
vivo compared with other metals (Prieditis & Adamson, 2002). 

Study description 
Analysis of PM by ICP-MS was used to give an indication of the types of metals present in its water-
soluble fraction. Specific attention was focused on the more abundant metals present in a range of 
oxidation states. Water-soluble metal compounds including compounds of zinc, iron, copper and 
vanadium were individually analysed using an in vitro plasmid DNA scission assay whereby a semi-
quantative measurement of DNA relaxation and linearization was assessed (Greenwell et al., 2002). 
This was used to indicate the bioreactivity of each metal. Comparisons were made between 
concentrations of metal required to produce 50% damage (TD50) of plasmid DNA (fresh samples 
generated daily by mass of metal, not by mass of entire compound). 

Investigations were then carried out to analyse whether compounds containing the same metal 
component but alternative secondary components had differing oxidative capacities. Finally mixtures 
of metals were analysed to assess whether certain combinations of metals caused synergistic effects. 

Results 
The bioreactivity of bioavailable metals that are thought to be present in the soluble fraction of PM10 
was analysed individually using the plasmid scission assay. The data show that the most bioreactive 
metals were Fe2+, Fe3+, Cu2+ and VO2+ (VIV). Lead, As3+ (in the form of arsenite), Mn2+, Zn2+ and VO3

- 
(VV) were very unreactive when compared with the previous four metals and with the bioreactivity of 
PM samples previously analysed. 

Three different copper compounds (CuSO4, CuCl2, and CuNO3) were analysed to assess whether the 
secondary component had any affect on the bioreactivity of the metal. The results show that the 
secondary components did not effect the bioreactivity of copper as the three compounds gave very 
similar TD50 values. 

Combinations of metals were then investigated to see whether certain metals had an effect on other 
metals, either increasing or decreasing bioreactivity. A mixture of zinc and copper was shown to be 
more damaging to the DNA than the total damaging effects of zinc alone and copper alone, thus 
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showing a synergistic effect. This was also true for vanadium but to a lesser extent than noted for the 
copper–zinc mixture. 

Conclusions and discussions 
The results indicate that most of the transition metals analysed were very bioreactive, with Fe2+ being 
the most bioreactive. This is consistent with the ability of iron to generate ROS including hydroxyl 
radicals via Fenton type reactions. ROS present an oxidative stress both in vitro and in vivo 
Castranova et al., 1997). On exposure to oil fly ash, which has an extremely high soluble metal 
component, in vivo radical production and neutrophilic injury occurred (Kadiiska et al., 1997). Copper 
and vanadium have also been linked to ROS formation via a Fenton type reaction (Urbanski & 
Beresewicz, 2000). 

The present study shows how important oxidation states of metals are when determining oxidative 
capacity. Comparison of oxidation states of iron, copper, and vanadium show that Fe2+ exerts a greater 
oxidative effect than Fe3+, and VO2+ (VIV) has a far greater oxidative effect than VO3

- (VV). From 
these results it shows that is important to know which oxidation states each metal is in when looking 
at bioavailable metals present in the water-soluble fraction of PM. Further work is required to 
distinguish at what oxidation states metals exist in PM under ambient conditions. 

From the results of this and previous studies zinc poses no redox threat to DNA (Williams, 1993). 
However this study has shown the ability of zinc to potentiate the effects of other redox active metals 
(particularly copper). The conclusions drawn from this study indicate that although an oxidative 
hierarchy of metals from ambient PM exists the toxic effect of PM is liable to be determined by 
combinations of these components. 
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4.3 DNA damage induced by size fractionated 
particulate components of urban air pollution 
(Poster) 
Healey K1, Lingard JNN2, Tomlin AS2, White KLM1, Wild CP1 & Routledge MN1 
1Molecular Epidemiology Unit, Centre for Epidemiology & Biostatistics, University of Leeds 
2Energy and Resources Research Institute, University of Leeds 

Background and objectives 
Both long- and short-term exposure to outdoor and traffic related pollution have been shown to 
contribute to morbidity and mortality (Kunzli et al., 2000). Exposure to ambient particulate pollution 
is of particular concern as it has been associated with increased incidence of lung cancer, 
cardiovascular disease and asthma (Pope et al., 2002; Nyberg and Pershagen, 2000). Studies in 
Copenhagen bus drivers exposed daily to urban levels of particulate pollution showed increased levels 
of DNA adducts and chromosomal aberrations (Autrup et al., 1999; Knudson et al., 1999), which are 
potential biomarkers for increased risk of cancer. 

Currently air quality standards are based on levels of PM10, which encompasses all particulate matter 
with an aerodynamic diameter less than 10 µm. More recent research, however, suggests that the 
major source of particle toxicity resides in the fine and ultrafine fractions (Donaldson et al., 1998). 
Here, fine particles are defined as particles less then 2.5 µm (PM2.5) and ultrafine particles as less than 
100 nm. Particles of 2.5–10 µm are referred to as the coarse fraction. All PM10 particles have the 
potential to deposit within the airways and exert toxic effects, but up to 90% of PM10 are less then 
1 µm and these are most likely to deposit upon the gas-exchanging surfaces of the alveoli (EPAQS, 
20002). 

In urban environments a major contributor to the levels of PM10 are diesel exhaust particles (DEPs). 
These complex particles were classified as a probable human carcinogenic risk by IARC (1989). 
DEPs comprise carbonaceous cores with hundreds of organic and inorganic compounds adsorbed to 
their surface, including polycyclic aromatic hydrocarbons (PAHs) and transition metals, both of 
which are thought to play important roles in the mediation of particle toxicity. 

It is the aim of our study to investigate some in vitro genotoxic effects of urban particulate matter 
(UPM) that has been segregated into a series of different sized fractions during collection. It has been 
suggested that smaller sized fractions of UPM may be more toxic owing to their ability to reach 
further into the respiratory tract. By investigating the induction of DNA damage in vitro it is possible 
to determine what influence the size of UPM has on such genotoxicity as a separate effect from any 
influence of size on deposition of particles in the airways in vivo. 

Study description 
Sample collection 
Size-segregated samples of UPM were collected using an 8 stage Anderson Cascade Impactor, which 
collects eight size fractions between 10 and 0.43µm (see Table 1). UPM was collected onto foil as in 
previous studies problems were encountered with quartz fibre filters. These problems related to 

                                                           
2 EPAQS (2000) Airborne Particles: What is the Appropriate Measurement on Which to Base a Standard? 
Department of the Environment, Transport and the Regions, available [22/06/04] at 
http://www.defra.gov.uk/environment/airquality/aqs/air_measure/ 
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extracting the UPM samples from the filters without also removing some of the fibres. Although the 
presence of low levels of filter fibres did not introduce significant levels of additional DNA damage, 
the presence of fibres interfered with the accurate weighing of the UPM samples. Using aluminium 
foil circles as the surface onto which the UPM was collected in the impactor, it was straightforward to 
brush the UPM from the foil, allowing accurate measurement of the mass of the UPM. This in turn 
allowed for the effects seen for different UPM size fractions to be corrected for mass, as it was 
possible to apply the same mass of the different size fractions in the experiments. Particles <0.43 µm 
were collected onto a cellulose nitrate back-up filter. Samples were collected from a roadside location 
in central Leeds where passing traffic is predominately diesel fuelled (for further details see Lingard 
et al., Section 4.4). Several batches of samples were collected, each for a minimum of 2 weeks. 

Table  1 Size ranges of samples collected in the Anderson Impactor 

Stage in impactor D50% aerodynamic diameter (µm) 

0 9.0 
1 5.8 
2 4.7 
3 3.3 
4 2.1 
5 1.1 
6 0.65 
7 0.43 
Back-up <0.43 
 

Two assays were performed using the size-segregated UPM; the single-cell gel electrophoresis 
(comet) assay and a plasmid strand break assay. For each experiment 500 µg of UPM was used in the 
comet assay and 10 µg in the plasmid strand break assay. 

Comet assay 
A549 cells, a human type II lung epithelial cell line expressing CYP 1A1, were treated with the size-
segregated samples of UPM for analysis of DNA by the comet assay. UPM was resuspended in PBS 
for use in the comet assay. Cells were exposed to UPM (250 ng/µl) in culture medium for 24 hours. 
Cell counts were performed using trypan blue dye exclusion. For comet analysis the procedure of 
Singh et al. (1988) was followed, with some minor modifications. Briefly, cells were suspended in 1% 
low melting point agarose and spread onto a microscope slide. For each sample slides were produced 
in duplicate. A coverslip was added and the slide placed on ice to allow setting of the gel. The 
coverslips were then removed and the slides placed in lysis buffer (2.5 M NaCl, 100 mM Na2EDTA, 
1% N-lauryl sarcosine, 10 mM TRIS, pH 10, 1% Triton) at 4°C for 1 hour. All subsequent stages 
were carried out under filtered red light to prevent any further damage to the DNA by UV light. Slides 
were then transferred into an electrophoresis tank containing a running buffer (300 mM NaOH, 1 mM 
EDTA, pH 13) at 4 ºC for 20 minutes. An electric current of 2 V was applied to the tank for 
16 minutes. The slides were then removed and neutralised with 400 mM TRIS-Cl, pH 7.5, for 
5 minutes and then stained with 25 µl of ethidium bromide (5 µg/µl). Coverslips were placed onto the 
gels and the slides stored at 4 ºC in a damp sealed container for up to 24 hours. Slides were viewed, 
using a fluorescent microscope, at ×500 magnification. Duplicate slides were scored with 100 cells 
being counted on each. A comet cell was defined as having a tail greater than half the length of the 
head. The number of comet cells per 100 cells counted was determined to give the comet%. 
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Plasmid strand break assay 
The plasmid, pBR322 (Northumbria Biologicals Ltd, Cramlington, Northumberland), was 
precipitated, and reconstituted in distilled water to remove all traces of EDTA, which has previously 
been shown to cause chelation of metal ions. UPM was resuspended in distilled water (2 µg/µl) and 
5 µl incubated with 5 µl pBR322 (0.2 µl/µl) for 5 hours at room temperature in complete darkness. 
Supercoiled and relaxed DNA was resolved by gel electrophoresis and visualised by ethidium 
bromide staining and UV illumination. Photographs of the gels were scanned and the bands quantified 
using Biorad QuantityOne software. The induction of strand breaks was quantified by calculating the 
proportion of supercoiled DNA remaining after the incubation. 

Results 
Comet assay 
Untreated A549 cells were used as a negative control throughout all size fractionation studies. The 
mean background level of damage in these cells was 3.6% (±0.2%). Figure 1 shows that all size 
fractions of UPM induced an increase in %comet cells as compared with the control values. Although 
there was some variation across different batches, in each case the most damage was induced by the 
fine and ultrafine fractions compared with the coarser fractions. 

Figure 1 DNA damage induced in A459 cells treated with size-segregated samples of UPM, as 
measured by the comet assay. The results shown are the average of four independently 
collected batches of UPM, with standard error. BF, back-up filter 

 

Plasmid strand break assay 
In the plasmid strand break assay, the induction of single-strand breaks in the plasmid DNA by 
reactive oxygen species converts supercoiled DNA to the relaxed form of the plasmid. Hence a 
reduction in the amount of DNA in the supercoiled form represents the induction of DNA damage in 
the form of single-strand breaks. In these experiments the same mass of particles (10 µg) was used in 
each experiment, so that only the particle size varied between treatments. Figure 2 shows that the 
amount of supercoiled DNA remaining after treatment with the size-segregated UPM was lower in the 
smaller size fractions, with the 0.43–0.65 µm fraction inducing the greatest amount of strand breaks. 



67 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

Figure 2 The induction of DNA strand breaks in the plasmid strand break assay by aqueous 
extracts of size-segregated samples of UPM. The data presented are the percentages of 
supercoiled DNA remaining after treatment. The results shown are the average of four 
independently collected batches of UPM, with standard error. BF, back-up filter 

 

Conclusions 
In the two in vitro assay systems used, the largest amount of damage was induced by UPM in the size 
fractions of <2.1 µm in diameter. In previous experiments using the plasmid assay it was not possible 
accurately to weigh the amount of UPM extracted from quartz filters (see Lingard et al., Section 4.4) 
and results had to be adjusted for mass based on the mass collected, rather than the amount extracted. 
Nevertheless, while we believe that collecting UPM on foil filters is an improvement in the 
methodology, it is encouraging to note that the previous results also showed that more damage was 
induced by the UPM in the fine fractions. 

While in the plasmid assay the induction of strand breaks is due to reactive oxygen species that are 
presumably generated from UPM-derived metal ions in aqueous solution, in the comet assay the 
damage induced may be due to both metal ion generated reactive oxygen species and DNA damage 
related to organic carcinogens such as PAHs that are also associated with the particulates. 
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4.4 A size segregated study of trace metal 
concentrations within urban particulate matter and 
their role in biological free radical activity (Poster) 
Lingard JJN1, Tomlin AS1, Healey K2, Wild CP2, Routledge MN2, Calvert C3 & Brydson R3 
1Energy and Resources Research Institute, University of Leeds 
2Molecular Epidemiology Unit, Centre for Epidemiology & Biostatistics, University of Leeds 
3Materials Research Institute, University of Leeds 

Background and objectives 
Exposure to elevated levels of roadside particulate matter from transport sources is of concern due to 
the ability of particulates to penetrate deep into the lung and deliver variable concentrations of 
potentially harmful compounds to the site of gas–blood exchange. Although air quality standards are 
based on mass concentrations of PM10, research shows that vehicle exhaust PM consists of between 
70–90% of particles, by number, with an aerodynamic diameter of <1 µm (Williams et al., 1989). 
These smaller particles can remain airborne for 10 days or longer, and whereas coarse particles 
deposit in the upper airways, PM of <0.5 µm has the ability to pass and deposit in the respiratory tract 
(QUARG, 1996). Recently concern has also grown over the role of ultrafine particles (Uf) with a 
diameter <100 nm, which are believed to provoke alveolar inflammation in susceptible individuals. 
Studies have shown that fine particles exhibit free radical activity that can cause DNA damage in vitro 
and inflammatory response in vivo. Recent evidence suggests that both chemical toxicity and particle 
size may have a role to play in leading to the observed effects. Trace metals are one source of 
chemical toxicity within PM. Due to their anthroprogenic sources, there has been much interest 
generated in the potential deleterious effects of the trace metal component of respirable particles. 
Their role could be additive or synergistic when found within Uf. It has been suggested that Uf 
particles present a relatively large particle number and surface area to the lung per unit of deposited 
mass of particles compared with larger respirable particles. This provides the opportunity for surface 
chemistry to have a profound effect, particularly free radical or transition metal-mediated Fenton 
chemistry, leading to the generation of oxidants (Donaldson et al., 1998). This previous work points 
to the need for ambient air studies resolving both particle size and possible toxic compound 
concentrations in order to study the role of particle size and metal-mediated DNA damage. 

Study description 
The aims of this study are twofold: firstly, to collect and analyse the concentration of six trace metals, 
namely Cr, Cu, Fe, Mn, Ni and Zn, in size-fractionated samples (nine samples of 0.1–10 µm) of urban 
PM10 from typical urban roadside and background sites. This allows an assessment of the size 
fractions in which these metals are predominantly found. The second aim is to link these studies to the 
generation of reactive oxygen species that may contribute to health impacts of the particulates. This is 
assessed by the ability of PM10 to induce DNA strand breakage, a measure of oxidative DNA damage, 
using the plasmid strand break assay. Samples were collected at two busy roadside and one urban 
background site in Leeds using Graseby Anderson Impactors over 11 sampling periods of 3–4 weeks. 
At the roadside sites the impactors were situated at a distance of 1 m from the road and at an elevation 
of 2 m. The two roadside sites were chosen as they have a high traffic density, carrying >25 000 
vehicles per day. The first site at Vicar Lane (Grid Ref. SE303334) is part of an open plaza and forms 
part of the Public Transport Box in Leeds City Centre. The traffic is therefore dominated by diesel-
fuelled buses, and to a lesser extent, through traffic with gasoline spark ignition (SI) engines. The 
second site, situated in Headingley (Grid Ref. SE279360), adjacent to the A660 (Otley Road), is one 
of the main arterial routes into the City with peak rush hour flows of over 3000 vehicles per hour of 
which 7% are estimated to be diesel (Clarke et al., 1996). The site is enclosed on both sides by two-
storey buildings. Both buses and heavy goods vehicles constitute the diesel vehicles found at this site. 
The third impactor was sited on the fifth floor of the Houldsworth School of Applied Science building 
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at the University of Leeds at an elevation of about 25 m (Grid Ref. SE292350). This acts as a measure 
of background concentration of trace metals found in urban PM10. 

The practical and extraction methodology has followed that laid out in Clarke et al. (1999). The 
concentrations of Cr, Cu, Fe, Mn, Ni and Zn in the samples were analysed by atomic absorption 
spectrometry (AAS). Aqueous extracts of these size-segregated samples were then used to measure 
the genotoxic effect of PM10 on DNA by the plasmid strand break assay. Six batches of gravimetric 
samples were used in the plasmid strand break assay, with three experiments performed for each 
batch. This assay detects the induction of DNA strand breaks by measuring the conversion of 
supercoiled plasmid DNA to the relaxed form produced when the DNA is nicked. Particulates were 
extracted from the filters in a final volume of 50 µl water and 5 µl was incubated with 2 µg plasmid 
DNA for 60 hours. Plasmid DNA was visualised by agarose gel electrophoresis with ethidium 
bromide staining. Supercoiled and relaxed DNA was quantified using BioRad QuantityOne Software. 

Transmission electron microscopy, scanning transmission electron microscopy and electron energy-
loss spectroscopy (TEM, STEM, EELS) have also been employed in order to determine possible 
differences in the chemical speciation and valence state of the transition metals found within the 
different size fractions. Direct collection of Uf particulates onto TEM grids has been achieved by 
placing 3 mm Cu supported holey carbon film grids onto the 36, 61, 122 and 197 nm stages (1 to 4, 
respectively) of an Electrical Low Pressure Impactor (ELPI), located on a busy, main road in Leeds. 
All particulate samples collected with the ELPI were analysed in an FEI CM200 FEGTEM fitted with 
a Gatan Imaging Filter (GIF) and an Oxford Instruments ultrathin window, energy dispersive X-ray 
(EDX) detector. Such combined analysis tools allow chemical and structural characterisation of urban 
PM10 to be determined. 

Results and discussion 
The mean, minimum and maximum concentrations of six transition metals, Cr, Cu, Fe, Mn, Ni and 
Zn, across all samples for each site are shown in Table 1, alongside the 50th percentile aerodynamic 
diameters. The table shows that significant enhancement in both mean and maximum concentrations 
occurs for all metals at the two roadside sampling sites Otley Road (OR) and Vicar Lane (VL) 
compared with those at the urban background site, the Houldsworth School (HS). This suggests 
roadside contributions from traffic-related sources and re-suspended particles due to ground level 
winds and traffic movements. Based on average concentrations, Fe was found to be the most abundant 
element across all particle size ranges, predominantly concentrated in the coarser size range of 4.7–
5.8 µm. The other elements, present at much lower concentrations, were dominant in the smaller size 
fractions. Both Cr and Ni are dominant in the finer modes, with all three sites showing that 50% by 
mass was found in the size fraction smaller than 1.1–2.1 µm. The OR site shows a particularly steep 
increase in both these metals in the finest three modes (<1.1 µm), which could be attributed to engine 
emissions from local traffic sources. 

Table 1 Minimum, maximum, average concentrations and 50th percentiles of six transition 
metals found in urban PM10 at three sites in Leeds, UK 

Transition 
metal 

Site Minimum 
concentration 
(ng/m3) 

Maximum 
concentration 
(ng/m3) 

Average 
concentration 
(ng/m3) 

50th percentile 
size range 
(µm) 

Cr OR 2 82 15 1.1 
 VL 2 55 13 2.1 
 HS 1 6 4 1.1 
Cu OR 3 59 26 4.7 
 VL 4 105 29 4.7 
 HS 1 12 7 3.3 
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Transition 
metal 

Site Minimum 
concentration 
(ng/m3) 

Maximum 
concentration 
(ng/m3) 

Average 
concentration 
(ng/m3) 

50th percentile 
size range 
(µm) 

Fe OR 200 733 344 5.8 
 VL 288 586 416 5.8 
 HS 67 675 196 4.7 
Mn OR 3 32 12 3.3 
 VL 6 19 12 4.7 
 HS 1 10 4 3.3 
Ni OR 1 62 12 1.1 
 VL 2 24 6 2.1 
 HS 2 3 2 2.1 
Zn OR 28 247 103 3.3 
 VL 32 252 106 2.1 
 HS 49 120 83 3.3 

HS, Houldsworth School of Applied Science, background; OR, Otley Road, arterial road, >3000 vehicles/hour in rush hour; 
VL, Vicar Lane, city centre, >25 000 vehicles/day 

Aqueous extracts of the size-segregated samples were used to measure a genotoxic effect of PM on 
DNA in a plasmid strand break assay. Oxygen radicals generated in solution can damage DNA to 
induce, among other lesions, single-strand breaks. When a single-strand break is introduced into 
supercoiled plasmid DNA, the DNA relaxes. Figure 1 shows that, having controlled for mass, PM 
collected in the smaller size range caused the greatest depletion of supercoiled DNA. This is 
consistent with previous work (Donaldson et al., 1996, 2000), and could be ascribed to the hydroxyl 
radical, as inhibition was achieved by the addition of mannitol, a hydroxyl radical scavenger. Previous 
work (Donaldson et al., 1996) showed that the PM10 samples contained substantial amounts of Fe3+, 
and that the inclusion in the assay of an effective iron chelator was effective in protecting against 
particulate-induced plasmid damage. The EELS analysis performed here showed that Fe and Mn are 
the main transition metals present in the Uf samples collected with the ELPI to date, and are often 
associated with O and Si (Figure 2). The valence of the Fe present is mainly Fe3+ and the Mn appears 
to be Mn2+. Transition metals are seen to occur both within agglomerations of soot particles and as 
discrete particles. They are commonly associated with S and Si. 
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Figure 1 The amount of induced DNA strand breaks for the mass of PM extracted 

 

Several explanations are possible as to how particle size may influence the observed damage. Firstly, 
as shown in Table 1 and Figure 2, several of the transition metals were concentrated in the smaller 
size fractions and therefore may form a larger fraction of the total particle mass for small particles. 
Additionally, the surface chemistry of particles may be more important than the Uf size in explaining 
its biological activity. Sub-micron particles have a larger surface area to mass ratio than coarse 
particles, with the surface area to mass ratio proportional to 1/r. This would allow for a greater surface 
of contact for any compound adsorbed on the particle for it to interact with a biological surface. In the 
case of the PM analysed in the present study this would allow any metals adsorbed on the finer 
particles a greater opportunity to pass into the extract solution, and Uf particles possibly to remain 
suspended in the extract. 

Figure 2 TEM image (a) and EDX spectrum (b) of Fe-Mn-bearing aggregate 

      

a b 
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Conclusions 
The study has shown that at urban roadside sites there is a marked increase in the concentration of Cr, 
Cu, Fe, Mn, Ni, and Zn compared with an urban background site. Fe is found at higher concentrations 
and predominantly found in the coarse mode. The other elements are typically found in the finer 
fractions, but at lower concentrations. Their presence in the finer mode at the roadside would suggest 
significant transport sources. Aqueous extracts of size-fractionated samples of urban PM10 have been 
shown to induce strand breakage in plasmid DNA, with the greatest damage caused by the sub-micron 
particles. In this assay DNA damage is almost certainly due to oxygen radicals generated in the 
aqueous solution, with metal ions being the most likely mediator of oxygen radical formation. The 
damage is believed to be a function of the greater available surface area of the smaller particles for the 
same mass and subsequent effects on surface chemistry. 

Acknowledgements 
The authors would like to thank Dave Cherry, Richard Crowther and Christopher Hill of Leeds City 
Council for their permission and assistance with the establishment of the roadside sites. J.J.N.L. and 
K.H. are funded by EPSRC and MRC PhD studentships, respectively. Work presented here was 
supported by an EPSRC JIF award to the LANTERN consortium. 

References 
Clarke, AG, Chen JM, Pipitsangchand S & Azadi-Boogar GA (1996) Vehicular particulate emissions and 
roadside air pollution. Sci Total Environ, 189/190, 417–422 

Clarke AG, Azadi-Boogar GA & Andrews GE (1999) Particle size and chemical composition of urban aerosols. 
Sci Total Environ, 235, 15–24 

Donaldson K, Beswick PH & Gilmour PS (1996) Free radical activity associated with the surface of particles: A 
unifying factor in determining biological activity? Toxicol Lett, 88, 293–298 

Donaldson K, Li XY & MacNee W (1998) Ultrafine (nanometre) particle mediated lung injury. J Aerosol Sci, 
29, 553–560 

Donaldson K, Stone V, Gilmour PS, Brown DM & MacNee W (2000) Ultrafine particles: Mechanisms of lung 
injury. Philos Trans R Soc Lond, A358, 2741–2749 

QUARG (1996) Airborne Particulate Matter in the United Kingdom, 3rd Report, HMSO, London, Quality of 
Urban Air Review Group 

Williams DJ, Milne JW & Roberts DB (1989) Particulate emissions from ‘In-Use’ vehicles, Part I — spark 
ignition engines. Atmos Environ, 23, 2639–2645 

 



74 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

4.5 The influence of PM10 composition on its 
biological activity 
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Background and objectives 
PM10 composition and adverse health effects 
Particulate air pollution (PM10) has been consistently linked with an increase in morbidity and 
mortality due to respiratory complications and cardiovascular disease (Schwartz, 1995, Pope et al., 
1999). The mechanism by which it induces such health effects has been proposed to include 
inflammation leading to exacerbation of pre-existing illness in susceptible individuals (Stone et al., 
1998; Donaldson & Macnee, 2001). 

The aim of this study was to investigate which components of PM10 are important in driving its 
biological effects. PM10 is defined as particulate matter sampled through a size selective inlet for 
particles of aerodynamic diameter 10 µm with an efficiency of 50%. Each sample contains a mixture 
of particles of varied size and composition, including primary carbonaceous particles, secondary 
soluble sulphate and nitrate particles, coarse wind-blown dust, transition metals, organic particles (e.g. 
bacteria and spores), semi-volatile organic compounds, as well as biological molecules including 
endotoxin. The composition of PM10 varies daily and according to the sampling location. 

Identifying the components of PM10 that drive inflammation 
The components of PM10 responsible for inducing biological effects remain a matter for debate. Many 
studies point to a role for transition metals that redox cycle, resulting in the production of ROS 
(Becker et al., 1996; Pope III, 1996; Donaldson et al., 1997; Quay et al., 1998). These highly 
damaging ROS induce oxidative stress, which stimulates activation of cytokine gene expression. In 
addition to metals, PM10 also contains a considerable quantity by number of ultrafine particles (less 
than 100 nm diameter) (Donaldson et al., 1999; Utell & Frampton, 2000). Insoluble ultrafine particles 
induce oxidative stress (Stone et al., 1998), leading to transcription factor activation (Brown et al., 
2004) and cytokine gene expression (Brown et al., 2002). PM10 also contains bacterially derived 
molecules such as endotoxin that have been proposed to drive PM10-induced inflammation (Becker et 
al., 1996). The secondary particulate component of PM10 is thought to be of little importance in 
driving inflammation owing to its solubility and hence rapid dissipation within the lung, as well as to 
the large pH buffering capacity of the lung lining fluid. Many studies using large doses of sulphate 
have been unable to demonstrate a consistent effect on pulmonary inflammation (e.g. Loscutoff et al., 
1985). 

Study description 
Daily Partisol Plus 2025 PM10 samples were collected for 12 months onto Teflon filters at six UK 
locations (Table 1). Source apportionment modelling (AEA Technology) was used to identify dates 
on which pollution episodes could be defined as primary, secondary or coarse episodes in order to 
compare filters with a variety of particulate composition. 
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Table 1 PM10 sampling locations 

Site OS Grid reference Classification Dominant emission source 

Marylebone Road TQ281820 Kerbside Road traffic 
North Kensington TQ240817 Urban background Mixed 
Port Talbot SS780882 Industrial background Steel industry 
Harwell SU474863 Rural Long range (power station) 
Birmingham Centre SP064868 Urban centre Mixed 
Belfast centre J339744 Urban centre Fossil fuel burning 

 
Each 24 h PM10 sample was extracted into 1 ml of sterile saline and the concentration estimated by 
turbidometry. There was a good correlation between PM10 mass on filters and the mass extracted (r2 = 
0.84). PM10 suspensions were not equalised for mass, instead extracts were instilled undiluted in order 
to represent the dose of particulate at the respective sites on the dates studied. Each PM10 sample 
(0.5 ml) was intratracheally instilled into the lungs of one rat on one occasion. After 18 hours the 
lungs were washed to obtain bronchoalveolar lavage (BAL). A differential count of BAL cells was 
used to assess inflammation. BAL fluid was analysed for total protein and the enzyme lactate 
dehydrogenase to determine the extent of lung damage. Glutathione (GSH) depletion was measured as 
a marker of oxidative stress. 

PM10 samples collected for 6 months at four of the locations using the tapered element oscillating 
microbalance (TEOM) ACCU were used to determine metal content. The metals measured were iron, 
zinc, copper, manganese, cobalt, nickel, chromium, vanadium, titanium, lead, arsenic and cadmium 
(Beverland et al., 20023). Samples were ultrasonicated for 1 hour in 7 ml ultrapure 18 MΩ water at 
room temperature, and then extracted using 7.7 ml of a 2.8:1 v/v (aqua regia) mixture of HCl and 
HNO3 acids (Aristar grade, 12 M and 15.5 M, respectively), boiled to dryness over ~20 hours and re-
suspended in dilute (2%) HNO3 acid. The metal content of extraction solutions was quantified using a 
VG Elemental PasmaQuad 3 ICP-MS. 

Results 
The percentage of neutrophils in BAL cells was raised in lungs exposed to PM10 from all sites, but 
most notably Marylebone Road and Belfast (Figure 1). However, each animal received a different 
mass dose of particulate, and when the data were re-expressed as per cent neutrophils per microgram 
PM10 instilled there was no difference in the relative inflammogenic potential of PM10 collected at all 
locations (data not shown). Plotting per cent neutrophils as a mean value per site does not demonstrate 
the variation in the data caused by the variation in PM composition. The scatter plot (Figure 2) depicts 
the neutrophil influx induced by individual PM10 samples each instilled once into a single rat lung. 
The relationship between the inflammatory response and the mass instilled did not exhibit a simple 
straight-line relationship. For example, some PM10 samples induced little or no response despite a 
relatively large mass dose, while other samples were particularly potent even at a low dose. This 
indicates that a factor other than, or in addition to, mass played a role in determining the potency of 
PM10. 

                                                           
3 Beverland IJ, Heal MR, Agius RM, Hibbs LR, Elton R & Fowler D (2002) The Metal Content of Airborne 
Particles in Edinburgh: Application to Epidemiological Research (report to DH) 
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Figure 1 Mean per cent neutrophils in BAL from lungs exposed to saline (control) and 24 hour 
PM10 samples collected from six UK sites 

 

Figure 2 Potency of individual PM10 samples in inducing neutrophil influx into rat lungs 18 hours 
after instillation. The control value (open circles) represents the average neutrophil content of 
saline instilled rats and is included for reference only. r2  =  0.431 
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Analysis of the PM10 extracts revealed that water-soluble iron dominated the metal content of PM10 
from Marylebone Road and Belfast and total water-soluble metal content was also highest for these 
two locations (Figure 3). 

Step-wise regression analysis revealed that mass dose was the strongest factor driving inflammation. 
After controlling for mass the concentration of water-soluble metal content, especially zinc, was the 
compositional factor most strongly responsible for driving biological activity including influx of 
neutrophils and concentration of MIP-2 (data not shown). These factors were followed in terms of 
importance by the primary particulate. There was no clear association between neutrophil influx, or 
any other biological end-point and the secondary or coarse components. 
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Figure 3 Mean water-soluble metal composition of PM10 samples used for instillation 
experiments 
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Discussion 
These results indicate that, of the parameters measured, mass dose of PM10 was the most important 
factor relating to induction of inflammation in the rat lung instillation model. This concurs well with 
the many epidemiological studies that indicate elevated PM10 mass to be associated with adverse 
cardiovascular and respiratory health effects. The fact that inflammation was so strongly correlated 
with mass dose suggests that a general decrease in the release of all particulates into the ambient air is 
likely to be beneficial to public health. However, expression of the results as average potency masked 
important variation between samples within each site that suggested some element of PM10 
composition was responsible for its inflammogenic effects in addition to mass dose. This became 
clear when inflammation induced by individual PM10 samples was plotted against mass instilled as 
there was not a simple linear relationship. 

A clearer picture emerged when inflammation was compared with composition. There was no distinct 
relationship with the secondary or coarse particulate content, indicating these fractions to be of little 
importance in driving inflammation. A number of previous studies have reported toxicity of metals 
and implicated them in the biological potency of ambient particulate (Carter et al., 1997; Lambert et 
al., 2000). In this study inflammation was correlated most strongly with the concentration of metals in 
the PM10 samples tested. In fact, after mass, zinc was the overriding factor driving the 
inflammogenicity of PM10. The concentration of primary particulate in a PM10 sample analysed by 
source apportionment was also found to be a major compositional factor driving inflammation. This 
finding supports and strengthens the need for efforts to limit the emissions of particulates from a 
variety of sources such as road traffic and industry. 

Conclusions 
In conclusion, the results of the in vivo study indicate that mass continues to be an appropriate metric 
by which to monitor air pollution and confirm that a reduction in particulate concentration reduces the 
potency risk. However, these results suggest that mass alone is not the only driving force behind 
PM10-induced inflammation, and that the transition metal components, including zinc are of great 
importance. 
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4.6 The role of transition metals in the inflammatory 
effects of welding fume nanoparticles: Clues to the 
systemic effects of PM10? 
Donaldson K & McNeilly J 
ELEGI Colt Laboratory, The Medical School, University of Edinburgh, Teviot Place, Edinburgh 

Background and objectives 
Worldwide, over 1 million workers are employed as welders and over 3 million perform welding 
intermittently as part of their work duties. Welding involves the fusion of metals by high temperature 
generated via an electrical arc, resulting in the formation of metal-enriched fumes that are a complex 
mixture of gases and small particulates of metal oxides formed by the vaporization and oxidation of 
metal during the welding process (Antonini, 2003). Welding is associated with increased incidence of 
respiratory illness such as bronchitis, airway irritation and chemical pneumonitis, and also impaired 
lung function (Sferlazza & Beckett, 1991). However, the most frequently described respiratory illness 
among welders is metal fume fever (MFF), which is an acute, self-limiting, systemic, febrile illness, 
caused by inhalation of high concentrations of metal oxides, primarily zinc oxide (Sferlazza & 
Beckett, 1991). Although the pathogenesis of MFF is poorly understood, allergic and immunological 
mechanisms are most frequently postulated. Cytokine networking mediated by the release of the pro-
inflammatory cytokines TNF-α and IL-8 by pulmonary macrophages causes both a local pulmonary 
inflammatory cellular response and systemic response (Blanc et al., 1993). This theory is consistent 
with evidence showing that tolerance to metal fumes develops and symptoms are not observed on 
successive days of fume exposure (Kuschner et al., 1997). 

Study description 
The pro-inflammatory effects of welding fume (WF) supplied by Dr. R. Howe of the Health and 
Safety Executive (HSE) were studied. In vitro an epithelial cell line (A549) was used as a model and 
pro-inflammatory gene expression examined. Welding fume was also instilled into rat lungs and its 
ability to cause inflammatory effects examined by bronchoalveolar lavage. A key part of the study 
was to determine whether any pro-inflammatory effects were driven by the particles or soluble 
components derived from the particles. Welding fume particles were therefore treated as shown in 
Figure 1 to derive the following different fractions: whole WF, soluble WF, soluble/chelated WF, 
washed WF particles. 

Figure 1 Treatment regimes to derive different fractions of welding fume 
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Results 
The different fractions of WF showed marked differences in their ability to cause the IL-8 release pro-
inflammatory response in epithelial cells (Figure 2). The whole and the soluble fraction had the same 
potency while the washed particles had no activity. The same pattern was seen in vivo in terms of 
ability to cause inflammation. When the soluble components were treated with chelex beads to 
remove transition metals, the ability to induce IL-8 release in vitro (Figure 3) and cause inflammation 
in vivo was abolished. The signalling pathways involved in the induction of inflammation by the 
transition metals in WF were demonstrated to involve oxidative stress, p38 MAPK kinase and NF-κB. 

Figure 2 Production of IL-8, as a percentage of control, by epithelial cells for various doses of 
welding fume (WF) fractions. Significant difference from 0 µg/ml WF: * = 0.05, ** = 0.01, 
*** = 0.001 
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Figure 3 Effect of removing transition metals with chelex treatment on the IL-8 response of 
epithelial cells to whole and soluble fractions of welding fume. *** signifies significant 
difference from the control (p < 0.001) 

 

Discussion 
Welding fume causes considerable adverse health effects and this study has helped to elucidate the 
mechanism of these effects. The WF appears to release soluble transition metals that cause cytokine 
gene expression through oxidative stress responsive pathways, as has been suggested (Taylor et al., 
2003). The WF nanoparticles themselves, once the transition metals are dissolved away, appear to 
have little biological activity. 

This study may shed light on the local and systemic effects of PM10. Parallels between the systemic 
effects of WF and PM10 were drawn by Prof. Raymond Agius 10 years ago (Agius, 1995). Many 
studies have shown that the effects of PM10 are driven by transition metals, although organics, 
nanoparticles and endotoxin may also have a role in some settings. The consequences of pulmonary 
inflammation in individuals with cardiovascular susceptibility to PM10 are very different from those 
seen in welders. Welders are, on the whole, healthy males and high exposure to transition metals can 
be assumed to release high levels of systemic cytokine that drive the pyrogenic response typical of 
MFF. 

In contrast, exposure to transition metal or other inflammogenic components of PM10 in susceptible 
individuals in the general population may be associated with a pyrogenic cytokine response and 
effects of transition metals and PM on rat thermoregulation have been extensively described (Campen 
et al., 2001). However, in susceptible individuals the circulating cytokines have a number of targets 
other than the brain on which they can impact (Figure 4). It may be assumed that the targets for these 
hormones are the susceptible heart and vascular wall. Effects on atheromatous plaques and on nerve 
signals to the heart, in combination with effects on the mechanism of thrombogenesis, may conspire 
to produce cardiovascular death or hospitalisation. The hypothesis has recently been advanced that the 
ability to restore homeostasis, for example body temperature, after exposure to air pollution is a 
marker for those at risk from associated death (Frank & Tankersley, 2002). A likely explanation for 
this is enhancement of the local pyrogenic (TNF-α and IL-1) response in susceptible individuals and 
precipitation of adverse cardiovascular events via the systemic targets of this elevated cytokine 
response (Figure 4). 
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Figure 4 Hypothetical targets for increased plasma cytokine in a welder (left) and a person 
susceptible to PM10 (right). In the healthy welder the hypothalamus is the main target for 
increased pyrogenic cytokines caused by lung inflammation. In the person susceptible to 
PM, the cardiovascular system has a number of targets for these cytokines 

 

IL-1, interleukin-1; PGE-2, prostaglandin-2; TNF-α, tumour necrosis factor-α 

Conclusions 
It can be concluded that WF has pro-inflammatory effects via the transition metals that are present 
and that are mobilised in lung lining fluid following deposition. IL-8 production by A549 epithelial 
cells proved to be a reliable model for the ability of the WF fractions to cause inflammation in the rat 
lung and the involvement of NF-κB and AP-1 signalling pathways were confirmed in vivo. 
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4.7 Uptake of fine and ultrafine particles by human 
alveolar Type II cells (Poster) 
Kemp SJ1, Maynard RL2, Goldstraw P1 & Tetley TD1 

1Lung Cell Biology, National Heart & Lung Institute, Imperial College London 
2Department of Health, London 

Background and objectives 
Numerous epidemiological studies have shown that peaks in air pollution by particulate matter are 
associated with increased morbidity and mortality, from both respiratory and cardiovascular disease 
(Dockery, 2001). The mechanism responsible for the cardiovascular effects is not known but it has 
been suggested that the particles could induce the release of inflammatory factors by lung cells, which 
then enter the circulation, or that the particles themselves may enter the bloodstream by translocating 
across the lung tissue into the circulation. Nemmar and co-workers have demonstrated the passage of 
intratracheally instilled ultrafine particles from the lung into the systemic circulation of hamsters 
(Nemmar et al., 2001). In addition, in humans who have been exposed to labelled ultrafine particles, a 
small proportion could be identified in the systemic circulation (Nemmar et al., 2002). Little is known 
about the mechanisms involved but one possible route is translocation of particles via alveolar 
epithelial cells. The objectives of this study were to discover whether human alveolar epithelial cells 
internalise fine and ultrafine particles and whether particle size and charge affect cellular uptake. 

Study description 
Primary human alveolar type II epithelial cells were isolated from normal regions of lung tissue 
following lobectomy for carcinoma. During culture, Type II cells differentiate into Type I-like cells 
and this feature was exploited to investigate internalisation of beads by the two cell types. Type II 
cells (day 3 in vitro) were exposed to amine-modified (positively charged) or carboxylate-modified 
(negatively charged) fine (1µm) and ultrafine (50nm) latex beads. In addition, other Type II cell 
preparations were cultured for longer (day 10 in vitro) to allow differentiation into Type I alveolar 
epithelial cells, before being exposed to the same range of latex beads. The beads were fluorescently 
labelled, which allowed visualisation using confocal microscopy. After incubation with the beads, the 
cells were washed to remove non-internalised beads, fixed and stained for confocal microscopy. 

Results 
All four types of latex bead were taken up by the cells (Figure 1). There were no differences between 
day 3 and day 10 in the proportion of cells involved in particle uptake. Approximately 19% of the 
epithelial cells internalised ultrafine carboxylate-modified beads, and this was significantly greater 
than that for the other types of bead, which involved only 5–10% of the epithelial cells (p<0.05). The 
number of particles internalised has not yet been determined. 

Conclusions 
Human alveolar cells internalised all four types of latex bead, although the internalisation appears to 
be specific, as not all the cells contain beads. The epithelial cells preferentially internalised the 
carboxylate-modified ultrafine particles, and this agrees with other in vivo studies showing that 
ultrafine particles translocate from the lungs into the peripheral circulation. These data support the 
hypothesis that one possible route for the translocation of ultrafine particles is via alveolar epithelial 
cells. Future work will include characterisation of the cell phenotype of the cells that internalise the 
particles. 
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Figure 1 Internalisation of latex beads by primary human alveolar cells. Data are expressed as 
mean ± standard error of the mean, n ≥5 
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4.8 Synthesis of matrix proteins monitored in vivo by 
positron emission tomography in experimental lung 
fibrosis in rabbits  (Poster) 
Jones HA1, Hamacher K2, Clark JC3 & Boobis AR1 
1Faculty of Medicine, Imperial College London 
2Institut fur Nuklearchemie, Julich, Germany 
3University of Cambridge Clinical School, Cambridge 

Background and objectives 
The factors determining the outcome of the pulmonary inflammatory response are poorly understood. 
Many mineral dusts and fibres can cause chronic pulmonary inflammation, which often leads to 
permanent scarring with loss of function, but the mechanisms involved remain obscure. There are 
currently no good methods for monitoring cell behaviour, or inflammatory and fibrotic processes in 
situ. Positron emission tomography (PET) has enormous potential for non-invasive quantification and 
repeated monitoring of biochemical events in otherwise inaccessible tissue. 

We have successfully used PET of 2-deoxy-2-[18F]fluoro-D-glucose (18FDG) to monitor neutrophil 
metabolic activity (Jones et al., 1994) and of 11C-R-PKII195 to monitor macrophage kinetics in vivo 
(Jones et al., 2002). The nature of the interaction between inflammatory macrophages and fibroblasts 
is the likely determinant of whether or not there is progression to irreversible damage. Fibroblasts are 
involved in the routine maintenance of the extracellular matrix. They can also mount a response to 
injury, which results in the generation of scar tissue. In the lungs, thickening of extracellular matrix 
impairs the gas exchanging function. 

Collagen is the major component responsible for increased extracellular matrix in lung fibrosis. The 
turnover of collagen in the lungs is very active, with about 10% of total collagen normally being 
replaced every day (Laurent & McAnulty, 1983). Thus, any minor imbalance such that synthesis 
exceeds degradation will lead to collagen accumulation and hence fibrosis. Collagen is unusually rich 
in proline residues, which distinguishes it from other proteins and has led to the use of proline 
incorporation into protein as a measure of active collagen synthesis (Laurent, 1982). We have 
investigated the use of PET of a proline analogue labelled with 18F (18F-fluoroproline, 18FP) to monitor 
events associated with extracellular matrix deposition in situ in the lung. 

Study description 
50 mg of 5 µm microcrystalline silica particles in 0.5 ml normal saline were instilled into the right 
upper lobe of anaesthetised rabbits' lungs. Over the next 13 weeks, the rabbits were reanaesthetized at 
intervals and positioned in a PET scanner. Following a scan of thoracic density distribution, 0.5–
2 mCi 18FP in saline was injected intravenously and emitted radioactive counts were accumulated for 
90 min (six 15 min time-frames). Attenuation-corrected 18FP emission data were reconstructed to give 
images of the distribution of radioactivity. Individual animals were scanned up to 6 times. 

Regions of interest (ROIs) were drawn around the right and left lung areas on the transmission 
(density) images. The mean 18FP radioactivity for these ROIs was calculated for each emission time-
frame. The accumulated radioactive counts from each of the ROIs in the challenged right upper lobe 
were divided by those in the corresponding tomographic slices of the unchallenged left upper lobe. 
The rate of accumulation of 18FP was calculated by linear regression of the slope of the right/left 
radioactive counts against time. 
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Results 
Figure 1 shows the time-course of 18FP uptake following localised instillation of 5 µm particles of 
microcrystalline silica. There was an increase in the 18F signal to a maximum at 6–8 weeks post-
challenge followed by a significant decline by 13 weeks, although at this time the signal was still 
above baseline. 

Autoradiography of 3H-proline in a single rabbit 13 weeks following challenge showed localisation of 
signal to the cellular component of the lesion, principally fibroblasts. 

Figure 1 Time-course of 18F-fluoroproline (18FP) uptake following localized instillation of 5 µm 
particles of microcrystalline silica. Data are expressed as the rate of uptake of radioactivity in 
the challenged versus the unchallenged region of interest and are means ± SEM (n = 3–6) 

 

Discussion 
The present studies indicate that PET of intravenously injected 18FP can monitor active scarring. The 
signal probably reflects up-regulation of proline transport into fibroblasts and therefore has 
considerable potential in monitoring the fundamental processes involved in pulmonary scarring in 
living animals. The ability to carry out repeat scans enables the risk from airborne pollutants and 
associated factors such as particle size and composition to be assessed and also allows the efficacy of 
therapeutic intervention to be monitored. Finally, PET methods developed in animals are often readily 
transferable to human subjects. Indeed, preliminary studies on the use of 18FP in humans have already 
been reported (Langen et al., 2001). 

Conclusions 
These data suggest that PET scanning after 18FP provides a new non-invasive approach for the study 
of scarring activity in the lung. 
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5 Epidemiology and human health 

5.1 Traffic pollution and the risk of asthma in an 
Ethiopian population 
Venn A1, Yemaneberhan H2, Lewis S1, Parry E1 & Britton J1 
1University of Nottingham, UK 
2Jimma University, Ethiopia 

Background and objectives 

There is widespread public concern that road vehicle traffic pollution causes asthma, but 
epidemiological studies in developed countries have not generally confirmed a strong effect. It is 
possible that these studies may have underestimated the risk as a result of the relative homogeneity of 
exposure to traffic pollution in developed countries. The relationship was therefore investigated 
between proximity of the home to a road and the risk of wheezing in Jimma, a town in Ethiopia where 
levels of road vehicle traffic are generally low and restricted to a limited network of surfaced roads, 
and where there is no major industry contributing to air pollution. 

Study description 

Data had previously been collected on respiratory symptoms, allergic sensitization and numerous 
demographic and lifestyle factors in a systematic sample of inhabitants of Jimma town, Ethiopia 
(Yemaneberhan et al., 1997). To obtain data on exposure to traffic pollution, the homes of these 
people were retraced in spring 2003 and measurements made of the shortest distance to the nearest 
surfaced road, and traffic flows on these roads. 

Results 
Distance measurements were collected for 7609 (80%) individuals. The prevalence of wheeze was not 
significantly higher for those living within 150 m of a road compared with those living more than 
150 m away (3.9% vs 3.7%). However, among the 3592 individuals who lived within 150 m of a road, 
the risk of wheeze increased significantly in linear relation to proximity to the road (adjusted odds 
ratio per 30 m proximity = 1.17, 95% CI 1.01 to 1.36, p = 0.03). Traffic flows on surfaced roads 
varied from 37 to 2640 vehicles over 12 hours, and the effect of proximity was stronger for those 
living within 150 m of an above median flow road (adjusted odds ratio per 30 m proximity = 1.26, 
95% CI 1.03 to 1.53, p = 0.02). 

Conclusion 

These findings suggest that living close to road vehicle traffic is related to an increased risk of wheeze 
in adults and children, but that other environmental factors are also likely to be important. 
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5.2 Health effects of diesel exhaust in asthmatic 
patients: A real world study in a London street 
(Poster) 
McCreanor J 2, Malliarou E 2, Harrington R l, Zhang J 1, Nieuwenhuijsen M 2, Cullinan P 2, Chung F 2, 
Svartengren M 3, Ohman-Strickland P l & Jarup L 2 
1University of Medicine and Dentistry of New Jersey, USA 
2Imperial College, London, UK 
3Karolinska Institute, Stockholm, Sweden 

Background 
Epidemiological evidence suggests a link between respiratory morbidity and levels of fine particulate 
matter in the atmosphere. Diesel-powered vehicles are responsible for a large proportion of urban 
particulate pollution. The protocol is presented for a real-life panel study that started in November 
2003. 

Objectives 
The study is designed to test the following hypotheses: 

• acute exposure to diesel exhausts leads to worsening symptoms of asthma with a reduction in lung 
function; 

• this worsening of asthma is accompanied by increased oxidative stress and inflammation of the 
lungs; and 

• this worsening of asthma is also dependent on the background severity of asthma. 

Study description 
These hypotheses are being tested among 60 adult non-smoking, mild or moderate asthmatic patients, 
by exposing them for 2 hours at both a 'control' and 'active' site. Oxford Street in London, where only 
pedestrians, diesel-powered buses and taxicabs are permitted, has elevated ambient levels of diesel 
exhaust, and thus serves as the active exposure site. Control sessions take place in Hyde Park, from 
which motor vehicles are prohibited. Measurements made in winter 2001 show daytime concentration 
(11.5 ± 4.1 µg/m3) of elemental carbon (EC) on Oxford Street was greater than five times that 
(2.2 ± 0.9 µg/m3) in Hyde Park. Exposures are determined between November and April to avoid 
confounding allergenic pollens. Having been measured for baseline health status at a local hospital 
subjects travel to either the active or control exposure site, where they walk at a steady pace within 
defined boundaries. Lung function is measured during exposures as well as ambient particulate matter 
of aerodynamic diameter less than 2.5 µm (PM2.5), ultrafine particle counts, EC, carbon monoxide 
(CO), nitrogen dioxide (NO2), temperature and humidity. Subjects then return to the hospital for 
6 hours of post-exposure measurements. Health outcomes measured include asthma symptoms, need 
for reliever medication (short acting ß2-agonists), forced expiratory volume in 1 s (FEV1), exhaled 
nitric oxide, bronchial hyper-reactivity, exhaled breath condensate and induced sputum for 
inflammatory cells and mediators. 

Longer term health outcomes are assessed by means of peak expiratory flow measurements and a 
symptom chart for one week before and after both exposures. Baseline health and exposure data are 
collected using a questionnaire. Additional intensive experiments, with more sophisticated metrics of 
diesel exhaust are conducted to characterise diesel exhaust at the control and active sites. By the end 
of the first study period (April 2004), approximately 30 subjects had completed both the active and 
control sessions. The data from these experiments are currently being analysed. 
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5.3 Air pollution and aeroallergens: Evidence for 
interactions in asthma morbidity 
Atkinson R & Strachan D 
St George’s Hospital, Medical School, London 

Introduction 
Outdoor aeroallergens are one of a number of environmental factors thought to precipitate 
exacerbations of asthma. Epidemiological studies of the temporal association between daily counts of 
health events and daily levels of pollens and spores have contributed mixed evidence in support of 
this hypothesis (Dales et al., 2000; Lewis et al., 2000; Stieb et al., 2000; Tobias et al., 2003). The role 
of air pollution in confounding or modifying the effects of aeroallergens is of particular interest. A 
number of studies have investigated the possibility that pre-exposure to air pollution sensitises 
individuals to the effects of aeroallergens (Tunnicliffe et al., 1994; Castellsague et al., 1995; Jorres et 
al., 1996; Wyler et al., 2000). These clinical studies have been complemented by only a few 
epidemiological studies. 

In this study we have analysed daily concentrations for 30 individual spore taxa, six pollutants and 
daily counts for three health outcome measures (daily numbers of emergency hospital admissions, 
visits to accident and emergency (A&E) departments and consultations with General Practitioners 
(GPs)). These data are available for London for the period 1992–93. We aimed to assess the 
sensitivity of the associations between daily spore concentrations and the daily number of visits and 
admissions for asthma to the inclusion of air pollutants, both as confounders and effect modifiers. 

Methods 
Daily counts of the number of visits to GP surgeries and the daily number of emergency hospital 
admissions were obtained from routine data collection sources and have been detailed elsewhere 
(Atkinson et al., 1999b; Hajat et al., 1999). Numbers of visits to A&E departments were collected as 
part of a separate research project and have also been described in detail elsewhere (Atkinson et al., 
1999a). Daily numbers of visits and admissions for asthma were constructed for ages 0–14 years and 
15–64 years. 

The spore data were collected using a Burkard Volumetric seven-day trap and in accordance with the 
guidelines of the British Aerobiology Federation. Air pollution and meteorological data were obtained 
from routine data sources. 

Poisson regression was used to model the dependencies of daily counts of, and hospital admissions 
for, asthma on daily spore concentrations. Other variables included in the models were terms to 
account for potential confounding factors such as seasonal patterns in the numbers of asthma events, 
meteorological conditions, respiratory epidemics and social factors, for example day of week. The 
spore concentrations were divided into quartiles and the odds ratios associated with an increase from 
the 1st to 2nd, 3rd and 4th quartile were calculated. Air pollutants (PM10, black smoke (BS), NO2, O3, 
and CO) were added to the model individually, both as potential confounders (linear terms in the 
model) and as possible effect modifiers. For this final set of analyses both the spore and pollution 
concentrations were divided at the median into low and high concentration days and an interaction 
term fitted. Concurrent exposure to spores and the mean of pollution on the preceding two days were 
used. 

Results 
Figure 1 shows the odds ratios for GP visits, A&E visits and hospital admissions associated with an 
increase in concurrent daily total spore concentrations from the reference category (lower quartile of 
the spore count distribution) to the 2nd, 3rd and 4th quartiles, respectively. In all outcomes except 



92 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

one, hospital admissions in 0–14 year olds, the odds ratios for a visit or admission for asthma increase 
as spore concentrations increase. For total spore concentrations on the previous day (lag 1) and on the 
day before that (lag 2) (data not shown) the relationships were generally consistent with those of lag 0 
(same day). 

Figure 1 Odds ratios for visits to GP surgeries, A&E departments or hospital admissions for 
asthma associated with changes in concurrent total spore concentration 

 

When air pollution is included in the model, that is as a potential confounder of the spore/outcome 
associations, the results are unaltered. For example, Figure 2 shows the odds ratios for total spore 
concentrations after adjustment for BS levels on the days prior to the observed event. 

Figure 2 Odds ratios for visits to GP surgeries, A&E departments or hospital admissions for 
asthma associated with changes in concurrent total spore concentration adjusting for 
previous days Black Smoke levels 
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The results of the interaction analysis were less consistent and more difficult to interpret. For 
example, the effects of total spore concentrations were significantly different when the mean 
concentration of BS on the two days preceding the event was above the median, compared with on 
days below the median, only for hospital admissions (both age groups). 

Conclusions 
Daily spore concentrations in London are associated with daily numbers of visits to GP surgeries, 
A&E departments and hospital admissions for asthma. These associations appear to be independent of 
concurrent air pollution levels although there is some evidence, although not strong, that pre-exposure 
to air pollution affects the strength of the associations with spore concentrations. 
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5.4 The release of chemicals to air during chemical 
incidents 
Herriott N1, Leonardi G1, Mohan R1,2, Robins AG2 & Murray V1 
1Chemical Hazards and Poisons Division (London), Health Protection Agency, Guy’s and St Thomas’ 
Hospital NHS Trust, London 
2School of Engineering, University of Surrey, Guildford 

Background and objectives 
Currently, there is limited understanding of the public health impact of the release of chemicals to air 
during chemical incidents. The Chemical Hazards and Poisons Division of the Health Protection 
Agency provides information and support to those managing the health impacts of chemical incidents 
across England and Wales. The Division is at present divided into four units: Birmingham, Cardiff, 
London and Newcastle. 

This paper provides reflections on the data collected by the London unit of the Chemical Hazards and 
Poisons Division (CHPD(London)). The London unit provides information and support to Health 
Protection Units (HPUs) and other agencies in six of the nine English regions. 

In this paper, the objectives are to describe: 

• the type of chemical incidents that result in the release of chemicals to air; and 

• the distribution of these incidents geographically. 

Method 
Data about chemical incidents that have occurred between 1 January 1998 and 30 June 2003 have 
been reviewed. A chemical incident is defined as: 

“an acute event in which there is, or could be, exposure of the public to chemical substances which 
cause, or have the potential to cause ill health” (National Focus for Chemical Incidents, 20044) 

CHPD(London) is informed of chemical incidents by a number of different agencies, for example 
local HPUs, the National Poisons Information Service, hospital accident and emergency departments 
and emergency responders such as the police, fire and ambulance service. A form is filled out for each 
incident; this includes a minimum set of information about the caller, the type of incident, the 
chemicals involved and the people exposed and affected by the incident. Data from the enquiry form 
are manually transferred into an Access database; with a single data entry passage (i.e. data are not 
validated during entry). Incident data were exported from the database and analysed using STATA 
and Microsoft Excel. 

In 2002, changes within the NHS meant that the minimum dataset had to be increased to include the 
postcode of the incident. The recording of an incident’s postcode has made it possible to map incident 
location and also incident rates per Strategic Health Authority (SHA). The postcode of each incident 
recorded between 1 July 2002 and 30 June 2003 was linked to its grid references and the SHA in 

                                                           
4 National Focus for Chemical Incidents (2004) National Public Health Surveillance of Chemical Incidents, Six 
Month Report 2001/03 Surveillance Report covering, Quarters 7–8, October 2000–March 2001, Health 
Protection Agency, Chemical Hazards and Poisons Division, available [June 2004] at 
http://www.natfocus.uwic.ac.uk/Surveillance/ 
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which it occurred by using a Microsoft Access Query. They were then plotted in ArcView version 
3.0a on a map showing SHA boundaries. 

Results 
Table 1 shows the environmental media into which chemicals were released in chemical incidents 
occurring between 1/1/98 and 31/12/02. There were 4460 incidents reported during this five year 
period and of these 63% involved the release of chemicals to air. Releases to other media such as 
water, soil, food and property accounted for about 12% of all releases to the environment. In 20% of 
all incidents there was no reported release to the environment — these included incidents where 
chemicals were ingested, where there was dermal or ocular exposure and incidents where there was a 
potential release but the incident was contained, thus preventing an environmental release. 

Table 1 Environmental media to which chemicals were released in chemical incidents (no., 
%) occurring between 1/1/98 and 31/12/02  

Year Air Water Soil Food chain Property No release  Other/missing Total 

1998 673 67.77 32 3.22 17 1.71 75 7.55 9 0.91 150 15.11 37 3.70 993 
1999 575 60.08 38 3.97 15 1.57 40 4.18 17 1.78 220 22.99 52 5.43 957 
2000 594 62.06 46 4.80 19 1.99 19 1.99 26 2.72 212 22.15 41 4.28 957 
2001 634 62.77 32 3.17 31 3.06 0 0.00 12 1.19 256 25.35 45 4.46 1010
2002 442 59.49 46 6.19 14 1.88 21 2.83 40 5.38 109 14.67 71 9.56 743 
Total 2918 62.62 194 4.16 96 2.06 155 3.33 104 2.23 947 20.32 246 5.28 4460

 
From Table 2 it can be seen that there is considerable geographical variation in the rates of reported 
air incidents with London and the south east generally having higher rates than other areas. 

Table 2 Rates of chemical incidents involving a release to air per million population in each 
SHA 

Strategic Health Authority Number of incidents involving release to air 
per million population 

Cumbria and Lancashire 
Leicestershire, Northamptonshire and Rutland 
Dorset and Somerset 
Hampshire and Isle of Wight 
South Yorkshire 

1–5 

Greater Manchester 
Cheshire and Merseyside 
North Lincolnshire 
Trent 
Norfolk, Suffolk and Cambridgeshire 
Avon, Gloucestershire and Wiltshire 
Thames Valley 
South West Peninsula 
Surrey and Sussex 
Kent and Medway 
South West London 

6–10 

Bedfordshire and Hertfordshire 
Essex 
North West London 
North East London 
South East London 

11–15 

North East Lincolnshire 
North Central London 16–20 
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The majority of incidents 1781 (66%) resulted in 1 to 10 people being exposed; in 619 (23%) of 
incidents an unknown number of people were exposed. In 2085 (76%) of incidents 1 to 10 people 
were affected by the chemical incident, in 270 (10%) of incidents no one was affected and in 281 
(10%) of incidents it is not known how many people were affected by the incidents. There is often a 
multi-agency response to chemical incidents and health agencies are more likely to be involved in the 
response if there are casualties and report these incidents. 

Chemical incidents occurred most commonly in industrial premises (481 or 23%) and residential 
premises (469 or 22%). However, 90 (4%) of incidents occurred in hospital premises and 76 (4%) in 
educational premises even though these premises tend to be well regulated by government agencies. 

Discussion 
The type and geographical location of reported chemical incidents affecting the English population 
have been described for the first time in this paper. 

Chemical incident data are collected passively: incidents are reported when people require assistance 
with response. The maps show how incidents are distributed across the area served by 
CHAPD(London). The distribution of incidents may be affected by different reporting practices in 
different locations or there may be genuine differences in the number of incidents occurring across the 
country. Further work is needed to understand how organisations report incidents and what proportion 
of the true population of incidents is recorded by the current surveillance system. 

It was found that 23% of chemical incidents occurred in industrial premises. This is to be expected 
and the regulatory and response infrastructure for dealing with these incidents is well established in 
the UK. However, it was surprising to find that 23% of incidents occurred in residential premises. 
These incidents can pose particular problems as there is limited guidance available on the safe level of 
exposure for individuals in domestic premises and the current regulatory response is fragmented. It 
has been estimated that in developed countries people spend more than 80% of their time indoors and 
most of that time in their own home (Brunekreef & Holgate, 2002). The exposure of vulnerable 
groups such as children, the sick and the elderly is of particular concern as they are likely to spend a 
greater amount of time at home than the average person. There is a need for a clear strategy for 
assessing personal exposure in residential premises and a decision-making algorithm that allows 
consistent decisions to be made in responding to these incidents. 

Recommendations 
There is a need to review current practice in chemical incident reporting and investigate reasons why 
incidents are reported. There is a need to estimate the true number of chemical incidents. Capture–
recapture analysis could be used to estimate population size and proportion of incidents reported. 

There would also appear to be a need to develop a national strategy for responding to the release of 
chemicals in residential premises. Where exposure standards are not available then clear guidance 
needs to be developed to ensure that the response to these incidents is equitable and consistent. 

In the UK the formation of the Chemical Hazards and Poisons Division within the Health Protection 
Agency has provided an opportunity for the surveillance of chemical incidents to be reviewed and 
updated (Palmer, 2003). It is hoped that identification of the fact that two-thirds of all incidents 
involve the release of chemicals to air will contribute to this debate. 

References 
Brunekreef B & Holgate ST (2002) Air pollution and health. Lancet, 360, 1233–1242 

Palmer SR (2003) Public health surveillance of chemical hazards at the Health Protection Agency. In: Focus on 
Chemical Incidents, no. 7, pp 10–12 



97 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

5.5 The willingness to pay for mortality risk 
reductions 
Markandya A 1, Hunt A 1, Alberini A 2 & Arigoni Ortiz R 1 
1 University of Bath, UK 
2 University of Maryland, USA 

Background and objectives 
The NEWEXT project aims to provide monetary valuation of mortality effects from air pollution; that 
is estimate unit values to account in monetary terms for the incidence of premature death estimated to 
result from air pollution in Europe. This would arguably improve the valuation of chronic and latent 
mortality risks that currently exist and that are currently used in policy evaluation. This report 
presents the evidence from a survey-based (contingent valuation) study undertaken to elicit the 
willingness to pay (WTP) to reduce the probability of death in Europe, focusing on the UK results. 
The ultimate policy objective of this study is to provide policymakers at both the national and 
European Union (EU) levels with information on the economic values of reducing risks to life. This 
can be compared with the costs of reducing risks in terms of setting environmental standards, in order 
to identify the most appropriate environmental standard. 

Study description 
The project implemented a survey methodology in the UK, France and Italy using a framework 
developed by a team in the USA. The survey instrument adopted in our study has been used in studies 
in the US and Canada, the results of which are reported in Alberini et al. (2001)5. The survey 
instrument adopted by the country teams was developed using extensive face-to-face interviews and 
was pre-tested in the USA, Japan and Canada. Nevertheless, the three country teams each conducted a 
series of focus groups and/or one-to-one testing in order to adapt the instrument for national context. 
It was designed to elicit WTP for two different mortality risk reductions (5 in 1000 and 1 in 1000) to 
be incurred over 10 years and for reductions in the probability of dying between age 70 and 80 years. 
The survey instrument has been developed in order to tackle problems that have been found in 
previous studies, in particular insensitivity to the scope of the commodity being valued. It is self-
administered and computerised, thereby removing any interviewer biases. The use of a series of visual 
screens allows the graphics to be made clearer and more adaptable to the individual than would be 
possible with printed questionnaires. Comprehension is also improved by reinforcing the written text 
with voiceovers, so that respondents both read and listen to the questions. This has shown to be 
particularly important in the case of older respondents. Table 1 reports the sample sizes and 
summarises the key descriptive statistics of the survey respondents in each of the three European 
countries. 

Table 1 Descriptive statistics of the respondents 
 UK Italy France 
N 330 292 299 
Average age (years) 58 57 55 
Age group 40–49 (%) 20 28 33 
Age group 50–59 (%) 34 33 29 
Age group 60–69 (%) 33 23 26 
Age group 70 and older (%) 11 14 10 
Male (%) 49 48 47 
Mean income (€) 40 096 40 115 32 186 
Education (years of schooling) 14 13 11 
                                                           
5 Alberini A, Krupnick A, Cropper M, Simon N & Cook J (2001) The Willingness to Pay for Mortality Risk 
Reductions: a Comparison of the United States and Canada, Fondazione Eni Enrico Mattei (FEEM) Discussion 
Paper Series, available [June 2004] at http://www.feem.it/Feem/Pub/Publications/WPapers 
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The final survey in the UK was conducted in a computer laboratory at the University of Bath where 
33 groups of ten individuals answered the computerised survey instrument. The survey respondents 
were recruited by a professional recruitment company and were offered a €25 incentive payment for 
their attendance. The company had the remit to recruit on a stratified random basis a sample that 
closely matched the socio-economic characteristics of the UK population — the area of recruitment 
for the 328 respondents being a 35 km radius around the city of Bath. The sample was selected from 
people aged 40 or above. Out of 1350 eligible respondents contacted, 355 were "co-operative", and 
330 actually attended. Of the 995 that were not co-operative, 560 were not able to travel to the survey 
centre and 435 did not find the incentive high enough. 

Results 
In deriving the WTP estimates, it was assumed that WTP follows the Weibull distribution with scale 
parameter σ and shape θ, and these parameters were estimated using the method of maximum 
likelihood. The log likelihood function of the WTP data is: 
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where WTPL and WTPU are the lower and upper bound of the interval around the respondent’s WTP 
amount. Equation (1) describes an interval-data model. With WTP, experience suggests that mean 
WTP tends to be two or even three times as large as median WTP. The median WTP was therefore 
regarded as a conservative, but robust and more reliable, estimate. For this reason, the median WTP 
figures for the 5 in 1000 risk reduction are reported in Table 2. 

Table 2 Median annual WTP for the 5 in 1000 risk reduction beginning now 

 UK Italy France 

Median WTP 386 724 479 
Standard error 37 86 75 
Implied VSL (€) 772 000 1 448 000 958 520 
VSL, value of a statistical life; WTP, willingness to pay 

Regressions that check the internal validity of the responses and examine the effect of various factors 
on WTP have been made for the 5 in 1000 risk reduction and the WTP for the future risk reduction in 
the UK study. Among the variables tested are age and health status, socio-demographic variables such 
as gender, education, income and health insurance, and the health status of relations, which may 
account for familiarity with illness and may affect WTP. In certain specifications baseline risk, or the 
respondent’s subjective remaining life was also included. When the WTP for future risk reductions is 
examined, the vector of regressors also includes the respondent’s subjective probability of surviving 
until age 70 (when the risk reduction would be incurred) and their expected health status at that age. 
The main results are: 

• no meaningful association between respondent age and WTP; 

• neither absolute nor proportional baseline risk is significantly associated with WTP; 

• higher education levels tend to be associated with lower WTP amounts (an effect seen in the 
Canadian and US studies as well, although not statistically significant); 

• income per household member is positively and significantly associated with WTP; 

• in general health status does not matter, but; 
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• suffering from any of the CARDIO, LUNGS or PRESSURE illnesses, or having had a stroke, 
tends to raise WTP; 

• the presence of illness in the family tends to be negatively associated with WTP; 

• WTP does not appreciably change with the respondent’s refusal to believe the risk figures; 

• thoughts about the product’s side effects do not influence WTP; 

• WTP is much lower for individuals who do not think they can afford the product; 

• those people who misunderstand the timing of the payments tend to have a lower WTP; and 

• WTP for the future risk reduction tends to increase with the (log) chance of surviving to age 70 
and to decrease if the individual thinks their health will be worse in the future. Other variables do 
not matter, with the exception only of the presence of chronic illness among relations. 

Conclusions 
The project team finds that these values are comparable to the central value used by DG Environment, 
and provide a much-needed empirical validation for current practice in policy analysis. The testing by 
the country teams does, however, provide some evidence for the argument that these results cannot be 
regarded as the last word on the subject. Two elements of the study were most challenging. 

• Even given the pictorial representation of the risk changes in the survey instrument and the 
reinforcing voice-overs, there was some evidence that the small size of the risk changes involved 
still made it difficult for the respondent to be able to provide meaningful values. The scope tests 
showed that although the values for the smaller risk change are lower than the larger risk change, 
they are not proportional as might be expected. 

• There remains a question mark over the effectiveness of using an abstract commodity to be 
valued. On the one hand it is recognized by Krupnick et al. (2000) that supplying a public good 
context is likely to attract a number of biases relating to free rider effects or altruistic motives. On 
the other hand, in the absence of a recognisable or familiar commodity there is a tendency to think 
of health products or services for which individuals have been shown to have different preferences 
(biased in relation to the real context with which the study is concerned). 

These issues suggest the need for further research in establishing unit values for air pollution-related 
deaths. Nevertheless, the values that are derived in this report represent significant progress in this 
quest. 
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5.6 Cardiac rhythm and personal exposure to air 
pollution in patients with heart failure — preliminary 
data on cardiac indicators 
Barclay J 1, Dick S 2 & Ford I 3 on behalf of the Aberdeen Air Pollution Group 
1Department of Cardiology, Aberdeen Royal Infirmary, Aberdeen 
2Department of Environmental and Occupational Medicine, University of Aberdeen 
3Department of Medicine and Therapeutics, University of Aberdeen 

Background and objectives 
It is recognised that there are strong associations between air pollution levels and daily cardiovascular 
mortality (Anderson et al., 1996; Poloniecki et al., 1997; Prescott et al., 1998). There has been 
particular interest in associations between particle concentrations and cardiac disease-related deaths 
(Wichmann et al., 2000; Goldberg et al., 2003). It has been proposed that this association may be 
caused by inflammation leading to changes in blood coagulability (Seaton et al., 1995). Particles have 
also been hypothesised to affect cardiac autonomic function causing cardiac irritability and thereby 
influencing propensity to life-threatening arrhythmias (Peters et al., 2000). Patients with heart failure 
represent a vulnerable group who may be more susceptible to the effects of air pollution. 

This study aims to examine possible associations between personal exposures to airborne particulate 
matter (particle numbers) and NO2 and changes in cardiac rhythm along with alterations in blood 
concentrations of indices of inflammation. 

Study description 
Data are being gathered from 100 non-smokers and ex-smokers of both sexes with a diagnosis of 
heart failure. After informed consent has been obtained, a standardised questionnaire is used to collect 
demographic data and information on factors likely to influence personal exposure to NO2 and on 
exposure to tobacco smoke. Every two months for a year, in each subject, estimates of 3 day personal 
exposure to particulate matter and measurements of NO2 exposure and of the patho-physiological 
responses are obtained. Each participant keeps a daily activity diary to allow modelling of personal 
particle number exposure. The subjects wear a NO2 passive sampler for the 3 days and a Holter 
monitor for the third day. Information is collected on medication. Blood samples are obtained on the 
last day for estimation of haemoglobin (Hb), factor VII, fibrinogen, Von Willebrand factor, albumin, 
interleukin-6, C-reactive protein and E-selectin. Records of weather variables are being recorded for 
adjustment in the analysis. 

During the course of the study, subjects are invited for echocardiographic assessment to provide 
detailed information on cardiac systolic and diastolic function in addition to conventional assessment 
of valvular function and haemodynamics. The underlying aetiology of cardiac failure in subjects is 
also being recorded. 

To date 26 subjects have completed the study and there are 109 subjects in total contributing to the 
dataset. 

Results 
Preliminary analyses have been carried out using data available for subjects who have completed the 
first block of monitoring (n = 83). Data on cardiac rhythm have been compared with corresponding 
measurements of NO2 and haematological indices along with markers of endothelial activation and 
inflammation. Bivariate Spearman’s rank correlations were carried out. Significant correlations were 
identified between a number of parameters of cardiac rhythm and haematological indices (Table 1). 
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Table 1 Significant correlations between parameters of cardiac rhythm and haematological 
indicesa 

Haematological 
variable 

Cardiac rhythm 
variablesb 

Association Correlation 
coefficient 
(Spearman’s rank) 

Level of statistical 
significance 
(p value) 

Hb PNN50 + 0.256 0.021 
RBC VEs + 0.234 0.036 
RBC PNN50 + 0.309 0.005 
Hct PNN50 + 0.283 0.010 
Hct RMSSD + 0.242 0.030 
Hb, haemoglobin concentration; Hct, haematocrit; PNN50, proportion of successive normal to normal beat intervals varying by greater than 
50 milliseconds; RBC, red blood cell count; RMSSD, root mean square of successive normal to normal beat intervals; VEs, ventricular 
extrasystoles 
a Data from 83 subjects who have completed the first block of monitoring 
b Cardiac rhythm variables are derived from a 24 hr Holter recording 

There were no significant correlations between NO2 levels or markers of inflammation and 
endothelial activation and parameters of cardiac rhythm for the cohort of patients as a whole. 
However, when correlations were carried out for a subgroup of patients who were known to be in 
possession of a gas cooker (n = 31), a significant association was apparent between NO2 levels and 
SDNN (a measure of overall heart rate variability): rs = 0.381, p = 0.035 (Figure 1). 

Figure 1 Association of NO2  with SDNN in subjects with gas cookers 

 

Conclusions 
The results of a preliminary analysis of our data suggest significant associations between several 
haematological indices and components of heart rate variability. There was a positive correlation 
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between red cell count and the number of isolated ventricular extra systoles. The positive correlations 
observed between haemoglobin concentration and PNN50, red blood cell count and PNN50 and 
haematocrit and PNN50 and RMSSD may be related to the spectrum of severity of the heart failure 
syndrome in our cohort of subjects. 

It is known that time domain measures of HRV provide prognostic information among patients with 
heart failure (Makikallio et al., 2001) and there may be a correlation between the severity of this 
syndrome and depression of HRV. Furthermore, it is increasingly recognised that patients with heart 
failure develop anaemia of chronic disease and it may be that the degree of anaemia correlates with 
the severity of the heart failure syndrome. The extent of reduction in haemoglobin levels (i.e. degree 
of anaemia) may increase with increasing severity of heart failure in individuals. Similarly, 
parameters of HRV may also be related to the severity of heart failure in individuals. Therefore the 
apparent correlation between haematogical variables and HRV parameters seen in our cohort may be 
due to the common factor of heart failure severity, which influences both propensity towards anaemia 
and reduction in HRV. Thus there is a potential biologically plausible mechanism for these 
associations. 

The positive association between SDNN and NO2 in subjects with gas cookers may reflect a degree of 
autonomic modulation in response to exposure either to this agent or particles for which NO2 is acting 
as a surrogate. 

Discussion 
The design of this study is such that it will be possible to make comparisons both between and within 
individuals. Further analysis of the data will allow more robust conclusions to be made about the 
associations that are apparent from these preliminary results. The collection of data relating to the 
aetiology and severity of heart failure (determined both from symptomatic and echocardiographic 
assessment) will perhaps allow a closer look to be made at susceptibility in sub-groups within the 
cohort. 
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5.7 Cardiac rhythm and personal exposure to air 
pollution in patients with heart failure — interim 
analyses of NO2 exposure and inflammatory and 
endothelial markers 
Dick S 1, Ford I 2 & Barclay J 3 on behalf of the Aberdeen Air Pollution Group 
1Department of Environmental and Occupational Medicine, University of Aberdeen 
2Department of Medicine and Therapeutics, University of Aberdeen 
3Department of Cardiology, Aberdeen Royal Infirmary, Aberdeen 

Background and objectives 
Morbidity and mortality related to cardiac disease have been associated with various parameters of air 
pollution (Anderson et al., 1996; Poloniecki et al., 1997; Prescott et al., 1998). One of the underlying 
mechanisms suggested for this association is inflammation initiated by ultrafine particles (Seaton et 
al., 1995). Previous work by Seaton et al. (1999) has shown increased levels of C-reactive protein and 
a fall in red cell and platelet counts with increasing exposure to PM10. Peters et al. (2000) and Mann et 
al. (2002) have suggested that air pollution may increase cardiac irritability and therefore cardiac 
arrhythmias. This study was set up to explore these associations in patients with heart failure. The 
data presented here represent an initial analysis to illustrate the progress of the project. 

Study description 
In order to investigate the effects of personal exposure to air pollution on heart rhythm and markers of 
inflammation and endothelial activation, data are being gathered in Aberdeen from 100 non-smokers 
and ex-smokers of both sexes with symptomatic heart failure. After obtaining informed consent, a 
standardised questionnaire is used to collect demographic data and information on factors likely to 
influence personal exposure to NO2 and on exposure to tobacco smoke. Data are collected from all 
subjects every two months for a year and include estimates of 3 day personal exposure to particulate 
matter and direct measurements of NO2 exposure. Each participant keeps a daily activity diary to 
allow modelling of personal particle number exposure. NO2 passive sampler tubes are used by the 
participants for the 3 days and they carry a Holter monitor for the third day. Information on 
medication and any changes in medication are also recorded. Blood samples are obtained on the third 
day for a full blood count, and analysis of coagulation factors VIIc and fibrinogen. Markers of 
endothelial activation, von Willebrand factor and E-selectin are measured by enzyme-linked 
immunosorbent assays (ELISA). Markers of inflammation have also been quantified: interleukin-6 
(IL-6) by ELISA and C-reactive protein levels using a high sensitivity, latex enhanced 
immunoturbidometric assay (Technoclone) on the Cobas Mira instrument (Roche). Records of 
weather variables such as temperature and humidity will be available for adjustment in the analysis. 

So far, 26 subjects have completed all the six monitoring periods. Background air pollution 
monitoring has also begun in the subjects’ homes, measuring particle number concentrations and 
PM2.5 concentrations using the Ptrak and the Dusttrak, respectively. 

Results 
Preliminary analyses have been carried out using data available for those subjects who have 
completed the first block of monitoring (n = 83) using Spearman’s rank correlation coefficient (rs). In 
the group as a whole no significant correlations were observed between the blood count parameters, 
markers of inflammation, endothelial activation and markers of air pollution. However, as it is known 
that concentrations of NO2 are higher in households where gas is used for cooking, the analysis was 
repeated in the group of 52 subjects who used electricity alone for cooking and the 31 subjects who 
used gas alone or a combination. A significant correlation was observed between NO2 level and 
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platelet count among those who had gas cookers in their homes (rs = 0.394, p = 0.028) (Figure 1). This 
association was not found in the group who used electric cookers alone. Many positive associations 
between haematological indices and markers of endothelial activation and inflammation were 
observed (Table 1). 

Figure 1 Association of NO2  with platelet count  in subjects with gas cookers 

 

Table 1 Correlation between haematological indices and markers of endothelial activation 
and inflammation 

Haematological 
variable 

Marker of endothelial 
activation/inflammation 

Association Correlation 
coefficient 
(rs) 

Statistical 
significance 
(p) 

Number of 
subjects (n) 

Hb E selectin + 0.382 0.001 79 
RBC E selectin + 0.399 0.000 79 
Hct E selectin + 0.383 0.001 79 
Plt VWF - 0.306 0.006 80 
Lymph VWF - 0.280 0.012 80 
Hb, haemoglobin concentration; Hct, haematocrit; Lymph, lymphocyte count; Plt, Platelet count; RBC, red blood cell count; VWF, von 
Willebrand factor 

Conclusions 
Preliminary analysis suggests that there may be an association between personal exposure to NO2 and 
platelet count in those patients with gas cookers. The associations between blood parameters and 
endothelial variables may simply be related to the effects of heart failure. However, it is premature to 
draw any conclusions at this stage and from this simple analysis. 
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Discussion 
The study is proceeding well and it is anticipated that 100 subjects will have completed six phases 
each by the end of 2004. More detailed analyses from the complete dataset will allow clarification of 
any associations between pollution, cardiac rhythm change and endothelial/thrombotic factors. 
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5.8 Human exposure studies to particulate matter 
and sulphur dioxide: Effect on heart rate variability 
and systemic markers of inflammation 
Routledge HC 1, Manney S 2, Townend JN 1 & Ayres JG 3 
1Department of Cardiovascular Medicine, University Hospital Queen Elizabeth, Birmingham 
2Department of Respiratory Research, Heartlands Hospital, Birmingham 
 3Institute of Occupational and Environmental Health, University of Aberdeen 

Background and objectives 
While it is easy to understand the effects of air pollutants on patients with lung disease, the 
pathophysiology underlying the relationship between air pollution and adverse cardiovascular events 
is not immediately apparent and in order to determine causation, plausible biological mechanisms are 
required. Two hypotheses have been put forward. Inhalation of fine particles and pollutant gases may 
provoke an inflammatory response in the lungs with the consequent release into the circulation of pro-
thrombotic and inflammatory cytokines, causing endothelial injury and increasing the risk of 
atherosclerotic plaque rupture and thrombosis (Seaton et al., 1999). Secondly, exposure to pollutants 
may stimulate airway receptors, resulting in an adverse effect on cardiac autonomic control and an 
increased risk of arrhythmia (Schwartz et al., 1988). These hypotheses have been supported by 
observational community studies (Peters et al., 1997, 1999), animal work and a small number of 
human experimental studies examining responses to concentrated ambient particles (CAPS) and diesel 
exhaust (Salvi et al., 1999; Devlin et al., 2003). The precise nature of the component pollutants that 
might be responsible for these effects remains unknown. 

In this human challenge study measurements were made of the inflammatory and autonomic 
responses of healthy humans and patients with coronary artery disease to known concentrations of 
specific pollutants — ultrafine carbon particles and sulphur dioxide (SO2), alone and in combination. 

Study description 
A random order, double blind, placebo controlled 4-way crossover study was designed. The subjects 
were 20 patients with multi-vessel coronary artery disease and 20 healthy age-matched volunteers. 
Exposures were for 1 hour to medical air, air containing carbon particles (100 µg/m3), air + SO2 
(200 ppb) and air + carbon/SO2 combined. A unique head dome exposure system was used, allowing 
normal oronasal breathing. 

Heart rate variability was measured before, immediately after and 4 hours after exposure by validated 
laboratory methods under controlled conditions and using fixed frequency respiration. Twenty-four 
hour HRV was also measured using a digital Holter monitor.  

Conventional heart rate variability indices 
Time domain indices 
The time domain indices used were: 

• standard deviation of normal-to-normal RR intervals (SDNN); 

• root-mean-square of successive RR interval differences (RMSSD); and 

• percentage of successive RR interval differences exceeding 50 ms (pNN50). 

The latter two indices are measures of variability of successive differences in RR intervals and assess 
high frequency (beat-to-beat) variation mediated by the vagus nerve (Task Force, 1996). 
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Frequency domain indices 
Power spectral analysis was performed using autoregressive modelling, with a model order between 8 
and 20 selected to minimize the Akaike information criterion. Powers at low frequency (LF) (centred 
at 0.1 Hz) and at high frequency (HF) (respiratory frequency, circa 0.23 Hz) were determined (Task 
Force, 1996). 

Baroreflex sensitivity 
Baroreflex sensitivity (BRS) was determined by measurement of the α-index — the transfer function 
of variability in the systolic pressure signal to the variability in the RR interval. Data segments were 
accepted if a coherence of >0.5 was achieved between RR interval and systolic pressure traces. α-HF 
represents gain in the vagal limb of the baroreflex (Task Force, 1996). 

C-reactive protein, blood count and coagulation markers 
Blood was taken from an intravenous cannula at baseline, immediately following exposure, 4 hours 
after exposure and 20 hours after exposure for: 

• high resolution C-reactive protein (hrCRP); and 

• coagulation markers: complete blood count, differential white cell count and platelet aggregation 
were measured using an automated analyser (Bayer Advia 120). Samples for fibrinogen and D-
dimers were processed using an MDA coagulation analyser. Fibrinogen was measured by a 
modified Clauss method (MDA Fibriquik reagent) and D-dimers using a homogenous latex 
particle based immunoassay (BioMerieux MDA D-dimer kit). 

Results 
Laboratory heart rate variability 
Baseline HR, blood pressure and HRV measures within each group were not significantly different on 
each exposure day. Baseline RR interval and all measures of HRV were higher in the patients with 
coronary artery disease, probably as a result of beta-blockade. In healthy subjects, exposure to carbon 
particles resulted in an immediate small increase in RR interval, SDNN and RMSSD that was 
significantly different from the change following exposure to air. LF power was increased compared 
with air and although there was a rise in HF power this did not reach statistical significance 
(Fig. 1a,b). Blood pressure was unchanged. At four hours after exposure to carbon particles, changes 
in HRV measures were no longer significantly different from those following air exposures. Four 
hours after SO2 exposure, there were reductions in RR interval and in SDNN, RMSSD and pNN50, 
which were significantly different from the changes following exposure to air. There was a similar 
change in high frequency power although this did not reach statistical significance (Fig. 2a,b) The 
changes in HRV with carbon and SO2 in combination were similar to those with SO2 alone although 
statistically, they did not differ significantly from air. Changes in α-HF and α-LF following pollutant 
exposure showed that compared with air, baroreflex sensitivity was reduced 4 hours following 
exposure to SO2. 

 

 



108 
IEH Web Report W18, posted December 2004 at http://www.le.ac.uk/ieh 

Figure 1a Changes from baseline in time domain values of HRV for 20 healthy volunteers 
immediately following exposure to pollutant or air. Bars represent the change in mean, error 
bars show SEM. * p < 0.05: change from baseline with pollutant, compared with change with 
air, repeated measures analysis  
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Figure  1b Changes from baseline in frequency domain variables of HRV and baroreflex 
sensitivity for 20 healthy volunteers immediately following exposure to pollutant or air. Bars 
represent the change in mean, error bars show SEM. * p < 0.05: change from baseline with 
pollutant, compared with change with air, repeated measures analysis 
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Figure 2a Changes from baseline in time domain values of HRV for 20 healthy volunteers 4 
hours after exposure to pollutant or air. Bars represent the change in mean, error bars show 
SEM. * p < 0.05: change from baseline with pollutant, compared with change with air, 
repeated measures analysis 
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Figure 2b Changes from baseline in frequency domain variables of HRV and baroreflex 
sensitivity  for 20 healthy volunteers 4 hours after exposure to pollutant or air. Bars represent 
the change in mean, error bars show SEM. * p < 0.05: change from baseline with pollutant, 
compared with change with air, repeated measures analysis 
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study days. There were no significant changes in hrCRP in response to any pollutant exposure in 
either the healthy volunteer group or the patient group. Similarly, there was no evidence of a 
significant effect of any pollutant on levels of fibrinogen or D-dimer. 

Discussion 
Heart rate variability 
These results demonstrate that short-term exposure to SO2 causes a decrease in measures of cardiac 
vagal control and baroreflex sensitivity in healthy humans. The effect was observed 4 hours following 
exposure to SO2at 200 ppb, a concentration frequently encountered during pollution episodes. This 
result may help in explaining the findings of a number of observational studies such as APHEA II in 
which daily hospital admissions for ischaemic heart disease were independently associated with 
changes in daily levels of SO2 (Sunyer et al., 2003). The results provide direct evidence that SO2 
exerts autonomic effects that are well known to increase susceptibility to ventricular arrhythmias (La 
Rovere et al., 2001). 

The observed changes in cardiac vagal activity were likely to have resulted from upper airway 
receptor stimulation. Sulphur dioxide is a highly soluble gas and at the concentrations used in this 
study would not be expected to penetrate the respiratory system beyond the trachea. SO2 is, however, 
known to be able to activate rapidly adapting receptors and C-fibres in the upper airway and induce 
local airway narrowing by stimulation of sensory mucosal nerve endings. The lack of change in CRP 
and pro-coagulant activity also supports a direct neural effect. Further research is required to elucidate 
the site and time course of the influence of SO2 on autonomic control. 

It was also demonstrated that exposure to pure carbon particles results in immediate but transient 
alterations in cardiac autonomic control. A recent human challenge study showed that concentrated 
ambient particle exposure results in an immediate reduction in HRV (Devlin et al., 2003). The 
apparent discrepancy between these data, the observational studies, and the present results may lie in 
the nature of the particles. Whether it is particle size or composition that determines toxicity remains 
contentious. Ambient particles are complex mixtures of elemental carbon, organic molecules and 
highly reactive species such as transition metals, which have been implicated as a cause of adverse 
health effects. This issue was addressed in this study by the use of particles of a similar size to the 
products of vehicle combustion but composed of elemental carbon alone. The findings of this study 
suggest that in humans pure elemental carbon particles of equivalent size to those derived from 
combustion exert a small vagal stimulatory, rather than inhibitory, action. Such an effect is unlikely to 
predispose to ventricular tachyarrhythmia and sudden death. These results provide indirect evidence 
that it is the non-carbon content of particles that exerts adverse cardiovascular effects. 

The lack of any change in HRV in response to pollutant exposure in patients with coronary artery 
disease is likely to be the result of their high use of beta-blockers. These drugs exert powerful effects 
on HRV, increasing markers of vagal control and may have effectively masked any change in 
response to pollutants. 

Inflammation and coagulation 
The adverse influence of SO2 exposure on cardiac autonomic control cannot be attributed to a 
systemic inflammatory response. None of our pollutant exposures was accompanied by a systemic 
acute-phase or coagulant response. Epidemiological studies have shown a significant association 
between both SO2 and ambient particle concentrations and values of plasma CRP and viscosity. 
(Peters et al., 1997, 2001) Human exposure to diesel exhaust or ambient particles results in pulmonary 
inflammation and an increase in circulating platelets, neutrophils and fibrinogen. (Salvi et al., 1999; 
Ghio et al., 2000). The present results are therefore an important negative finding and suggest that the 
inflammatory response to fine particles is also likely to depend on their composition. 
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Conclusions 
This study suggests that SO2 exerts adverse cardiovascular effects via the autonomic nervous system. 
No such effect was seen with pure carbon particles but further research on particulate pollutants is 
required to examine the role of reactive components. 
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5.9 Effects of inhalation of particulate matter and 
sulphur dioxide on markers of upper and lower 
airway inflammation (Poster) 
Manney S 1, Routledge HC 2, Ayres JG 3, Harrison RM 4& Townend JN 2 
 1Department of Respiratory Research, Birmingham Heartlands Hospital Birmingham 
 2Cardiovascular Medicine, University Hospital Birmingham, Birmingham 
 3Department of Environmental and Occupational Medicine, University of Aberdeen, Aberdeen 
 4Department of Environmental Health and Risk Management, University of Birmingham, Birmingham 

Background and objectives 
Elevated concentrations of ambient air pollutants, both gaseous and particulate, have been associated 
with increased mortality and hospital admissions for cardiovascular disease (Dockery et al., 1993; 
Katsouyanni et al., 1995). A specific association between ambient particulate matter and the 
occurrence of myocardial infarction has also been demonstrated more recently (Peters et al., 2001a). 

One proposed mechanism by which low ambient concentrations of pollutants in inspired air could 
elicit acute adverse cardiovascular effects is via the initiation of a systemic inflammatory response. 
The relationships between systemic inflammation, the thrombophilic state and adverse coronary 
events in patients with coronary artery disease have become well established. Elevated levels of 
circulating CRP predict the risk of instability and death in patients with both stable and unstable 
angina, but also asymptomatic individuals (Biasucci et al., 1999). Population studies have also 
provided further supporting evidence for the presence of an acute phase response (elevated CRP and 
plasma viscosity) during air pollution episodes (Peters et al., 1997, 2001b). The observed systemic 
response is thought to be initiated by a pulmonary inflammatory response. Both animal and human 
studies have demonstrated an increase in neutrophils and lymphocytes in the bronchoalveolar lavage 
fluid following exposure to concentrated ambient or diesel exhaust particles (Salvi et al., 1999). 
Further supporting evidence for this was found in in vitro studies, where release from alveolar 
epithelial cells of pro-inflammatory cytokines, including Il-6, Il-8 and tumour necrosis factor-alpha 
(TNF-α) was found in response to particulate matter exposure (Shukla et al., 2000). 

Inhaled pollutants have also been found to induce upper airway inflammation as assessed by nasal 
lavage fluid analysis. A significant increase in polymorphonuclear neutrophils was observed in nasal 
lavage fluid both immediately after a 4 hour exposure to volatile organic compounds (representative 
of levels found within the home or office), remaining 18 hours post exposure (Koren & Devlin, 1992). 
Il-8 has also been identified in response to allergen/pollutant challenge, increasing in nasal lavage of 
asthmatics by up to 22% following exposure to ozone (Hiltermann et al., 1997). 

Exhaled breath condensate (EBC) is a new and novel technique, developed to sample the lower 
airways. Samples have been used in previous studies to identify markers of inflammation and 
oxidative stress in individuals with respiratory disease (Ganas et al., 2001; Corradi et al., 2003). EBC 
has also more recently been employed to measure an individual’s response to an acute pulmonary 
insult, that is smoking. Changes have been identified in anti-oxidant markers (glutathione and nitrate 
plus nitrite) post-smoke in otherwise healthy individuals. These changes were also reflected 
systemically in serum (Nuttall et al., 2002). Studies have not yet been completed, however, to 
establish whether EBC can measure pulmonary changes in response to a laboratory controlled 
pollutant exposure. 

It may therefore be a combination of upper and lower airway inflammation that elicits a further 
systemic response. Thus it was decided to test the hypothesis that inhalation of particulate matter 
and/or gaseous pollutants provokes an inflammatory response in the lungs and/or upper respiratory 
tract (with the consequent release of pro-thrombotic and inflammatory cytokines). A systemic acute 
phase response, as suggested here, would put individuals with coronary atheroma at increased risk of 
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plaque rupture and thrombosis. The specific aims of this study were to determine whether there was a 
local inflammatory response in the lungs and nose to the inhalation of two specific pollutants in 
isolation and in combination (carbon particles and sulphur dioxide) 

Study description 
A random order, double blind, 4-way crossover study was designed. Subjects were 20 patients with 
multi-vessel coronary artery disease and 20 healthy age-matched controls. Each subject attended on 
four study days at least one week apart. Exposures were for 1 hour to medical air, air containing 
100 µg/m3 carbon particles, air containing 200 ppb sulphur dioxide and to a combination of carbon 
particles and sulphur dioxide. A unique head dome exposure system was used, allowing normal oro-
nasal breathing. Nasal lavage samples were obtained at baseline, immediately after exposure, 4 hours 
after exposure and 20 hours after exposure, and assessed for Il-8 levels. Exhaled breath condensate 
was obtained at baseline, 4 hours after exposure and 20 hours after exposure, and assessed for total 
glutathione levels. 

Results 
Initial analysis of results showed no significant increases in nasal lavage Il-8 following any exposure 
in either group (Figure 1 shows the results for healthy volunteers). However, in coronary artery 
disease patients there was a trend towards an increase in Il-8 concentrations immediately after 
exposure to combined carbon and sulphur dioxide, but on initial analysis this trend did not reach 
significance. Exposure to carbon or sulphur dioxide was not associated with any significant change in 
glutathione levels in exhaled breath condensate (Figure 2 shows results for healthy volunteers). 
However, in the healthy control group a trend was observed in exhaled breath condensate glutathione 
levels at 4 hours following both carbon and sulphur dioxide exposures; once again this did not reach 
statistical significance. 

Figure 1 Nasal lavage levels of interleukin-8 (IL-8) in 20 healthy volunteers after exposure to 
carbon particles and/or sulphur dioxide (mean values) (p = NS) 
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Figure 2 Exhaled breath condensate glutathione levels in 20 healthy volunteers after 
exposure to carbon particles and/or sulphur dioxide (mean values) (p = NS) 

 
Discussion 
It is suggested that reactive metal species or lipopolysaccharides found on the surface of carbon 
particles, rather than the sulphur dioxide or the carbon component itself may be the stimulus to local 
inflammation propagating a further systemic response. Owing to the initial study design, it is possible 
that changes in EBC glutathione may have been missed because a sample was not taken immediately 
post-challenge. This is supported by evidence from a recent study that showed an acute depletion 
immediately after smoking a single cigarette, with values then returning to baseline at 4 hours post-
smoke (Nuttall et al., 2002). Studies are continuing, with subsequent protocols involving subjects 
being exposed to particles containing iron, vanadium and zinc. 

Conclusions 
Exposure for 1 hour to pure carbon particles with or without sulphur dioxide in concentrations similar 
to ambient air does not lead to a significant change in markers of upper or lower airway inflammation 
and/or oxidative stress. 
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5.10 Publication bias in air pollution time-series 
studies — implications for assessing the evidence 
Atkinson RW, Peacock JL & Anderson HR 
St George’s Hospital Medical School, London 

Introduction 
Time-series studies showing short-term associations between outdoor ambient air pollution and 
adverse health effects have been influential in identifying, and quantifying, the hazards associated 
with exposure of the population to low levels of air pollution. Together with emerging evidence of 
plausible biological mechanisms, this body of studies has been influential in informing policy-makers 
of the need for stringent abatement strategies. 

The purpose of this investigation was to ask to what extent has the evidence from time-series studies 
been affected by publication bias, a process that leads to the published evidence being 
unrepresentative of the totality of evidence. 

Methods 
Data collection 
A systematic review of time-series studies, funded by the Department of Health, has been conducted 
at St George’s Hospital Medical School. In brief, search strategies have been developed and applied to 
three on-line bibliographic databases (Medline, Embase and Web of Science) to identify ecological 
time-series studies of the short-term health effects of outdoor air pollution. Typically these studies use 
regression techniques to estimate the association between daily counts of deaths or hospital 
admissions in the study population and daily average concentrations of air pollution. The relevant 
effect estimates were extracted and entered into an Access database together with the information 
needed to standardise these estimates to enable meaningful comparison. 

Analysis of publication 
The funnel plot (Light & Pillemer, 1984) is a graphical tool for investigating the association between 
study effect size and sample size. It is a simple scatter plot of study effect against study precision. The 
name ‘funnel plot’ derives from the fact that as the study size increases the precision of the effect 
estimate increases. The resultant plot shows effect estimates from smaller studies scattered more 
widely at the bottom of the funnel with the spread narrowing among larger studies. In the absence of 
bias the plot represents an inverted and complete funnel. An asymmetrical funnel plot suggests that 
there are an excess of small studies with significant findings and is used as an indicator of publication 
bias. 

The funnel plot is a graphical device — two statistical tests were also employed to help assess the 
evidence for asymmetry in the plots. Egger’s linear regression test (Egger et al., 1997) regresses the 
standardised effect estimate against the inverse of the standard error. A non-zero intercept provides 
evidence that the funnel plot is asymmetric. Begg’s test (Begg & Mazumdar, 1994) is an adjusted 
rank correlation method to examine the association between the study estimates and their variances. 

The ‘trim and fill’ method was employed as an additional technique to identify, and attempt to adjust 
the summary estimate for any observed bias (Duval & Tweedie, 2000). This method works by 
removing small studies until symmetry in the funnel plot is achieved. The centre of the funnel is then 
estimated before the removed studies are replaced together with their missing mirror-image 
counterparts. A revised summary estimate is then calculated using all of the original studies together 
with the hypothetical “filled” studies. 
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Results 
To illustrate this approach we have extracted from the Access database time-series results for daily 
mortality, particles and ozone. Table 1 shows the summary estimates, both before and after 
adjustment for possible publication bias, together with the results of the various tests and procedures 
described above. Figure 1 shows a typical funnel plot and illustrates asymmetry in estimates and the 
corresponding correction using the ‘trim and fill’ technique. 

Table 1 Original and revised summary relative risk estimates (for a 10 µg/m3 increase) for 
selected pollutants and all-cause and cause-specific mortality 

Outcome/Disease Age Summary  
estimate 

PM10 BS Ozone (8 hour) 

All-cause All age Original (No. 
estimates) 

1.006 (1.004, 
1.008) 33 

1.006 (1.004, 
1.008) 26 

1.003 (1.001, 
1.004) 15 

  Revised (No. 
estimates) 

1.006 (1.004, 
1.008) 33 

1.004 (1.002, 
1.007) 33 

1.002 (1.000, 
1.003) 20 

Respiratory All age Original (No. 
estimates) 

1.013 (1.005, 
1.020) 18 

1.006 (0.998, 
1.015) 18 

1.000 (0.996, 
1.005) 12 

  Revised (No. 
estimates) 

1.010 (1.001, 
1.018) 20 

0.999 (0.990, 
1.008) 24 

0.999 (0.995, 
1.004) 15 

Cardiovascular All age Original (No. 
estimates) 

1.009 (1.005, 
1.013) 17 

1.004 (1.002, 
1.007) 18 

1.004 (1.003, 
1.005) 13 

  Revised (No. 
estimates) 

1.005 (1.001, 
1.010) 23 

1.004 (1.001, 
1.006) 22 

1.004 (1.003, 
1.005) 17 

Revised estimates were calculated using the ‘trim and fill’ technique. The total numbers of estimates used in the meta analysis are indicated 
in bold 

Figure 1 Funnel plot of estimates for all-cause mortality and PM10 

 

Solid circles indicate original effect estimates plotted against the reciprocal of the standard error ( precision of the estimates). Open 
diamonds are the study estimates generated by the ‘trim and fill’ technique to make the funnel plot symmetrical. The long-dash line is the 
original summary estimate and the short-dash line the revised (including the generated estimates) summary estimate 

In all but one case there was evidence for asymmetry and possible publication bias. In some cases the 
evidence was strong with the graphical evidence concurring with the results of the significance tests 
(data not shown). In others, for example PM10 and respiratory mortality, the evidence was less 
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conclusive. In such cases the number of estimates ‘generated’ by the trim and fill technique were 
small and the revised summary estimates little different from the originals. 

Discussion 
Publication bias arises from a preference to submit and publish studies that show statistically 
significant effects in a particular direction. Such studies are more likely to be published in English 
(language bias), to be published in high impact journals and more quickly, to be cited by authors 
(citation bias) and more likely to produce multiple publications (duplicate publication bias). They are 
therefore more likely to be included in systematic reviews. 

The selective reporting of some results but not others according to their effect sizes, direction and 
statistical significance is another source of bias, one particularly relevant to time-series studies where 
many pollutants, and lags of pollutants and outcomes are analysed. 

Investigations of new hypotheses often involve small samples and such studies only tend to reach 
publication if statistical significance is achieved. Later confirmatory studies tend to be larger and of 
higher methodological quality and are often conducted with a commitment to publish irrespective of 
their findings. These studies are therefore less likely to be subject to publication bias than smaller 
studies. 

Publication and related bias exists in the time-series literature. The present analysis suggests that 
adjustment for publication and other biases does not alter the conclusions that an association between 
air pollution and daily health indicators exists. It does, however, suggest that the magnitude of this 
association is smaller than previously thought. 
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5.11 Relationships between indoor/outdoor and 
central site concentrations of particulate matter 
determined as mass and ultrafine particle count 
within the RUPIOH epidemiological study 
Harrison RM, Meddings C, Thomas S & Delgado Saborit JM 
Division of Environmental Health & Risk Management, School of Geography, Earth and Environmental 
Sciences, University of Birmingham 

Background and objectives 
The work described is a small component of the European Union FP5 project, RUPIOH 
(Relationships between Ultrafine and Fine Particulate Matter in Indoor and Outdoor Air and 
Respiratory Health). This is a project involving the University of Birmingham in collaboration with 
the University of Utrecht (Co-ordinator), the Energy Research Centre of the Netherlands (ECN), the 
University of Helsinki, the National Public Health Institute of Finland, the National and Kapodistrian 
University of Athens and the National Observatory of Athens. The objectives of the RUPIOH study 
are to improve exposure assessment for ultrafine particles and assess the effect of improved exposure 
characterisation on estimated health effects by investigating: 

• the relationship between outdoor and indoor particle number counts on timescales relevant for 
epidemiological studies; and 

• the relative strength of the association between outdoor and indoor exposure to airborne particles 
characterised by particle number counts, PM10 and PM2.5 concentrations and the respiratory health 
of sensitive subjects. 

Study description 
Each of the four centres has recruited between 30 and 50 non-smoking adult subjects with a known 
history of either asthma or chronic obstructive pulmonary disease (COPD). The day-to-day health of 
the subjects is monitored through measurement of: 

• lung function using a hand-held electronic spirometer providing information on Forced vital 
capacity (FVC) and forced expired volume in one second (FEV1) in addition to peak flow; 

• urinary excretion of Clara cell protein CC16; and 

• analyses of exhaled breadth condensate. 

Measurements of air quality are made within and immediately outside the home of each subject (each 
of whom is studied for one week), and at a central site, for the following determinands: 

• particle number count using a condensation particle counter, representative of the abundance of 
ultrafine particles; 

• PM2.5 and PM10 mass collected using Harvard impactors; and 

• selected chemical components of PM2.5 samples. 

Additionally, some measurements of air exchange rates between indoors and outdoors have been 
made. 
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This paper describes a preliminary study of the particle count, PM2.5 and PM10 concentration data for 
the Birmingham subjects. A more complete analysis will be conducted including all of the studied 
cities, together with analysis of the health effects data. 

Results 
Correlations between the determinands at a single location 
As anticipated, correlations between PM2.5 and PM10 at any of the three locations (indoors, outdoors at 
subject’s home and central site) are often significant; the highest proportion of correlations with 
r2 ≥ 0.5 being the central site. At this site, 50% of correlations over a seven day period had a value of 
r2 >0.9. On the other hand, intra-site correlations between particle number count and either PM2.5 or 
PM10 were typically very weak, irrespective of the site being indoors, outdoors or central site. For 
typically 80–90% of weekly 24 hour data, the correlation was very poor (r2 <0.5). This finding is 
potentially a valuable one for the study, since it appears that the ultrafine particle number count and 
the PM mass concentration vary largely independently of one another and can therefore be used as 
independent variables in the epidemiological data analysis. 

Between-site correlations of particle metrics 
Figure 1 shows a typical time-series plot of hourly average particle number concentration measured 
indoors, outdoors and at the central site. 

Figure 1 Time series of indoor, outdoor and central site (CS) particle number concentrations 
(number/cm3) at the home of one subject 

 

This shows a weak relationship between the outdoor and central site data, while the indoor 
concentrations are generally lower but dominated by large short-term peaks corresponding to some 
form of particle generation within the home (perhaps from cooking). When correlations were 
conducted using the raw data, indoor/outdoor relationships were typically very weak, but if the data 
were edited to remove the transient peaks, much improved correlations were seen; for example, using 
the data from one home, the following regression was obtained with raw data: 

y = 0.16x + 13 800 r2 = 0.0022 
and for the edited data: 

y = 0.18x + 1380 r2 = 0.620 
where y = indoor particle count (per cm3) and x = outdoor particle count (per cm3). 

It therefore appears that the indoor air contains a highly attenuated background of particles derived 
from outdoor air onto which large spikes generated by indoor activities are superimposed. When 
indoor/outdoor relationships were examined for PM2.5 and PM10, the highest number of reasonable or 
good correlations (r2 >0.5) was between the outdoor and central site, while, perhaps surprisingly, 
correlations between the indoor and central site were closer than between indoors and the local 
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outdoor site. For PM2.5, 42.9% of weekly indoor datasets showed a correlation with the central site 
(r2 >0.5), while for PM10 this was only 25%. The relatively weak correlation of indoor and central site 
particulate matter concentrations has been noted previously. 

Effects of distance and meterological variables 
The subjects’ homes were spread quite widely around the West Midlands region and it was therefore 
decided to investigate whether the quality of correlation between indoor or outdoor data and the 
central site measurements was dependent on distance between the sampling location and the central 
site. The general pattern exemplified by Figure 2 was that the correlation improved as the distance 
reduced between the subject’s home and central site. 

Figure 2 Correlation coefficient (R2)of particle number count data versus distance for indoor 
(a) or outdoor (b) data and central site measurements 

 

A broadly similar pattern emerged for PM2.5 and PM10 mass as well as particle number count. The 
data were then stratified according to meteorological variables to see whether there was any influence 
of factors such as temperature, season, wind direction and relative humidity upon the quality of the 
correlations. One of the more striking findings was that correlations between both indoors and 
outdoors and the central site appeared to improve for temperatures above about 18 ºC. For the indoor 
location this may be a reflection of the opening of windows in warmer weather improving the 
coupling between indoor and outdoor air. For the outdoor sites/central site relationship, the finding is 
rather surprising and while it may to some extent reflect better atmospheric mixing, it remains rather 
hard to explain. Higher windspeeds tended to improve the correlation between sites, possibly by 
minimising atmospheric transport times. 

Conclusions and discussion 
From the data presented, a number of conclusions relevant to the interpretation of the results of 
epidemiological studies may be drawn. The first relates to the generally poor relationship between 
particle number count and particle mass, therefore opening up the possibility of detecting the effects 
of particles as described by one metric as opposed to the other, whereas for PM2.5 and PM10 the two 
metrics are so strongly correlated that disaggregating the effects of fine versus coarse particles is 
rendered extremely difficult. The improved correlation between concentrations measured inside and 
outside the subject’s home with those measured at the central site with reducing distance is not 
surprising; however, it does point to the value of, where possible, making air quality measurements in 
epidemiological studies close to the homes of subjects. Dockery (20026) has argued that the generally 
larger exposure-response coefficients determined in the Harvard Six Cities study in comparison with 
those in the American Cancer Society study reflect the fact that the subjects in the Six Cities study 
were selected within relatively localised areas close to local monitoring stations, whereas in the ACS 
study, single sampling stations may have represented the exposure of entire populations of large 
cities. The influence of household ventilation in improving the coupling between personal exposure 
                                                           
6 Dockery DW (2002) Long-term health effects. In: 1st AIRNET Annual Conference, London, 11, 12 December, 
2002, available [30 June, 2004] at http://airnet.iras.uu.nl/ 
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and ambient concentrations has been highlighted by Sarnat et al. (2000) for a cohort of senior citizens 
living in Baltimore, Maryland, whereas the effect of central air conditioning in reducing 
cardiovascular disease coefficients in an analysis of results from the NMAPS study has been 
demonstrated by Janssen et al. (2002). Our data give a strong indication that factors that tend to lead 
to better ventilation of the home will improve correlations between central site measurements and 
concentrations measured within the home. 
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5.12 Particle species and daily mortality in the West 
Midlands conurbation, 1995–2001 
Bremner SA 1, Atkinson RW 1, Anderson HR 1& Harrison RM 2 
1Department of Community Health Sciences, St. George’s Hospital Medical School, London 
2Division of Environmental Health & Risk Management, University of Birmingham 

Background and objectives 
There is very little information about the effects of fractions of the PM10 mixture on daily mortality or 
hospital admissions in Europe. This restricts policy decisions concerning air quality standards and the 
appropriate metric on which to base them (EPAQS, 2001). 

In a previous report from this laboratory, associations between daily mortality/admissions and PM10, 
PM2.5, PM2.5–10 (calculated coarse fraction), BS and sulphate as well as gases were analysed for the 
West Midlands conurbation,. The results were inconclusive but were based on a limited time series 
(Anderson et al., 2001). A new analysis of mortality and the same pollutants for the much longer 
period of seven years is now presented. 

Study description 
An ecological time-series study was undertaken with the outcomes: daily all-causes, all 
cardiovascular and all respiratory all-ages mortality counts, January 1995 to December 2001, for the 
West Midlands conurbation (population 2.3 million) including the city of Birmingham. Data on the 
daily average temperature (mean of minimum and maximum) and relative humidity (measured at 
9am) (1 site) were obtained. 

Data were recorded for particles: PM10 (3 sites), PM2.5 (1 site), BS (2 sites), rural sulphate (SO4
2-) (2 

sites); calculated coarse fraction (PM10–PM2.5) (1 site); and gases: ozone (O3) (2 sites), NO2 (3 sites), 
SO2 (3 sites), CO (1 site), NO (3 sites) — see Figure 1 for location of sites. 

Figure 1 Location of urban background monitors and weather station 
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The statistical models used were generalised additive models with quasi-likelihood approach, 
controlling for seasonal and weather effects with loess smoothers and cubic splines; day-of-week, 
public holidays, and respiratory epidemics. 

Results 
A mean of 59.7 (SD = 12.3) all-causes deaths daily was found over the study period with all-
cardiovascular deaths, 25.7 (6.60) and all-respiratory deaths, 9.7 (5.52). It was found that warm and 
cool season correlation coefficients tend to be different (Table 1). 

Table 1 Inter-pollutant and meteorological correlations (r values) in the cool (October–
March, grey shaded area,) and warm (April–September, white area) seasons 

Temp. = temperature; %r.h. = % relative humidity 

There was a decline in particulate concentrations throughout the study period. No statistically 
significant associations were found between all-causes mortality and particulate pollution (all-year); 
except for sulphate, which was borderline (Figure 2). There were no statistically significant 
associations between all-cardiovascular or all-respiratory mortality and particulate pollution (all-year). 
The effect of PM10 was indistinguishable from that of PM2.5, black smoke and the coarse fraction 
(Figure 2). 

Cool→ PM 10 PM 2.5 PM 2.5-10 BS SO4
2- O3 NO2 SO2 CO NO Temp. %r.h. 

Warm↓ 
PM 10 0.92 0.48 0.69 0.63 -0.44 0.63 0.55 0.59 0.61 -0.22 0.12 
PM 2.5 0.90 0.37 0.72 0.55 -0.48 0.61 0.50 0.59 0.61 -0.22 0.17 

PM 2.5-10 0.77 0.62 0.11 -0.01 0.14 0.04 0.14 -0.01 -0.01 0.12 -0.24 
BS 0.47 0.47 0.18 0.26 -0.52 0.71 0.52 0.64 0.75 -0.29 0.20 

SO 4 2- 0.61 0.61 0.07 0.34 -0.29 0.25 0.25 0.20 0.13 -0.15 0.16 

O 3 0.34 0.29 0.24 0.04 0.40 -0.36 -0.40 -0.43 -0.47 0.33 -0.47 
NO 2 0.63 0.64 0.27 0.58 0.50 0.35 0.54 0.77 0.82 -0.24 0.12 
SO 2 0.59 0.53 0.46 0.34 0.26 0.03 0.43 0.51 0.53 -0.33 0.11 
CO 0.43 0.42 0.14 0.46 0.33 0.11 0.61 0.32 0.87 -0.23 0.25 
NO 0.43 0.46 0.13 0.61 0.28 0.09 0.67 0.32 0.69 -0.24 0.23 

Temp. 0.20 0.14 0.18 0.00 0.26 0.27 -0.01 -0.03 -0.04 -0.07 -0.06 
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Figure 2 Changes in relative risk (RR) of all-causes all-ages all-year mortality, cumulative lag 
0+1, for 10th–90th centile change in levels of pollutants 

 

Estimates were small in magnitude (0–1% increase in mortality across central 80% of pollutant 
ranges). Large positive and highly significant associations were found between the three mortality 
groupings (4–11% increase) and ozone. Marked differences were apparent between the cool and 
warm season estimates for particulates (Figure 3): cool season effects were generally negative, small 
and not statistically significant, whereas strong warm season effects were found, which were generally 
significant for particles. Ozone estimates were positive in both cool and warm seasons; there were no 
significant seasonal differences (Figure 3). 

Figure 3 Changes in relative risk (RR) of all-causes all-ages mortality with season 
(cool ♦/warm ◊), cumulative lag 0+1, for 10th–90th centile change in levels of pollutants 
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A gentle rise in relative risk of mortality was seen with increasing PM2.5 concentrations but there was 
no evidence that this weak relationship was any different from linear (Figure 4). 

Figure 4 Relative risk of all-cause, all-ages all-year mortality versus concentration for PM2.5 
(24 hr mean), cumulative lag 0 + 1  

 

Asterisks represent the pointwise one-standard error limits. Vertical dashed line is the median concentration 

There was strong evidence for an ozone threshold with increasing relative risk of mortality above 
approximately 30 ppb (Figure 5). 
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Figure 5 Relative risk of all-cause, all-ages all-year mortality versus concentration for O3 (8 hr 
running mean), cumulative lag 0 + 1 

 

Asterisks represent the pointwise one-standard error limits. Vertical dashed line is the median concentration 

Conclusions 
This is the largest study of particle species yet conducted in Europe. It was found that PM10 and PM2.5 
were highly correlated (r >0.9) and, while both showed increased relative risks for mortality, these 
were not statistically significant. PM2.5–10 was only moderately correlated with PM10 and PM2.5 with 
similar and non-significant associations with mortality. There was evidence of a threshold for ozone. 

Discussion 
Monitoring of PM10 is sufficient to protect the public from the health effects of PM2.5 and has the 
added advantage of including the coarse fraction for which health effects cannot be excluded. There is 
an urgent need to obtain more information about the health effects of components of the PM10 mixture 
across a range of European cities. 
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5.13 The interaction between temperature and 
particulate air pollution on cardiorespiratory 
mortality in Scotland 
Carder M1, Agius R1, McNamee R1, Beverland I2, Elton R3, Boyd J4 
1University of Manchester 
2University of Strathclyde 
3University of Edinburgh 
4Information & Statistics Division of the NHS in Scotland 

Background and objectives 
Low temperature has a strong association with increased cardiorespiratory mortality (Braga et al., 
2001; Pattenden et al., 2003). Traditionally it has been considered a simple confounder in relation to 
air-pollution effects (Lippmann & Ito, 1995), and (typically) adjusted for by including in the 
regression models measurements of temperature on the same day as the health outcome and/or up to a 
few days previously. A number of recent studies have indicated that temperature effects on mortality 
may persist for periods in excess of two weeks (Gemmell et al., 2000; Huynen et al., 2000; Keatinge 
et al., 2001), suggesting that longer lag periods for temperature should be considered in air pollutant 
time-series studies and that perhaps even more of the effect may be explained by temperature than had 
been believed from time-series studies of air pollution and health. It was postulated that there may be 
an interaction between (cold) temperature and particulate air pollution in their effect on health. For 
example, it is known that cold will adversely affect respiratory muco-ciliary function (Williams et al., 
1996) and may thus impede the clearance of pollutants. Cold has also been associated with increased 
circulatory fibrinogen levels (Stout et al., 1991) and might therefore increase thrombotic risks 
associated with air pollution.  

The aim of this study was to investigate both the immediate and delayed effects of temperature on 
cardiorespiratory mortality and to determine whether there is any interaction between temperature and 
black smoke in terms of their effect on cardiorespiratory mortality.  

Study description 
The study used a time-series design extending from January 1981 to December 2001. Data were 
provided for the three Scottish cities of Edinburgh, Aberdeen, and Glasgow. The groups considered in 
this study were deaths from all (non-accidental) causes, cardiovascular causes (ICD-9 codes 410-414, 
426-429, 434-440) and respiratory causes (ICD-9 codes 480-487 and 490-496) (Prescott et al., 1998).  

Meteorological Office data were used to calculate the daytime mean temperature for each day, taken 
as the average of the 7am to 11pm hourly values. Since the mortality/temperature relationship was 
observed to be steeper at the lower end of the temperature scale, for each day, we created two linear 
temperature variables, representing temperature above and below 11 οC. These variables were then 
lagged by lag 1–6 days (i.e. average of temperature at lag 1 through to 6 days), 7–12 days, 13–18 
days, 19–24 and 25–30 days. Days were grouped in this way to minimise the number of variables in 
the regression models and thus reduce the problem of multicollinearity.  

For Aberdeen and Edinburgh, daily mean BS measurements were obtained from a centrally located 
site within each of the cities. For the Glasgow area, BS measurements from eight separate sites were 
available and as such the population of the area was split into eight separate groups based on postcode 
sector, with each population ascribed the BS exposure of the nearest BS site. For Edinburgh and 
Glasgow, multiple imputation methods (multiple regression using all available sites) were used to 
replace the missing BS data at each site. No imputation for missing BS data was possible for 
Aberdeen due to the lack of concurrent sites. The mean of the previous three days BS concentration 
was used as the exposure measurement.  
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All analyses were carried out in Splus (version 2000) using generalised additive (Poisson) models 
(GAMs) with natural cubic splines to capture seasonal and other long-term effects. The convergence 
tolerances of the GAM function were set to a low value of 10-9 with a limit of 1000 iterations 
(Pattenden et al., 2003). Data for the three cities were combined for analysis. 

Results 
To simplify the presentation of results, changes in mortality are expressed in relation to a change of 
temperature on a single day. Figure 1 shows the percentage increase in mortality (all cause) associated 
with a 10 οC fall in the daytime mean temperature below <11 οC, on any one-day at increasing lag. A 
10 οC fall in the daytime mean temperature below 11 οC was significantly associated with increased 
mortality with the strongest associations observed between mortality and the daytime mean 
temperature lagged by 1–6 days with effects generally diminishing, but tending to remain significant 
up to one month. Similar patterns in results were observed for cardiovascular and respiratory 
mortality. The observed association between mortality and a fall in the daytime mean temperature 
within the range 25 ο–11 οC tended to be weaker.  

Figure 1 Per cent change in mortality (all cause) associated with a 10 οC fall in the daytime 
mean temperature (<11 οC) on any one day at increasing lag 

 

Table 1 provides the results of the likelihood ratio tests assessing the overall significance (all five lag 
periods assessed together) of the interaction terms between BS and temperature (<11 οC) for each 
cause of death. The results indicate some evidence of significant interactions between BS and 
temperature both for all cause mortality and for respiratory mortality. Table 2 provides the percentage 
change in mortality associated with an increase in (previous day) BS of 10 µg/m3 and/or a decrease in 
the (previous day) daytime mean temperature of 10 οC. In all cases, the combined estimate is greater 
than the sum of the two individual estimates. 
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Table 1 Changes in mortality and interactions between  black smoke and a decrease in 
temperature <11 °C 

 Black smoke and temperaturea (P valueb) 

All cause deaths, all ages 0.003  
All cause deaths, >65 years 0.018 
All cause deaths, <65 years 0.419 
Cardiovascular deaths, all ages 0.478 
Cardiovascular deaths, >65 years 0.528 
Cardiovascular deaths, <65 years 0.139 
Respiratory deaths, all ages 0.004 
Respiratory deaths, >65 years 0.009 
Respiratory deaths, <65 years 0.420 

a A decrease in temperature <11οC 
b Obtained from likelihood ratio tests comparing model with temperature/black smoke interaction terms versus model without interaction 
terms 
 

Table 2 Per cent increase in all-cause mortality associated with an increase of (previous day) 
black smoke by 10 µg/m3 and/or a decrease of the (previous day) daytime mean 
temperature by 10 οC 

 Black smoke Temperaturea Black smoke and 

temperatureb 

All-cause deaths, all ages 0.06 0.94 1.70 
All-cause deaths, >65 years 0.10 0.99 1.68 

a A decrease in temperature <11οC 
b Combined effect of both an increase in black smoke and a decrease in temperature 
 

Discussion 
Cold was a strong predictor of mortality in this Scottish population. The strongest associations were 
observed between mortality and temperature lagged by one week but significant associations were 
also observed between mortality and temperature lagged out to one month. However, a pollution 
effect was demonstrable even after adjusting for temperature effects up to one month. The results of 
this study also suggested some evidence of an interaction in effect between cold and BS in terms of 
their effect on cardiorespiratory mortality. Since extremes of cold and particulate pollution may 
coexist, for example during temperature inversion episodes, the results of this study may have 
important public health implications.  
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 6University of Edinburgh 
 

Background and objectives 
The purpose of this research is simultaneously to quantify the health effects of long-term exposure to 
air pollutants and shortening of life from short-term exposures. Primary outcome measures are cause-
specific mortality and morbidity, with particular attention to cardiovascular outcomes. The results of 
cohort studies are currently being compared with corresponding estimates from time-series studies of 
the population from which the cohorts are drawn. Outcomes in 26,360 subjects in three cohorts are 
being investigated in the period between 1970 and 2002. Detailed baseline risk data and the unique 
advantages of the Scottish Health Record Linkage system (including algorithmic linking of individual 
hospital admission and mortality records) will enable novel ways of quantifying effect magnitudes in 
susceptible population sub-groups, and coherence in medical outcomes. The potential for confounding 
and effect modification by both individual and aggregate level factors (including smoking, 
deprivation, occupation, educational attainment, prior ill health, physiological factors, and gaseous co-
pollutants) is being investigated. Extensive (>50 year duration) and detailed pollution exposure 
databases are being used to investigate exposure and latency durations and temporal changes in 
pollution concentrations that are most relevant to health outcomes. 

Study description — overview 
The consortium has studied pollution-related mortality effects in the three largest Scottish cities using 
acute-effect time-series methods. Positive associations between health outcomes and increased 
concentrations of airborne particles are found in Edinburgh and Glasgow, with indications of stronger 
associations in the former (Prescott et al., 1998, 2000; Agius et al., 2002). Prior emergency admission 
with cardiorespiratory disease is associated with increased susceptibility to particulate pollution-
related mortality (Agius et al., 2002). 

Scotland has one of the highest nationally reported mortality rates world-wide for both coronary heart 
disease (Tunstall-Pedoe et al., 1989) and lung cancer (Hart et al., 2001). Correspondingly 
epidemiologists have already established cohorts in urban areas with detailed baseline data on risk 
factors. These cohorts are geographically dispersed throughout the central belt of Scotland and are 
likely to have a pollution gradient of comparable magnitude to those examined in cohort studies in the 
USA and continental Europe. Many subjects reside in areas with long-term records for black smoke 
and sulphur dioxide (Figure 1), and medium-term records for PM10. 
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Figure 1 Location of cohort subjects’ residences and air pollution monitoring sites in central 
Scotland 

 

New studies of these cohorts are being integrated with existing time-series analyses to answer 
important questions on acute-chronic exposure inter-relationships, and to provide a direct comparison 
with existing US cohort studies in a way that minimises limitations resulting from the semi-individual 
cohort design inherent in this work (Navidi et al., 1994; Kunzli & Tager 1997). 

Discussion 
It was found that the preliminary analyses were sensitive to underlying choices about the study design 
adopted. The following study design considerations are being addressed. 

Exposure misclassification considerations 

• Missing exposure data 

• ‘Nearest site(s)’ approach to exposure assignment 

• Spatial models of exposure to pollutants 

Epidemiological study design considerations 

• Choice of exposure, latency and outcome periods in Cox proportional hazards model 

• Population mobility 

• Occupational exposure of cohort subjects to airborne pollutants 
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5.15 Does particulate air pollution affect fetal and 
infant health? A systematic review (Poster) 
Pless-Mulloli T, Glinianaia SV, Rankin J, Bell R, Howel D 
Public Health Research Group, School of Population and Health Sciences, Faculty of Medical Sciences, 
University of Newcastle, Newcastle upon Tyne 

Introduction 
There is now substantial evidence that both short- and long-term increases in ambient air pollution are 
associated with increased mortality and morbidity in adults and children. Fetal and infant health is 
particularly vulnerable to environmental exposures, and the growing body of evidence suggests that 
exposure to air pollution can adversely affect these groups. This is of major public concern as effects 
on fetal and infant growth and development may impact on subsequent development and health with 
implications for health care, education and social services. This systematic review summarises and 
evaluates the current level of epidemiological evidence of an association between ambient particulate 
air pollution and fetal and infant health outcomes. 

Methods 
Relevant articles published between 1966–2001 in English using database searches were identified 
with a comprehensive list of search terms and other approaches. Publications were included in the 
review according to the following inclusion criteria: if they reported original data on fetal outcomes 
(birthweight, gestational age at delivery or stillbirth) or infant mortality related to directly measured 
non-accidental exposure to particulate matter. 

Results 
Twenty-four studies (12 for fetal outcomes and 12 for infant mortality) met our inclusion criteria. 
There was little consistency in the evidence linking particulate air pollution and these outcomes. 
Many studies had methodological weaknesses in their design or adjustment for confounding factors. 
Even in well-designed studies, the reported magnitude of the effects on fetal growth and duration of 
pregnancy was small and inconsistently associated with exposure at different stages of pregnancy. 
There was some evidence that the association with particulate matter differed by cause of infant death, 
being more consistent for postneonatal mortality due to respiratory causes and sudden infant death 
syndrome. 

Discussion 
Current epidemiological evidence suggests some links between particulate air pollution and different 
subgroups of infant mortality. Differential findings for various mortality subgroups within some 
studies are suggestive of a stronger association of particulate air pollution with some causes of infant 
death. For fetal health outcomes, the currently available evidence is consistent with either a small 
adverse effect of particulate air pollution on fetal growth and duration of pregnancy, or with no effect. 
For more detailed information see Glinianaia et al. (2004a,b). Further research should be directed 
towards clarifying and quantifying these possible effects, using the most appropriate methodologies 
for exposure assessment and control of confounders, and generating testable hypotheses relating to 
plausible biological mechanisms. 
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