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1 Workshop summary 

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 the third and sixth 
annual review meetings have been published (IEH, 2000, 2002). 

Over the years, the annual review meetings have attracted increasing interest and participation from 
UK groups undertaking air pollution research, from exposure measurement and characterisation to 
toxicology, mechanisms of toxicity and volunteer and epidemiological studies. The seventh annual 
review meeting, funded by the Department of Health (DH), was held at the University of Leicester on 
1, 2 April 2004 and included presentations on a range of ongoing research projects supported by a 
number of sponsors. 

The aims of the annual review meetings are to provide an opportunity for researchers active in the 
field to present proposed, continuing or completed work, and to facilitate exchange of information and 
expertise between researchers themselves and between researchers and funders of UK research on air 
pollution and health. Some of the main points from the discussions at the meeting are reported below. 

Exposure 
Efforts to reduce air pollution are driven principally by health concerns, and air quality standards are 
based on health effects. While measuring or modelling personal exposure to air pollutants has become 
an important focus of attention, any health impact is actually determined by the dose to the lung, 
which will vary considerably between individuals according to disease state, age and so on. For 
example, a child’s lung dose of a pollutant could, in theory, be greater than that of a healthy adult. 
Dose, rather than simply personal exposure, is therefore most relevant to eventual health impact. 

It now seems reasonable to take exposure modelling a stage further, by developing models that take 
the ‘receptor’ (the exposed person) into consideration and allow for different exposures, in different 
types of individual. It should not be difficult to develop models that effectively convert exposure to 
individual dose, if time–activity patterns are known and dose scaling factors can be developed (based, 
for example, on factors such as lung ventilation and clearance rates) for exposures associated with 
various activities and for different types of individuals. Such data are beginning to become available 
and more collaborative work between clinicians and exposure modellers is to be encouraged. While 
weighting or otherwise modifying exposure data to give a better estimate of dose may not be readily 
applicable to large epidemiological studies, it might be manageable and informative in small-scale 
studies. 

As demonstrated by papers presented at the meeting, indoor exposure is a good predictor of personal 
exposure but outdoor exposure is not. In the study reported by Lai et al. (2.1), personal exposure was 
higher than exposure measured at any fixed site, including that measured by indoor microenvironment 
monitors, which suggests that people make their own ‘pollution’. 

There is concern that too much emphasis can be placed on the levels of particulate exposure without 
due account being taken of the nature, in particular the chemical composition, of the particles. The 
data from the Cornish china clay study (2.3), where a substantial proportion of the dust is kaolinite, 
might be a case in point. It is perhaps unreasonable to apply standards for PM10 (particulate matter of 
aerodynamic diameter less than 10 µm), which are based on (and targeted at) combustion particles 
found in urban pollution, to the area around such an industrial site, especially where the dust in 
question could be considered to be relatively harmless. Nonetheless, at present, air quality objectives 
still have to be met at such sites. It is commonly accepted that health impacts associated with 
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particulates are mostly related to combustion aerosols (PM2.5 from vehicle exhaust and PM10 from 
road surfaces). The traffic -related pollution identified in the Cornish study is probably far more 
relevant for public health than dust from the china clay industry, in particular for people living in 
housing in close proximity to highly congested streets where there is a lot of ‘stop-start’ driving. It is 
areas like these that are often the ones designated as ‘air quality management areas’ by local 
authorities. 

Toxic mechanisms 
It is generally accepted that current air pollution levels are associated with adverse health impacts. 
While experimental mechanistic studies are expected to contribute information about the nature of 
such an association, they are generally conducted using exposure/dose levels of particulates that are 
very high and physiologically unrealistic, in isolated cell cultures or, depending on the end-point 
measured, in experimental animals. In such systems, particulates do not appear to be very toxic. There 
continues to be, therefore, an apparent gap between the results from experimental studies and those 
from epidemiological studies.  

One problem is the chemical complexity of particulate pollution. Occasionally it is possible to identify 
a single active component; for example, an experimental animal study on dust from a Canadian city 
identified zinc as the active component (Adamson et al., 2000). However, generally, it is not 
straightforward for experimental studies to take into account the full complexity of the chemical 
composition of particles, and it is possible that chemicals in dust interact in a manner that enhances or 
reduces the activity of some components. 

Another difficulty may be that experimental studies often use a limited number of particulate samples. 
In one ongoing study (Lightbody et al., 2002), in which 24-hour samples are being collected, over one 
year, at six locations in the UK, great variability is seen (both within and between sites) in the extent 
to which the particles collected can induce inflammation in the rat lung. In both cellular and animal 
studies there is still debate about the importance of the biological end-point being measured. If the 
effect is transient it may be linked to protective mechanisms. If it is persistent or very marked then it 
may have greater implications for health effects. 

A further issue may be that experimental studies often address a very specific biological outcome that, 
although plausible, may not be the key factor behind the more general health outcome identified by 
epidemiological studies. 

One way to bridge the gap between mechanistic and epidemiological studies would be to collect and 
analyse particulates on a daily basis over long periods so that levels of characterised pollutants could 
be compared with, for example, hospital admissions at a nearby location. It might be possible to 
incorporate such an approach into ongoing time-series studies. Indeed, a recent US time-series study 
(Laden et al., 2000) did succeed in identifying different health outcomes in relation to different 
chemical components. By conducting long-term trace element measurements in the UK, alongside 
health effects studies, it might be possible to identify the primary active chemical components of dust 
particles. 

Human health impact 
Studies on susceptible groups (such as 4.12) offer great potential. This is not only because of their 
public health importance; the identification of associations between air pollution and health impacts in 
susceptible groups also strengthens the plausibility of a causal association between air pollution and 
health in general. Such an association seems less plausible if the effects are spread evenly across the 
general population. Panel studies on susceptible groups might, therefore, be informative, as long as 
the appropriate susceptible groups can be identified from epidemiological studies. While personal 
exposure measurement may not be a useful tool for large epidemiological studies, it could certainly be 
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applicable to panel studies. Some current health studies are beginning to use personal exposure data, 
and progress in this area should be encouraged. 

Deaths associated with air pollution events are usually due to respiratory or cardiovascular disease. 
The mortality associated with respiratory disease occurs, effectively, among those at the end stages of, 
often smoking-related, diseases, such as chronic obstructive pulmonary disease (COPD), and, as such, 
it represents shortening of life by possibly only days or weeks. In contrast, the majority of deaths 
associated with heart disease occur among people who were previously healthy; cardiac sudden death 
associated with air pollution episodes can thus result in the loss of years of useful life. This suggests 
that studies on people with increased risk of heart disease, such as diabetic subjects and the elderly, 
and studies on end-points that might indicate an adverse impact on heart rate variability, may be the 
most relevant. 

Air pollution might impact not just on mortality but also quality of life. It is therefore important to 
investigate not only death but also factors that increase the risk of death. In this way it may be 
possible to reduce such risks, for example by appropriate use of medication. 

As well as studying adverse effects of pollution, much may be learned from studies on the benefits to 
health of improving air quality, for example changes to promote reductions in traffic density or 
changes in fuel regulations. The evidence for a causal association between ambient air pollution and 
health would be more convincing if it could be shown that improvements in air quality led to 
improvements in health. 

References 
Adamson IYR, Prieditis H, Hedgecock C & Vincent R (2000) Zinc is the toxic factor in the lung response to an 
atmospheric particulate sample. Toxicol Appl Pharmacol, 166, 111–119 

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

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

Laden F, Neas LM, Dockery DW & Schwartz J (2000) Association of fine particulate matter from different 
sources with daily mortality in six US cities . Environ Health Perspect, 108, 941–947 

Lightbody JH, Stone V & Donaldson K (2002) Pulmonary inflammation induced by PM10 from different UK 
sampling sites. In 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.ec.uk/ieh 
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2 Pollutant exposure and characterisation 

2.1 Levels of PM2.5 in different microenvironments in 
EXPOLIS-Oxford UK 
Lai HK1, Kendall M2, Colvile R1, Alm S3, Hanninen O3, Jantunen3, Mathys P4, Ferrier H1, Lindup I5, 
Ashmore M6, Cullinan P7 & Nieuwenhuijsen M1 
1Department of Environmental Science and Technology, Imperial College of Science, Technology and 
Medicine, London 
2New York University School of Medicine, Nelson Institute of Environmental Medicine, USA 
3Department of Environmental Health, KTL-National Public Health Institute, Kuopio, Finland 
4Swiss Federal Office of Public Health, Division of Epidemiology and Infectious Diseases, Switzerland 
5Department of Health Toxicology Unit, Imperial College of Science, Technology and Medicine, London 
6Department of Environmental Sciences, University of Bradford 
7National Heart & Lung Institute, Imperial College of Science, Technology & Medicine, London 

Background 
EXPOLIS (Air Pollution Exposure Distribution within Adult Urban Populations in Europe), funded 
by the European Commission, is the first large-scale population-based study of working age urban 
adult personal exposures to multiple pollutants using the microenvironment modelling approach. It 
was conducted during 1996–1998 (Jantunen et al., 1998), within the urban areas Athens, Basel, 
Grenoble, Helsinki, Milan and Prague, selected to represent different European regions, city sizes and 
air situations. An additional study, EXPOLIS-Oxford was conducted in Oxford from 1998 to 2000. 

Objective 
The objective of this study was to analyse the exposure levels of the adult urban population in Oxford 
to particulate matter of aerodynamic diameter less than 2.5 µm (PM2.5), and to determine some key 
indoor, outdoor, weather and socioeconomic parameters that affect these levels. 

Study description 
The sample population was working age adults (age 25–55) in Oxford. The measured pollutants 
included PM2.5 (including 30 elemental compositions) 30 volatile organic compounds (VOCs), carbon 
monoxide (CO), nitrogen dioxide (NO2) and black smoke. Two types of monitor were used: a 
personal environmental monitor (PEM), which was carried by the participant for 48 hour personal 
sampling, and microenvironmental monitors (MEMs), which were placed indoors and outdoors at the 
participant’s home, and indoors at the workplace. Meteorological data, such as temperature, air 
pressure, relative humidity and wind speed, were also simultaneously obtained, partly from the 
monitor and partly from the regional meterological station. The participants were also asked to fill in 
questionnaires that recorded the type of activity and microenvironment in 15 min intervals, housing 
characteristics, traffic volume, duration of product/equipment usage, and personal information as well 
as perception of air pollution. 

Results 
Comparison of the geometric means of the personal and microenvironmental PM2.5 concentrations 
revealed that the personal exposure level was the highest, followed by the home indoor, workplace 
and the home outdoor levels. The personal PM2.5 levels were most similar to the home indoor levels 
among all the three microenvironments. 
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Correlations between different pollutants and their determinants such as regional traffic density, 
smoking, housing characteristics and various outdoor variables are being analysed. 

References 
Jantunen MJ, Hanninen O, Katsouyanni K, Knoppel H, Kuenzli N, Lebret E, Maroni M, Saarela K, Sram R & 
Zmirou D (1998) Air pollution exposure in European cities: The “EXPOLIS” Study. J Expo Anal Environ 
Epidemiol, 8 , 495–518 
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2.2 Levels of VOCs in different microenvironments in 
EXPOLIS-Oxford, UK (Poster) 
Lai HK1, Kendall M2, Colvile R1, Alm S3, Hanninen O3, Jantunen M3, Edwards R4, Ferrier H1, Lindup I5, 
Ashmore M6, Cullinan P7 & Nieuwenhuijsen M1 
1Department of Environmental Science and Technology, Imperial College of Science, Technology and 
Medicine, London 
2New York University School of Medicine, Nelson Institute of Environmental Medicine, Tuxedo, NY, USA 
3Department of Environmental Health, KTL-National Public Health Institute, Kuopio, Finland 
4Environmental Health Sciences, University of California at Berkeley, USA 
5Department of Health Toxicology Unit, Imperial College of Science, Technology and Medicine, London 
6Department of Environmental Sciences, University of Bradford 
7National Heart & Lung Institute, Imperial College of Science, Technology and Medicine, London 

Background and objectives 
EXPOLIS, funded by the European Commission, was the first large-scale population-based study of 
working age urban adult personal exposures to multiple pollutants using the mic roenvironment 
modelling approach. It was conducted during 1996–1998 (Jantunen et al., 1998), within the urban 
areas Athens, Basel, Grenoble, Helsinki, Milan, and Prague, representing different European regions, 
city sizes and air situations. An additional study, EXPOLIS-Oxford, was funded by the Department 
for Environment, Food and Rural Affairs (Defra) and conducted in Oxford from 1998 to 2000. 

The objective of this study was to analyse the exposure levels of the adult urban population in Oxford 
to 30 target VOCs, and to determine some key indoor, outdoor, weather, and socioeconomic 
parameters that affect these levels. 

Study description 
The sample population was working age adults (age 25–55) in Oxford. The measured pollutants 
included PM2.5 (including 30 elemental components), 30 VOCs, CO, NO2 and reflectance (black 
smoke). Two types of monitor were used: a PEM, which was carried by the participant for 48 hour 
personal sampling, and MEMs, which were placed inside the participant’s home (home indoor), 
outside the home (home outdoor) and in the participant’s workplace (work indoor). Meteorological 
data, such as temperature, air pressure, relative humidity and wind speed, were simultaneously 
obtained partly from the monitor and partly from the regional meteorological station. The participants 
were also asked to fill out questionnaires that recorded the type of activity and microenvironment in 
15 min intervals, their housing characteristics, perceived traffic volume, product/equipment usage 
duration, personal information as well as perception of air pollution during the study. 

Results 
Comparison of the geometric means of the personal and microenvironmental total VOC (TVOC) 
concentrations revealed that the workplace level was the highest, followed by the personal level, and 
the home indoor and home outdoor levels. 

Correlations between different pollutants and their determinants such as regional traffic density, 
smoking, housing characteristics and various outdoor variables are being analysed. 

References 
Jantunen MJ, Hanninen O, Katsouyanni K, Knoppel H, Kuenzli N, Lebret E, Maroni M, Saarela K, Sram R & 
Zmirou D (1998) Air pollution exposure in European cities: The “EXPOLIS” Study. J Expo Anal Environ 
Epidemiol, 8 , 495–518 
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2.3 Nitrogen dioxide and PM10 concentrations in 
rural Cornish towns and villages 
Parsons B & Salter LF 
Cornwall College, Cornwall 

Background 
The general perception that Cornwall enjoys good air quality is for the most part true. However 
Cornwall, like all other counties, has areas where air quality may be poor, mainly due to traffic -related 
pollution but to impacts from the china clay industry. In order to examine air quality in Cornwall 
several monitoring programmes have been undertaken. 

Traffic-related pollution 
Although the scale of traffic -related air pollution problems in Cornwall is different from that 
experienced in other parts of the UK, the monitoring that has already taken place (CAQF, 2001a) 
indicates that problems do arise. For instance, there are a number of locations in Cornwall where 
slow-moving traffic produces health-damaging levels of pollutants. This is chiefly because under still 
conditions (high pressure) in a road system where narrow streets exacerbate pollutant build-up (the 
‘canyon’ effect) the potential exists for pollutants to reach high concentrations. Many towns and 
villages in Cornwall have houses located directly adjacent to the roadside and, consequently, pollutant 
concentrations may exceed National Air Quality Strategy (NAQS; DETR, 2000) objectives. 

Falmouth 2000 
In 2000 a suite of five pollutants were monitored at three sites in Falmouth (two roadside and one 
quiet urban area as background). Continuous monitoring was used to examine the relationship 
between traffic values and pollutant concentrations. This study showed that exceedences of the NAQS 
objectives for PM10 occurred at both roadside sites (Dracaena Avenue, 17 000 vehicles per day (vpd) 
and Church Street, 5000 vpd). Monitoring at both roadside sites in Falmouth recorded PM10 
concentrations equal to or greater than those recorded at UK city centre sites (NETCENb)(Figure 1). 
Averages of daily NO2 levels recorded in Church Street for June were found to be of a level at which 
exposure has been found to have adverse effects on child health (Mukala et al., 1999). 

Clear links were found between roadside pollution levels and traffic flow. Traffic values at Church 
Street were relatively low but pollution levels were equal to or exceeded those at Dracaena Avenue. 
This is thought to be due to the confining nature of the geography of Church Street (’canyon’ effect) 
and the inability of the pollutants to disperse. This has important implications for the health of people 
living in, working in and visiting the area. 

Traffic -related pollution monitored in both Church Street and Dracaena Avenue was equal to, and at 
times greater than that recorded by the Department for Environment, Food and Rural Affairs (Defra) 
NETCEN automatic urban network (AUN) at UK city centre roadside sites, raising questions with 
regard to government air quality policies, which concentrate largely on areas of high population 
density. 

                                                                 
a CAQF (2002) Cornwall Air Quality Forum, available [10/02/03] at http://www.cornwall-airquality.org.uk 
b NETCEN (2002) National Environment Technology Centre, available [20/10/02] at 
http://www.airquality.co.uk  
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Figure 1 Hourly average PM10 concentrations in Falmouth (Church Street, Dracaena Avenue) 
and Bristol, June 2000 

 

Nitrogen dioxide diffusion tube monitoring 
Following the Falmouth 2000 programme extensive NO2 diffusion tube surveys were undertaken at 
several major towns in Cornwall and the results used to produce isolevel concentration maps. This 
mapping allowed the identification of pollution ‘hotspots’ (Figure 2). Nitrogen dioxide provides a 
good marker for all traffic -related pollutants (e.g. polycyclic aromatic hydrocarbons (PAHs), VOCs 
etc.), consequently the use of diffusion tubes together with high resolution spatial monitoring yielded 
detailed information about the distribution of traffic -related airborne pollutants over the monitored 
areas. The study did not, however, provide continuous readings of NO2 concentrations and it is likely 
that the averaging process inherent in diffusion tube monitoring concealed daytime maxima in these 
concentrations. 

Data from the Redruth 2001 and Camborne 2002 NO2 diffusion tube surveys were superimposed onto 
a base map produced by the Townsend Centre for International Poverty Research that showed the 
Standardised Illness Ratios (SIRs) for the Camborne–Redruth area. 

The results showed that in residential areas occupied by an ’at risk‘ population (Cemlyn et al., 2002) 
traffic -related pollutants were present at concentrations that could not only have exacerbated existing 
health problems but that also exceeded NAQS objectives. 

Pollutant hotspots were identified at roundabouts, inclines, traffic lights and areas of traffic 
congestion. In this context NO2 mapping could be used to greater advantage if deprivation indices 
were mapped with greater fine structure. 

The findings reported here support those of Pye and co-workers in their series of reports on these 
issues (Pye et al., 2002a). The use of diffusion tube data with SIRs provides an extension of their 
techniques that is appropriate for localised urban or rural studies. 

                                                                 
a Pye S, Stedman J, Adams M & King K (2001) Further Analysis of NO2 and PM10 Air Pollution and Social 
Deprivation  (Report to Defra), available [29/09/03] at http://www.airquality.co.uk/archive/reports/list.php 
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Figure 2 Camborne NO2 diffusion tube survey, 12 September to 10 October 2002 

 

China clay 
Since the discovery of china clay in Cornwall in the 1740s the industry had by 1998 produced some 
150 million tonnes of china clay from Devon and Cornwall deposits (Bristow, 1998a). The extraction 
of china clay is a wet process with deposits washed from the parent rock using high-pressure water 
jets. Consequently little airborne particulate pollution is caused. However, for every tonne of china 
clay produced there are 9 tonnes of associated waste. The total industry waste stockpile in the  
St Austell area is estimated to be 450 million tonnes (Bristow, 1998b). Therefore, a major problem of 
concern to the industry is the storage and disposal of this waste, much of which is available for re-
suspension into the atmosphere. 

During 1997 and 2000 work was undertaken to monitor air quality in the Cornish china clay area. 
Samples collected from locations in the St Austell area during the two monitoring programmes 
showed greater than expected levels of inorganic material, suggesting a local source. In Programme 
One (1997), studies at three sites in the St Austell area revealed levels of PM10 greater than those 
generally associated with a rural area (Pearce & Crowards, 1996). Analysis of Programme One 
airborne particulate matter by scanning electron microscopy (SEM) demonstrated that 59% of the 
particles were <PM5.0 of which 30% could have been associated with china clay waste (Table 1). 
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Table 1 Programme One. Particle analysis 

 Number (percentage)of particles in size range 

  1–5 µm  5–10 µm 10–20 µm 

Organic material  8 (9)  0  1 (1) 
Sand (Si rich)  12 (13)  7 (8)  2 (2) 
Amorphous dirt (Al/Si/O rich)  27 (30)  23 (26)  3 (3) 
Ca/P rich  0  0  0 
Si/Fe rich  3 (3)  0  0 
Ca/S rich  2 (2)  1 (1)  0 
Ti rich  1 (1)  0  0 
Total  53 (59)  31 (34)  6 (7) 

 

These findings suggested that the china clay industry was having an impact on local air quality and 
this was supported by further work undertaken in Programme Two, in the summer of 2000. Airborne 
dust sampling was conducted at three sites around the Imerys (ex-ECCI) owned Kernick mica dam, a 
potential source of resuspended airborne particulates from china clay waste minerals. Analytical SEM 
examination of the collected material suggested that up to 61% of the airborne PM10 monitored next to 
the mica dam (Site A) could be associated with china clay extraction (Figure 3) compared with 46%  
2 km to the south (Site B). Results showed the presence of substantial percentages of respirable 
kaolinite, muscovite and quartz, the major components of china clay waste. In roadside samples the 
sampling programme also found large amounts of china clay PM10, which is respirable, and which 
may be resuspended either by vehicle or wind disturbance. 

 Figure 3 Overall mineral composition of all stubs obtained at Site A 

 

Discussion 
Although air quality in Cornwall is generally good it has been demonstrated that in some areas there 
are significant impacts from both road transport and mineral mining operations. The findings from the 
continuous monitoring and the diffusion tube surveys indicate that, because of the close proximity in 
many towns and villages of traffic to residential housing, shops and other commercial outlets, there is 
cause for concern about health impacts of traffic -related airborne particulates on the local population. 
Short-term increases in vehicle -related pollutants are associated with increased deaths brought 
forward and increased respiratory or cardiovascular hospital admissions in the elderly and those who 
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are already ill. COMEAP (2002a) has also reported that long-term exposure to particles is associated 
with reduced life expectancy although the effect is as yet not quantifiable. The findings from both the 
1997 and 2000 china clay studies show that airborne particulate matter of respirable size is associated 
with china clay waste. This has implications for the health of the local population. 

References 
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2.4 Source apportionment of airborne particulate 
matter and polycyclic aromatic hydrocarbons in 
urban regions of Europe (SAPPHIRE)a (Poster) 
Harrad S, Lawrence R & Ropkins K 

Division of Environmental Health & Risk Management, School of Geography, Earth and Environmental 
Sciences, University of Birmingham 

Background and objectives 
Air pollution by both PM and PAHs presents a significant problem to European Union (EU) citizens. 
This is due to the proven adverse impacts of these pollutants on human health, in terms of their role in 
the aetiology of inter alia lung cancer, along with respiratory and cardiovascular disease. There are 
also significant adverse impacts for the economy of the EU as a consequence of air pollution-related 
disease, owing to the additional burden placed on health services, and the number of working days 
lost. Consequently, the EU and its member states are actively legislating for improvements in air 
quality and monitoring to verify progress in this regard, as failure to tackle this issue will negatively 
impact on the social well-being and economic competitiveness of the EU. An integral part of 
improving air quality is the identification (or apportionment) of the principal sources of pollutants, as 
so doing facilitates more effective targeting of source control strategies. Currently, the methodology 
used for source apportionment of PM and PAHs is somewhat disparate in nature, and is rarely 
accessible in a format that is both readily implementable and relevant to the local city authorities with 
responsibility for air quality management. As a result, the principal objective of SAPPHIRE is to 
develop a harmonised approach to source apportionment of PM and PAHs to meet the needs of local 
city authorities. 

Study description 
Development and evaluation of source apportionment methodology 

Sampling strategy 

To provide the data necessary for development and evaluation of the source apportionment 
methodology, an extensive programme monitoring air quality in five major European cities (Athens, 
Birmingham, Copenhagen, Helsinki, and Oporto), covering a range of climatic conditions, will be 
conducted. This will be coupled with measurements of emissions from key source activities such as 
traffic. 

Within each city, two distinct sites will be set up. These are: (a) a heavily-trafficked roadside location; 
and (b) a location subject to the same urban sources as site (a), but minus the traffic influence. For 
example, site (a) will typically be located within a few metres of a busy road, while site (b) will 
typically be between a few hundred to a few thousand metres distant from site (a), while being a few 
hundred metres or more from a busy road. Sampling will consist of two intensive sampling campaigns 
each lasting for 28 days. One will be run in winter, the other in summer, in order to provide 
information on seasonal variations in concentrations and source apportionment. 

                                                                 
a Scientific Partners: University of Birmingham (coordinator); Hertfordshire University; University of Aveiro, 
Portugal; Demokritos University of Thrace, Greece; National Environmental Research Institute (NERI), 
Denmark; Finnish Meteorological Institute (FMI); University of Helsinki. 
In addition, the following city authorities provide vital input: Environmental Protection Unit, Birmingham City 
Council; Direccao Regional do Ambiente e Ordenamento do Territorio, Oporto; Athens City Authority, Athens; 
Environmental Protection Agency, Copenhagen; Helsinki Metropolitan Area Council (Air Quality 
Management). 
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Sampling equipment 

At each monitoring site, air will be sampled at appropriate time intervals. High volume samplers 
designed to collect both PM10–2.5, PM2.5, and associated vapour phase at 1.13 m3 /min will be used for 
the determination of semi-volatile organic species by gas chromatography/mass spectroscopy 
(GC/MS), while dichotomous stacked filter units (DSFUs) will be used to collect PM10–2.5, PM2.5 for 
subsequent determination of inorganic species via ion chromatography and particle -induced X-ray 
emission (PIXE). 

Pollutants monitored 

An extensive range of both inorganic (e.g. metals, and anions like SO4
2-, NO3

- etc.) and organic 
pollutants (e.g. n-alkanes, petroleum biomarkers, PAHs, oxygenated PAHs, alkanoic acids etc.) 
selected on the basis of their possible toxicity and/or their utility as indicators of both primary and 
secondary sources of aerosol and its individual chemical components will be measured. 

In addition to these measurements of the chemical composition of aerosol, a differential mobility 
analyser (DMA) will be used to provide data on the size distribution of particle number concentrations 
in the ultra-fine range with high time resolution (less than 1 hour). 

Data analysis 

Particulate source apportionment 

Receptor modelling 
By identifying and monitoring an extensive range of chemical markers of specific particulate sources, 
SAPPHIRE will address the inability of current receptor modelling approaches to distinguish clearly 
the relative contributions of important sources of urban particulates like diesel and petrol traffic. 
SAPPHIRE will extend present work (Harrison et al., 1996) by using a wider range of organic 
compounds (together with selected elements and inorganic anions) with the aim of giving clearer 
source discrimination. The methodology is based upon principal component analysis (PCA) and 
multiple linear regression analysis (MLRA) of concentrations of a wide range of organic and 
inorganic molecular, elemental, and anionic chemical source markers. Not only does this PCA/MLRA 
approach permit source apportionment of individual compounds, but when — as will be the case in 
SAPPHIRE — particle mass as PM10–2.5 and PM2.5 is measured and used in the data analysis, then 
quantitative source attribution is also obtained for this parameter. In addition, other methods such as 
cluster analysis and target transformation factor analysis will be evaluated for the quality of source 
attribution afforded. 

Inverse dispersion modelling 

Using measurements from sites (a) and (b), the so-called inverse method will result in information on 
the traffic source strength. Although emissions from a limited number of vehicles can be measured in 
laboratory tests the field measurements result in an estimation based on average emissions from many 
thousands of vehicles driving in the actual urban operation conditions. The inverse method has 
successfully been used to monitor trends in traffic emissions of such pollutants as NOx, CO and 
benzene (Palmgren et al., 1999) and extension of the method to particulates is straightforward. In 
SAPPHIRE, primary particle emissions from road traffic will be calculated using the ultra-fine 
particle size distributions measured by DMA and the source–receptor relationships given by the 
operational street pollution model (OSPM) (Berkowicz, 1998). 

Source apportionment of PAHs 

SAPPHIRE will also employ an additional source apportionment technique for PAHs to provide 
independent corroboration of the receptor modelling approach (Nielsen, 1996; Lim et al., 1999). A 
particular benefit of this approach is that it can distinguish the contributions from gasoline- and diesel-
fueled traffic. SAPPHIRE will evaluate the generic applicability of this source apportionment 
methodology by testing it in five geographically distinct European cities. This is considered a 
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challenging test, owing to the very different pollution climates in the cities under study and, 
specifically, the differences in traffic fleet composition. 

Maximising utility of outputs 
A unique feature of SAPPHIRE is that it will combine all the above aspects into a coordinated 
approach to atmospheric source apportionment, covering the sampling, chemical analysis, and 
statistical interpretation of data. The format of this overall approach will be closely guided and 
reviewed by local authority end-users, with the intention of generating a uniquely transferable product 
that will be readily taken up by end-users and used beyond the end of the project. 
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2.5 Collection and characterisation of ultrafine 
combustion related particles 
Pooley FD, Bowen PJ & Jones DA 
School of Engineering, Cardiff University 

 

Introduction 
The understanding of the processes of formation and health risks of combustion related PM emissions 
remains relatively low. High levels of air pollution have been one of the most noticeable side effects 
of the massive increase in road traffic during the last 30 years. Mortality and morbidity statistics over 
the same period have highlighted an increase in chest and bronchial related ailments and fatalities. 
This has led researchers to the conclusion that increasing levels of atmospheric particulates contribute 
significantly to these respiratory related problems. 

The two largest producers of airborne particulate matter are stationary power generators 
(burners/furnaces), and the transport sector (gasoline and diesel engines). Of these two it is the 
transport sector that is responsible for the highest level of emissions. 

In a recent Institution of Mechanical Engineers (IMechE) seminar publication, Monoghan (1998) 
suggested two possible strategies to reduce PM emissions. The first is to improve combustion, which, 
in the case of diesel, is the route that has been followed. This has resulted in reduction of particulates 
to less than 10% of their uncontrolled levels together with reduction of NOx to less than 50% of its 
uncontrolled level. Monaghan goes on to suggest that “…perhaps the final challenge is that brought 
about by the nature of the particles. It is to derive methods of measuring and characterising 
particulates so that the smallest particles can be collected and their aggregate mass measured with 
accuracy at the same time as their size is recorded”. The approach undertaken in this study is 
consistent with these recommendations. 

There has been much debate about whether mass is the most suitable parameter to use for the 
characterisation of PM, especially since the biological effect of ultrafine particles (sub-100 nm) has 
been realised. Significant evidence now exists that ultrafine particles pose the greatest risk to health, 
due in part to the fact that they are able to penetrate more deeply into the gas exchange regions of the 
lungs. The editors of the recent Royal Society transaction Ultrafine Particles in the Atmosphere 
concluded that “…The study of ultrafine particles in the atmosphere, and their pathways into the 
human body, is a new and vital multi-disiplinary subject which will attract intense study over the next 
few years.” (Brockhorn, 2000). 

The study of PM from combustion sources may be divided into two areas: characterisation, which 
allows the potential effects of the PM on health and the environment to be identified; and 
investigation of the mechanisms and pathways that lead to the formation of PM during the combustion 
process. Despite extensive work in this area, there remains limited consensus of opinion regarding the 
key factors influencing the formation process. However, understanding of these processes is essential 
if PM emissions are to be influenced. To improve the fundamental understanding of mechanisms by 
which PM forms, it is necessary to be able to decouple the key controlling parameters experimentally. 
If these parameters can be controlled and isolated then it will be possible to ascertain their influence. 

Ultrafine particles are believed to be a contributing factor in health effects, but their low particle mass 
means that they contribute little or nothing to the overall mass of any samples taken. Therefore, there 
are difficulties in defining an appropriate test procedure for the sampling of particle emissions that 
adequately defines the particulates being sampled. While these tests provide the information necessary 
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to comply with current legislation, they fail to provide real information about the nature of the 
particles emitted. 

Techniques for the characterisation of particulate aerosols comprise two main categories: integrated 
and segregated sampling and analysis. Integrated sampling and analysis uses instruments that 
simultaneously sample and analyse the particulates. The sampling process separates the particles 
according to size, mass or mobility. Interpretation of this separation forms the basis of analysis, in 
which the collection of the particles is extrapolated back to their physical characteristics and the 
characteristics of the aerosol. The number of properties that can be characterised is often limited. 
Segregated sampling and analysis involves the collection of particulate samples by one technique for 
subsequent characterisation by a secondary technique. In this case, it is important that the collection 
technique does not physically alter the particles and presents them in a format suitable for analysis. 
Therefore, when considering a sampling technique the depth of information provided, the effect of the 
technique on the particles, the necessity of, or suitability for, subsequent analytical techniques, and the 
reliability of information provided should all be considered. 

Project description 
An optical combustion facility has been developed at Cardiff for fundamental studies of burning 
characteristics of liquid fuels under controlled idealised conditions. This cloud combustion technology 
has been shown to be capable of successfully decoupling primary combustion control parameters. The 
chamber was originally commissioned by Cameron (1999) to facilitate the analysis of various 
combustion diagnostics for homogeneous mixtures of liquid fuels including: equivalence ratio, vapour 
and liquid fuels, initial fuel droplet size and initial temperature. The reliability and reproducibility of 
data from the combustor has been demonstrated in an ongoing study in collaboration with BP, the 
Health and Safety Executive (HSE) and Imperial College. This experimental facility will be used to 
investigate the controlling parameters of PM formation, through integration with a novel diagnostic 
technique. Furthermore, the ability of the cloud chamber to produce and combust fuel droplets 
provides the opportunity for further investigation. The influence of multiphase fuel components on 
PM formation has not been addressed within the open literature. Therefore, the potential of the 
techniques developed in this study to reveal any multiphase effects will also be explored. 

Given that the intention was to develop a sampling technique to facilitate the characterisation of size 
distribution, and number and mass concentrations, as well as composition and morphology, it was felt 
that the particle sampling technique with most potential for development for use with the combustion 
chamber was thermophoretic precipitation. The ability of thermophoretic precipitation to sample non-
size selectively and without altering the particles suggested it would be capable of meeting the 
requirements of the study. 

Green and Watson (1935), developed a precipitator based on the dust free zone around a heated wire 
(Figure 1), which became the accepted method of particulate collection. The device was used 
extensively for the monitoring of mine dust, in conjunction with optical microscopy. This involved 
the sampling of micrometre-sized particles for single particle analysis, but there have been few reports 
of its use for analysis of particles below this size range. Several different thermal precipitators have 
been developed based on the original design but the use of this method declined after the 1950s. 
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Figure 1 Diagram of the Green and Watson precipitator 

 

Despite its present redundancy, it was felt that the thermal precipitator was the most suitable sampling 
source for a particulate characterisation technique. Its advantages over other techniques for this 
application include: 

• deposition velocity independent of particle size; 

• uniform, non-size selective deposition; 

• low deposition velocity, minimising particle damage; 

• constant theoretical collection efficiency; and 

• particles can be deposited directly onto analysis substrate. 

It was decided that any technique developed should be applicable to a range of sampling problems, in 
particular, the sampling of atmospheric particulates, vehicle exhaust emissions and combustion 
products from idealised experiments within the laboratory. Thermal precipitation was chosen as the 
method of sampling because of the range of data that may be derived from the samples. The need for 
a comprehensive and multifunctiona l sampling and analysis technique led to the identification of a set 
of key requirements for a sampling system: 

• samples must be deposited onto a substrate suitable for electron microscope analysis; 

• instrument must be compact and easily transferable between measurement applications; 
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• instrument to have a self contained power supply to allow for use in remote atmospheric sampling 
sites and for ease of use within the laboratory; 

• samples to be collected in suitable condition for size distribution and concentration, 
morphological and compositional analysis; and 

• physical design must be such that integration with a range of sampling applications is possible. 

The thermophoretic technique chosen as the method of sampling was a hot wire sampling head, 
similar in design to the original Green and Watson precipitator. 

The function of the thermophoretic precipitator is to collect a uniform particulate deposit, 
representative of particulate aerosol. The samples are precipitated directly onto electron microscope 
grids so no intermediary preparation of the sample is required prior to electron microscopic analysis: 
the gold grids containing the particulate samples are placed directly in a transmission electron 
microscope (TEM). was used to analyse the samples. An image analysis process that reduced the total 
information content of the electron micrograph image to a set of user-defined measurements was used 
to recognise size and count the particles individually. 

Results 
Traditional soot theory states that, under stoichometric conditions, no soot should be formed during 
combustion. However, this an ideal case, and does not take into account the physical phenomena that 
occur during practical combustion such as the presence of fuel rich or fuel lean zones or imperfect 
mixing. Therefore, while the equivalence ratio of a combustion event may be stoichiometric, this does 
not necessarily ensure that no PM will be generated. If the equivalence ratio of the combustion is 
greater than stoichiometric, that is there is more fuel than air present, then not all of the fuel is 
oxidised. The remaining hydrocarbons form the basis of soot generated by the combustion. This study 
aimed to understand how varying the equivalence ratio affects the size distribution, number 
concentration, and morphology of the PM generated. 

The influence of equivalence ratio on PM characteristics was investigated by controlling the key 
functions of PM generation and isolating the equivalence ratio as the only variable. Both temperature 
and pressure were held constant, and thorough mixing used to create a perfectly stirred, homogenous 
mixture. 

Samples of the PM generated during the combustion of octane with equivalence ratios 1.2, 1.4, 1.6 
and 1.8, collected onto electron microscope grids using the thermal precipitator, were analysed for 
size distribution and number concentrations of the particles. 

The mean diameters were measured as 58, 66, 80, and 85 nm for equivalence ratios of 1.2, 1.4, 1.6 
and 1.8, respectively. The distribution curves were all within the expected size range of approximately 
10–200 nm. 

Figure 2 shows how the mass concentration increases with increasing equivalence ratio, compared 
with the effect that equivalence ratio has on the number concentration of the particles, for octane 
combustion. 
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Figure 2 Octane combustion. Effect of equivalence ratio on mass concentration and number 
concentration of particles 

 

To complement the data on the combustion of octane, which represents gasoline, dodecane was 
chosen as the representative fuel for diesel, gasoline and diesel being the two major automotive fuels. 
The mean particle diameters were measured as 91, 95, 102, 113, 127 and 145 nm for equivalence 
ratios of 0.9, 1.2, 1.5, 1.8, 2.1 and 2.4, respectively. 

Figure 3 shows how the mass concentration increases with increasing equivalence ratio; compared 
with the effect that equivalence ratio has on the number concentration of the particles, for dodecane 
combustion. 

Figure 3 Dodecane combustion. Effect of equivalence ratio on mass concentration and 
number concentration 

 

Conclusions 
Application of the thermal precipitation and image analysis technique to the time averaged 
characterisation of PM, generated under idealised conditions, resulted in the identification of several 
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interesting relationships between fuel type, equivalence ratio, and the resulting PM characteristics. 
Most importantly, much of the data relate to the size and number characteristics of the particles as 
well as their overall mass yield. Mean particle diameter was found to increase with equivalence ratio. 
Comparison of the octane and dodecane results also revealed that the mean particle diameters are 
greater for dodecane. In both the octane and dodecane characterisation studies, an increase in 
equivalence ratio resulted in a decrease in the PM number concentration. but an increase in the mass 
of PM. This trend for higher number, lower mass PM emissions at low equivalence ratios is of great 
importance when considered in the context of health effects and legislation. It is for this reason that 
Maynard (1999) stated that a metric based on particle mass is less than ideal and that regulations 
should focus on controlling the number of particles in the air. 
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2.6 Quantifying the population exposure benefits of 
reducing roadside and urban background pollutant 
concentrations: Microenvironmental regression 
modelling 
Ashmore MR1, Dimitroulopoulou C2, Terry AC1, Mohammadyan M1 & Bell ML3 
1Department of Geography and Environmental Science, University of Bradford 
2Building Research Establishment Ltd, Garston, Herts 
3Institute of Transport Studies, University of Leeds 

Background 
Health effects of air pollution are closely 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 exposure. The highest concentrations of major pollutants in the UK are found at 
the roadside, and most Air Quality Management Areas declared by local authorities refer to areas of 
the city with high traffic densities. A range of emission control and traffic management policies are 
being considered to reduce concentrations at such locations. 

However, the health implications of elevated roadside concentrations for the exposure of local or city-
wide populations are very uncertain, since many of the key studies relate health outcomes to 
concentrations at fixed sites in urban background locations. In order to interpret these studies more 
effectively, there is an urgent need for tools to predict how changes in population exposure frequency 
distributions relate to changes in both urban background and roadside concentrations. Tools are also 
needed to predict how emission control and traffic management policies might change these 
population exposure frequency distributions, both at the roadside and in the wider urban population. 

Objectives 
We aim to develop an innovative modelling framework for simulating population exposure to NO2, 
CO and particulate matter (both PM10 and PM2.5). This new modelling framework will allow the 
simulation of personal exposure frequency distributions (PEFDs) as a function of urban and roadside 
concentrations under different traffic condit ions, in order to: 

• simulate personal exposures (PEFDs) of different population groups across a city; and 

• assess the impact of traffic emissions and roadside concentrations on these PEFDs. 

The modelling framework is designed for generic application, but we aim to parameterise and apply it 
using data from two cities: Leicester (a typical UK commercial city) and York (a city with a 
congested historic centre). 

Model development 
The modelling framework will link existing probabilistic models of indoor concentrations and 
personal exposure with existing and new models predicting air pollution concentration from traffic 
data, with a particular emphasis on the impact of traffic congestion. In this paper, we will focus on the 
indoor and exposure models. 

The existing exposure modelling framework combines a physical model of indoor/outdoor 
relationships (INDAIR) with a time–activity exposure model (EXPAIR). The latter uses micro-
environmental concentrations derived from INDAIR. For the home environment, the three-
compartment INDAIR model is used to simulate analytically air pollutant concentrations in the 



27 
IEH Web Report W15, posted January 2004 at http://www.le.ac.uk/ieh/ 

kitchen, living room and bedroom as a function of outdoor concentrations, deposition velocities, 
building characteristics and indoor emission rates. In the case of other microenvironments, such 
detailed parameterisation is not possible and indoor/outdoor ratios are used to simulate concentrations 
in microenvironments such as offices, shops, transport and classrooms. 

The deterministic version of this modelling framework has been used to simulate personal exposures 
of different population groups to NO2 (Dimitroulopoulou et al., 2001a) and the contribution of passive 
smoking to PM10 (Dimitroulopoulou et al., 2001b). These studies provide predicted values of indoor 
concentrations and personal exposures that are consistent with measurements made in the UK. 
Subsequently, in the existing probabilistic version of the modelling framework all input parameters 
are defined as frequency distributions, allowing PEFDs to be simulated (Ashmore et al., 2000). This 
new INDAIR/EXPAIR modelling framework is unique in providing a probabilistic simulation of 
indoor and personal exposures to four pollutants simultaneously. 

However, both the deterministic and probabilistic versions of the modelling framework simulated 
exposure as a function of air pollutant concentrations at a single site, defined as hourly frequency 
distributions. In order to meet the objectives of this study, exposures will be modified as a function of 
the frequency distribution of ambient air pollutant concentrations at different types of location — 
urban background, and roadside sites with non-congested, busy and heavily congested traffic. This 
has necessitated a substantial revision of the model code, and will result in a signif icant increase in 
computational time. Therefore, rather than use the detailed mechanistic INDAIR model for the home, 
we are developing linear regression functions that predict the frequency distributions of indoor 
concentrations as a function of outdoor concentrations. 

Microenvironment regression functions 
Results from the probabilistic version of the INDAIR model have demonstrated that the 
indoor/outdoor ratio is not a fixed value, but, in the presence of indoor sources, is a function of the 
outdoor concentration (Ashmore et al., 2000a). For example, Figure 1 shows mean indoor 
concentrations of NO2 in different rooms as a function of mean winter/summer and weekend/weekday 
outdoor concentrations for five UK sites. Cooking activity for one hour in these simulations leads to 
indoor/outdoor ratios in the kitchen that are less than unity at high concentrations and greater than 
unity at low concentrations. It is important to note that the model predicts the frequency distribution 
of indoor exposures at each outdoor concentration as a function of the defined frequency distributions 
of the input parameters, rather than simply the mean concentrations plotted in Figure 1. 

The dependence of indoor/outdoor ratios on outdoor concentrations is well established, and other 
empirical models have also defined indoor exposures as a linear function of outdoor concentrations 
and terms related to indoor emission rates (e.g. Kulkarni & Patel, 2002). It is also the basis of a new 
stochastic human exposure model for PM2.5, as described by Burke et al. (2001), which is 
parameterised using data from exposure studies in the USA. 

For this reason, probabilistic regression equations will be developed for all microenvironments in the 
new model, replacing the indoor/outdoor ratios used in the current version of the model. These 
equations will be derived from a combination of three approaches: 

• application of the probabilistic version of the INDAIR model; 

• collation of data from published studies; and 

• new measurements. 

                                                                 
a Ashmore MR, Diitroulopoulou C, Hill MTR, Byrne MA & Kinnersley RP (2000) Modelling of Indoor and 
Personal Exposures to Air Pollution. Final Report to Defra, Contract EPG 1/3/100 
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Figure 1 INDAIR-derived indoor versus outdoor NO2 concentrations 
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2.7 Personal exposure to PM2.5 in university workers 
(Poster) 
Mohammadyan M, Ashmore MR & Dennis JH 
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, including mortality, hospital admissions, respiratory symptoms, and 
lung function (e.g. Pope et al., 1995; Anderson et al., 1996; Hoek et al., 1997; Katsoyani et al., 1997). 
These studies are mostly time-series studies, relating day-to-day variation in air pollution to day-to-
day variation in health end-points. In these studies, exposure assessment is based on fixed site 
measurements in ambient air. Major studies about personal exposure to particles like EXPOLIS in 
Europe, PTEAM (Particle Total Exposure Assessment Methodology) and Harvard Six City Study in 
the USA, have found very poor correlations between personal exposure to fine particulate matter and 
ambient air particle concentrations. However, there is often a good relationship between indoor 
particulate air concentrations and personal exposure. 

Currently, we know very little about personal exposure patterns to particulates in UK cities. This 
project is focussed 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. Death rates from heart disease 
in the city are more than double the national mean and in some areas, the incidence of asthma is 
significantly increased. The objectives are 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. 

Study description 
Participants were chosen from workers at the University of Bradford. Their personal exposure to 
particulate matter (PM2.5) was monitored, simultaneously with measurements in their offices their 
homes, during a 48 hour period. All subjects completed a time–microenvironment–activity diary 
(TMAD) as a questionnaire in 15 minute time segments. The microenvironments in this study were 
home indoor, workplace indoor, workplace outdoor, traffic (with subcategories), and other outdoors 
and other indoors. Participants also completed a questionnaire that covered air quality related 
characteristic s of each subject’s microenvironments (home, work, travel) and some personal 
characteristics that related to personal exposure to particulate matter, such as exposure to smoking. 

Sampling locations 

Volunteer’s offices were located at the University of Bradford campus. The campus is located 0.5 km 
from Bradford city centre and the main source of particulate matter in this area is emissions from road 
transport. The volunteer’s houses were located mostly in the Bradford, Leeds, Halifax, and 
Huddersfield areas of West Yorkshire. 

Sampling equipment 

Personal exposure and indoor and outdoor PM2.5 concentrations were measured using the same 
equipment (BUCK-GENIE VSS-5 pump, PM2.5 impactor with 37 mm 2 µm Teflon filter) with 2 l/min 
flow rate during 48 hours. For personal exposure sampling, volunteers carried sampling equipment for 
48 hours. To collect particles, a small internal PM2.5 impactor (PEM Impactor model 200 MSP-Co 
Minneapolis, MN, USA) was used. This is a sharp cut single stage impactor designed to run at 2 l/min 
flow rate. A 37 mm, 2 µm pore size Teflon filter (Gelman Science, PTFE SKCinc, UK) was used 
downstream of a grease-coated impactor. To weigh the filters a microbalance accurate to 6 decimal 
places (1 µg sensitivity MT5, Mettler Toledo, UK) was used. A non-radioactive ionising air blower 
(Statattack, IB-8, Amersham, UK) was used to reduce the effects of static.  
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Sampling procedure 

Personal monitors were worn within 30 cm of the breathing zone to ensure that the sampled air 
represented the air that individuals breathed. The first daytime monitoring started in the morning, 
when the volunteer was going to leave home to work, and continued during the day until evening 
when he or she returned home. Night-time monitoring started from evening with a new filter and 
continued during the night until volunteers left home for work on the next day. The second daytime 
and night-time monitoring followed the same pattern. Home indoor concentrations were monitored 
from the time when the subject normally returned from work in the afternoon to the time when she/he 
left home for work in the morning. 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, or, if the subject moved from place to place, at the place where the person 
spent most of their time.  

Results 
Results from the first 14 participants, monitored over 28 days (2 days for each participant), showed 
that PM2.5 concentrations for personal exposure (daytime and night time) were higher than indoor 
office and indoor home, respectively. Mean personal exposure and indoor concentrations were also 
considerably higher than PM10 concentrations monitored at the Bradford city centre fixed site. Indoor 
home concentrations were weakly correlated with non-work personal exposure and there was also a 
weak correlation between fixed site PM10 concentrations and indoor office PM2.5 concentrations. 
There was a significant correlation between daytime personal exposure and indoor office PM2.5 

concentrations and stronger correlation was found between fixed site PM10 concentrations and 
daytime personal exposure concentrations (Table  1). 

Table 1 Relationships between personal exposure and indoor PM2.5 concentrations and fixed 
site PM10 concentrations (n = 28) 

Variables Equation Coefficient correlation r (p) 

Daytime personal exposure vs Indoor office  Y = 0.630x+20.6 0.49 (<0.01) 
Non-work personal exposure vs Indoor home  Y = 0.368x+24.0 0.32 (<0.10) 
Indoor office PM2.5 vs Bradford fixed site PM10  Y = 0.296x+31.8 0.34 (<0.10) 
Daytime personal exposure vs Bradford fixed site PM10 Y = 0.681x+23.6 0.59 (<0.01) 

 

Discussion and conclusions 
Preliminary data analysis at this early stage of the study shows personal exposures to PM2.5 that are 
higher than indoor and outdoor concentrations. There is a significant correlation between personal 
exposure and indoor microenvironmental concentrations only for working hours. The highest daytime 
personal exposure to PM2.5 was found for a subject who worked in a small workshop in the computer 
centre with some indoor sources; high indoor PM2.5 concentrations were also found in this location. 
The second highest exposure was found for a subject who spent 3 hours walking and travelling on 
busy roads. The highest exposure to PM2.5 for non-work time was related to a volunteer who spent 
about 3 hours in a smoky pub and was exposed to cigarette smoke for 3.5 hours at home. A high 
indoor home concentration was also found in a house with open windows located on a high traffic 
flow road. The full dataset, when complete, will be analysed in more detail to identify those activities 
and locations that are associated with high levels of exposure. 
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2.8 Understanding transport-related exposure to air 
pollution 
Colvile R, Nieuwenhuijsen M, Kaur S, Arnold S, ApSimon H & Pain C 
Imperial College London and the DAPPLE Project Consortium at the Universities of Surrey, Leeds, 
Cambridge & Bristol 

 

Background and objectives 
Air quality management is driven by air quality standards and limit values based largely on 
epidemiological studies of air pollution and health. Epidemiology relies largely upon surrogates for 
exposure to air pollution, such as concentration monitored at a fixed point or mapped outside place of 
residence. The emphasis is on using an exposure surrogate that reflects the levels of air pollution that 
average people experience over a day or some other averaging time. The effect of air pollution on 
health however, is more likely to manifest itself in the subsection of a population having some 
combination of the greatest exposure and the greatest vulnerability. It would therefore be useful to 
have more information about determinants of exposure for these people. 

Recent exposure assessment studies have generally adopted one of two approaches. A deterministic 
approach characterises microenvironments and the amount of time people spend in them, but 
generally restricts this to a small number of microenvironments in which people spend the majority of 
their time, for example ‘commuting’ is a single microenvironment. An empirical approach collects a 
large number of exposure measurements, and uses linear regression modelling to find statistical 
relationships between exposure and possible determinants such as weather conditions, amount of 
traffic congestion, and mode of transport used. One of several objectives of the DAPPLE Project 
(Dispersion of Air Pollution and its Penetration into the Local Environment) is to bridge the gap 
between these two approaches, for exposure close to road traffic. A deterministic approach is adopted 
with much finer resolution in definition of microenvironments than in previous studies, in order to 
explain the results of regression modelling of road-user exposure to air pollution. This objective, and 
progress to date towards achieving it are described here. 

Study description 
DAPPLE is a large, interdisciplinary, consortium project funded by the Engineering and Physical 
Sciences Research Council (EPSRC) and currently nearing the end of the first of its four years. It 
brings together a unique combination of tools to address a range of questions about airborne pollution 
in the urban environment at a resolution of 1 metre over distances up to about 500 metres. It considers 
a street canyon intersection, or group of four buildings separated by two perpendicular roads, as a 
basic building block of most city centre districts, and attempts to understand the determinants of 
exposure to air pollution in detail within such a small area. The tools required to do this are: 

• high-resolution computational fluid dynamics modelling of the flow of air and dispersion of 
pollutants in a highly simplified representation of the study area for a small number of selected 
conditions in terms of wind speed and direction, source location and geometry; 

• laboratory (wind tunnel) measurement of the flow of air and dispersion of pollutants in a set of 
models of the study area that vary in terms of their level of simplification compared with a real 
field site, in a range of conditions in terms of wind speed and direction, for two or three source 
locations and geometries; 

• field measurements of the movement of air and traffic, concentrations of artificially released 
tracers and ambient air pollutants from vehicle exhaust, and exposure of people moving through 
the study area, in a range of weather conditions; 
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• application and development of simple models of traffic and air pollution; and 

• effective dialogue with the exposure assessment and environmental epidemiology communities, as 
well as air quality management professionals, to ensure project output is delivered in a form that 
will be useable for the intended beneficiaries. 

A central activity in the project is the construction of a computational fluid dynamics model with 
emissions of air pollution that vary in space and time like those of vehicle exhaust at a signal-
controlled junction. The output of this model can then be post-processed to represent the exposure of a 
person moving through the study area. Exposure of people living or working in the roadside buildings, 
to pollution emitted by the traffic, can also be represented by modelled concentrations at locations 
corresponding to building ventilation intake positions for natural or forced ventilation. Of special 
interest for indoor exposure is the extent to which plumes of vehicle exhaust from a busy road can be 
advected at street level into quieter back-streets, since this is a process entirely neglected in nearly all 
of the simpler air quality models. For the outdoor exposure, model parameters will be varied in a 
systematic manner to test hypotheses about likely causes of variability of road-user exposure as 
measured in the field. For this to be meaningful, and to allow extrapolation between and beyond the 
small number of sets of conditions considered in detail, wind tunnel measurements must be used to 
evaluate the output quality of the computational model, and field measurements of controlled tracer 
releases must be used to assess the extent to which the wind tunnel succeeds in reproducing real on-
street conditions. The wind tunnel also provides an opportunity for a larger parameter space to be 
sampled, and for processes occurring in the urban atmosphere to be examined in detail to check 
whether the computational modelling makes realistic assumptions and so when producing accurate 
results is likely to do so for the right reasons. 

The first series of field measurements, a pilot study to determine whether such a combination of data 
can be integrated, was planned to take place from 28 April until 23 May 2003. It was anticipated that, 
in addition to being a pilot, this campaign would also be at least partially successful in obtaining 
measurements that could be analysed before the second and main campaign in Autumn 2003 or 
Spring 2004. Measurements were to be made at the junction of Marylebone Road and Gloucester 
Place in Central London, and in the surrounding area of approximately 1 km2. Traffic movement was 
to be measured via the Leeds Instrumented City capability to collect data from the SCOOT traffic 
signal control loops. It was planned to measure the movement of air by a collection of Automatic 
Weather Stations and Sonic Anemometers deployed in the street canyons or on roof tops, including 
the free air flow on top of a nearby isolated tower block. Concentrations of pollutants from vehicle 
exhaust (CO was selected as a passive scalar tracer) were to be measured using electrochemical cells. 
Measured volumes of perfluorocarbon or sulphur hexafluoride were to be released, and collected 
manually in bag samples at several receptor locations, including one inside one of the roadside 
buildings. It was planned to measure exposure of road-users by filter sampling using Vortex Ultraflow 
pumps with PM2.5 inlets, a Langan CO detector, and by a P-trak butanol supersaturation ultrafine 
particle counter, plus subsequent analysis of the sampled particles for the main components such as 
elemental carbon. 

Results 
The main results of the DAPPLE project to date are limited to the progress that has been made in 
establishing the consortium and preparing for the field measurements. A series of meetings has taken 
place, bringing together the modellers from different disciplines, the people making the 
measurements, and those involved in application and dissemination to users. Exposure assessment 
was a concept with which some members of the consortium were unfamiliar at the beginning of the 
project, and it was important for everyone to gain a shared understanding of how this concept can be 
used to integrate all the other factors that influence emissions and dispersion of pollution relative to 
the location of people in a city. It was easy for those collaborators familiar with exposure assessment 
as a discipline, to underestimate the amount of time and effort required to establish the link between 
their own work and that of wind engineers and meteorologists on the one hand, and traffic engineers 
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on the other. Building this kind of interdisciplinary capability is one of the main objectives of EPSRC 
in funding large, interdisciplinary projects of this type. 

At the same time, making the necessary arrangements for an extensive programme of on-street 
measurements at a busy Central London location has been a major undertaking. The strong support of 
Westminster City Council and Transport for London has been vital. Here, practical collaboration on 
matters of detail concerned with making measurements is combined with the ongoing process of 
building understanding of how users of the output from the project will need to interact with the 
consortium to ensure efficient and direct dissemination. A wider range of stakeholders have expressed 
interest in the exposure and non-exposure aspects of the project, ranging from the Greater London 
Authority to the Health and Safety Executive (HSE) and the Defence Science and Technology 
Laboratory (Dstl). Some of these have previous links with consortium members, including through the 
APRIL Network (Air Pollution Research In London) and LANTERN (Leeds Health, Air Pollution, 
Noise, Traffic & Emissions Research Network). Exploration of how best to interact with such a group 
has formed a significant part of the initial activity of the consortium, and is ongoing. 

Conclusions 
It has taken nearly a year since the start of the project — longer if the time spent developing the 
proposal is taken into account — for the new interdisciplinary DAPPLE consortium to build a 
common understanding of how the various parts of the project relate to each other, and the role of 
exposure assessment alongside other project objectives. This makes the consortium unique in having 
capability to bring wind engineering methods of laboratory measurement and computational fluid 
dynamics into a deterministic approach to exposure assessment, although our work is strongly 
complemented by related activity elsewhere in the UK as well as initiatives generally focussing at 
somewhat larger spatial scales in other EU member states. The most intensive phase of the project is 
now about to start, and results of at least one field campaign should be available in 2003/2004, 
providing an understanding hitherto unavailable of how mic roscale dispersion and activity contribute 
to determining average and peak exposure in the urban environment. In parallel with the research 
itself, relationships with a wide range of stakeholders are being consolidated and developed. 

Discussion 
Information and understanding produced by the DAPPLE Project could be used in future 
epidemiological studies to allow investigation of relationships between peak exposure in a population 
and health, either using time-series analysis, small-area geographical methods, or larger-scale cross-
sectional study designs. Shorter-term benefits will include having the ability to produce guidance to 
local authorities responsible for air quality management, to enable them to give priority to policies 
that are most effective at reducing exposure at the same time as fulfilling the requirement to meet air 
quality standards at appropriate fixed monitoring points. It is hoped that discussion with the exposure 
assessment and environmental epidemiology research community will determine who is in a position 
to use DAPPLE results, and what channels of communication between DAPPLE and such users of the 
project output need to be strengthened in order to achieve that. 
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2.9 The development of an exposure assessment 
tool to inform long-term studies in respiratory health 
Price M1, Murphy R1, Lawrence A2, Keanney N2 & Pless-Mulloli T3 
1School of Health, Natural & Social Sciences, University of Sunderland 
2City Hospitals, Sunderland 
3School of Population & Health Sciences, University of Newcastle-upon-Tyne 
 

Background and objectives 
A large number of studies have investigated the short-term effects of air pollution on health 
(Brunekreef & Holgate, 2002) with the emphasis being placed on panel studies and hospital 
admissions. In Europe the APHEA study has evaluated the effects of particulate air pollution on the 
health of 43 million people living in 29 European cities. Patients were studied for a period of five 
years and associations were found between PM10 and hospital admissions for chronic obstructive 
pulmonary disease (COPD) and cardiovascular disease. Longer term studies have been carried out; 
however, many assume that current air pollution exposure is sufficiently representative of long-term 
previous exposure to make a plausible link with current health status (Brunekreef & Holgate, 2002). It 
has also been suggested in some  studies that exposure to high levels of PM10 can bring about 
significant deficits in lung function development (Glaudermann et al., 2000). The study carried out by 
these authors investigated 300 American school children over a period of two and four years and so 
reflects short-term exposure. 

The pollution climate in the UK is likely to have changed substantially over the lifetime of persons 
now reporting with COPD. Historically air pollution will have been dominated by coal fires and 
industrial emissions whilst current air pollution tends to be associated with traffic. 

The UK does, however, benefit from having a large volume of monitored air quality data dating back 
to the 1950s. Both black smoke and sulphur dioxide have been monitored at a number of sites and the 
data are readily available for analysis. In addition recent changes in environmental legislation require 
that all local authorities have to collate information on histor ical industries in their areas in order to 
determine sites of potentially contaminated land. Coupling the monitored air quality data with a 
knowledge of historical land use, both industrial and residential, will enable the development of 
geographical information system (GIS) maps indicating the levels of pollutants to which individuals 
may have been exposed over their lifetime. 

This information can then be used to develop pollution profiles for individual COPD patients who 
volunteer to be a part of this or any other study. In this study measurements of lung function will be 
carried out and information gained on both the smoking history and occupational exposure of 
individuals. 

Study description 
Information has been collected on deposit gauge, black smoke and sulphur dioxide pollution in the 
North East of England. During the period April 1947–March 1961 there were 63 monitoring sites in 
the Tyne & Wear and Northumberland area. However, monitoring records are often not continuous, 
with particles being measured by both deposit gauge and black smoke. In addition there is also 
available information on land use in the region. 

The study aims to use GIS to plot both monitored air quality and historical land use over the period 
for which air quality information is available. The relationship between monitored air quality and both 
industrial and domestic sources can then be evaluated and used to determine air quality for those 
regions where monitoring has not been carried out. Historical weather data, which again could be used 
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to interpret the air quality results, are also available for this study. The aim of this part of the study is 
to prepare a database of air quality information for the entire region. 

The exposure work is being carried out alongside a collaboration with Sunderland City Hospital 
where a database of patients reporting with COPD has been established. A group of patients willing to 
take part in the study is currently being collated and respiratory information will be gained using 
spirometry and the St. George’s respiratory questionnaire. The questionnaire is a pre validated 
questionnaire for use with respiratory patients which consists of two parts, one that measures 
symptoms (e.g. breathlessness and cough), the other that measures activity and impact (e.g. how far 
can the patient walk and the impact upon their lifestyles).  It is hoped to obtain a database of 50–60 
patients. Information will be collected from the patients on their employment, residential and smoking 
history. 

In a separate project an evaluation is being made of the nature of particulate matter, in terms of 
physical characteristics and chemical composition, as sampled by current and historic monitors. This 
work is being carried out in an area where black smoke as a source of air pollution still predominates. 
This information will also be used to inform the preparation of the air quality database. 

Results 
Figures 1–3 illustrate the kinds of maps that can be prepared and the type of air quality information 
available for the Tyne & Wear region. Figure 3 gives details of actual monitored data from deposit 
gauges (monthly results) together with a running mean. 

Figure 1 Historical air quality monitoring sites in Tyne & Wear and Northumberland 
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Figure 2 Historical land use in Wearside 

 

 

Figure 3 Historical air quality monitoring data 

 

Discussion 
Much research has been carried out into the acute effects of air pollution on health, using measures of 
effects such as hospital admissions, symptom scores and lung function measurements. Examples of 
this type of project include the APHEA study (Atkinson et al., 2001), Schwartz (1996) and Fusco et 
al. (2001). Whilst these studies have shown the effects of elevated concentrations of air pollution on 
health they do not give an indication of the long-term, chronic effects of exposure to air pollution. 
They also tend to concentrate on the effects of pollution episodes on susceptible individuals. 

Longer-term studies into the effects of air pollution on lung function and development have been 
carried out, for example Glauderman et al. (2000) investigated the development of lung function in 
children over a four year period in California, and in the Netherlands the effects of living near major 
roads was evaluated using a sample of 5000 people (Hoek et al., 2002). In the Hoek study long-term 
exposure to traffic related air pollutants was estimated for the 1986 address utilising regional and 
urban pollutant concentration and an indicator variable for living near major roads. The study covered 
a time span from 1986 to 1994. 
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In any study of the effects of air pollution on health there will be a range of confounding factors 
including smoking history, industrial exposure, indoor exposure as well as exposure to atmospheric 
pollutants. In determining exposure to atmospheric pollutants it should be remembered that 
individuals in any study may have moved from one location to another and emissions sources in any 
one area will also change over time, making it difficult to assume that their current exposure reflects 
their historical exposure. To determine the effects of air pollutants on health there is a need to develop 
accurate exposure profiles for atmospheric pollution; the greater the amount of information gained the 
easier becomes the task of removing the effects of confounding factors. 

This study attempts to do this by collating and, more importantly, evaluating the large volume of 
historical information available in the UK. Development of a series of GIS maps will enable the 
exposure history to be determined for individuals now reporting with COPD. 

Conclusions 
In order to predict the long-term health effects of current air pollutant concentrations and bring about 
reductions in levels there is a need to assess existinginformation on the long-term effects of poor air 
quality on health. In the UK there is a large volume of historical information that could be used to 
develop exposure profiles for patients now presenting with COPD. Collation and evaluation of air 
quality data for the Tyne & Wear region will be used with with health data from a patient cohort in 
Sunderland; however, should the technique prove effective it could be used to collate information for 
the UK as a whole. 
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2.10 Indoor air quality in ten homes with flueless 
heaters in the Leicestershire area 
Marks ST 
Advantica Technologies Ltd, Loughborough, Leicestershire 

 

Background and objectives 
Personal exposure to a variety of airborne contaminants in the home is acknowledged to present a 
potential risk to an occupant's health. This risk is determined both by the amount of pollutant present 
and the time for which an individual is exposed. 

The main objective of this work was to carry out an air quality survey of ten homes with flueless 
space heating appliances fuelled by natural gas and provide continuous monitoring for at least  
24 hours for pollutants such as CO, CO2 and NO2 as well as other parameters including relative 
humidity and temperature levels attained within the test room. 

Procedures 
Data were collected in the heating season 2001/2002. The homes selected were identified in 
association with three heater manufacturers, and were located in the Leicestershire area within 
approximately 25 miles of the Advantica site in Loughborough. 

For the survey a simple questionnaire was designed detailing the people present in the premises, the 
types of appliances present, ventilation, size of room and a sketch showing where the monitor was 
placed. The surveyed houses and the household varied considerably in their characteristics (Table 1). 

The survey date was agreed with the householders and the air quality monitor deployed for at least  
24 hours in each property. The questionnaire was completed and the level of usage of the heater 
recorded on arrival of the investigators at each site. The plan of the room was then studied and a 
suitable position for the monitor identified. The position of the monitor was chosen to be close to the 
flueless gas appliance whilst still providing data representative of personal exposure. The selected 
location for placing the monitor had to be agreed with the householder in order to ensure the safety of 
the monitor and to avoid disturbing the normal routine of the householders. 

Instrumentation 
In this study, an air quality monitor was used to record the concentration of NO2, CO and oxygen, and 
the humidity and temperature within the room. The indoor air quality monitor was designed in-house 
at Advantica and has been used successfully in carrying out indoor air quality measurements in a pilot 
survey in Loughborough (Marks, 1997a) and two major surveys, in the Solihull (Marks et al., 1999b) 
and Bristol (Marks & Pool, 2000c) areas. The monitor is silent, battery powered, small and capable of 
measuring NO2, CO and oxygen levels as well as humidity and temperature on a continuous basis for 
a 5 day period. 

The instrument recorded data every second and logged average values every minute throughout the 
survey period. The monitor was calibrated and all cells checked before each survey and then 

                                                                 
a Marks ST (1997) A Survey of Air Quality in Kitchen Using Gas Appliances, GRTC R 1822, Advantica, 
Loughborough, Leicestershire, LE11 3GR 
b Marks ST, Pool G & Dutton J (1999) A Survey on the Exposure to Air Pollution in the Home — Indoor Air 
Quality in Solihull, West Midlands, GRTC R 2846, Advantica, Loughborough, Leicestershire, LE11 3GR 
c Marks ST & Pool G (2000) Indoor Air Quality Survey in the Avon Area and a Comparison with a Previous 
Survey Carried out in Solihull, GRTC R 4192, Advantica, Loughborough, Leicestershire, LE11 3GR 
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recalibrated and checked afterwards to account for any drift in the calibration and abnormality in the 
operation of the monitor. The monitor was then recharged, recalibrated and set up for the next survey. 

Results 
Overall, the levels of contaminants recorded in the ten houses did not exceed the guideline limits both 
for outdoor exposure and that specified for occupational exposure. 

• The standalone silent monitor employed for this survey was effective in being a suitable tool in 
obtaining reliable air quality measurements while normal activities took place, thereby providing 
data representative of typical everyday activities. 

• The ten houses surveyed varied in their characteristics such as number of householders, appliance 
model, appliance being used as a primary/secondary heat source and the volume of the room, each 
of which is considered to have an effect on the levels of contaminants generated. 

• In 50% of the houses the World Health Organization (WHO) outdoor 1 hour guideline limits were 
exceeded for NO2 but none exceeded the corresponding limits for CO. The greatest peak 
concentration measured for CO was 22 ppm and for NO2 was 0.18 ppm. 

• For CO2, in all but one case the levels in the majority of the homes were less than 0.25%. 

• The level of occupancy varied depending on the number of householders and their working 
routine, that is working fulltime/part time or retired. 

The levels of relative humidity and temperature varied considerably between houses, depending on 
the size of the room surveyed and the operation of the appliance, that is whether it was used 
continuously or on an occasional basis. The lowest temperature recorded was around 9°C and the 
highest 32°C. Correspondingly the relative humidity ranged from 26% to 68%. Table 1 provides a 
summary of the data obtained. 

Comparison of survey data with guidelines 
WHO (1999) guideline limits (outdoors) for maximum 1 hour personal exposure to NO2 and CO are 
0.105 ppm and 25 ppm, respectively. For CO2 there is no WHO guideline limit but there is an 
occupational exposure limit, specified in EH40  (HSE, 2002), of 5000 ppm (0.5%) for 8 hour exposure. 

Five out of ten houses recorded levels exceeding the WHO 1 hour guideline limit for NO2, ranging 
from 0.11 to 0.18 ppm. Two of the houses that exceeded the NO2 guideline limits, had higher CO 
levels than the rest. In all five cases, the appliance was operating in the lounge within a fire surround, 
and in three cases as a primary source of heat. 

None of the houses exceeded the corresponding WHO 1 hour guideline limit for CO. 

In all but one case, the average CO concentration (calculated from oxygen data) for the whole 
surveyed period was less than 0.25%. In the house where CO2 levels reached around 0.4%, the 
appliance was used in the conservatory as a primary heat source. 

Recommendation 
The findings of this work show that the pollutant concentrations in homes with flueless heaters vary 
depending on the size of the room, appliance usage and level of ventilation in the room. However, the 
sample size of ten houses was too small to be representative of such premises and therefore the 
findings of this study can only be used as an indication of the possible pollutant concentrations. 
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A larger sample population would provide a more accurate assessment of the contaminant levels in 
homes and provide definitive data with which to develop performance and installation standards that 
ensure safe appliance operation. 
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Table 1 Details of surveyed houses  

Peak values (ppm) 

NO2 conc. CO conc. 

House 
no. 

No. of 
people 
in each 
house 

1 min 
ave. 

1 hr 
ave. 

1 min 
ave. 

1 hr 
ave. 

Manufacturer of 
flueless 
appliance 

Appliance 
heat input 
kW/hr 

Location of 
appliance 

Room 
volume/net/m3 

Heat 
input / 
volume 

W/m3  

Comments 

1 4 0.46 0.11 22 5.54 A 3.5 Lounge/ 
dining room 

56.5 61.9 Appliance used as a primary heat 
source. Used 24 hrs a day 

2 2 0.16 0.05 0.5 0.32 A 2.5 Lounge 45.16 55.4 Secondary heat source. New house 

3 4 0.16 0.09 2.5 1.78 A 2.5 Lounge 62.80 39.8 Secondary heat source. Small 
window kept open during use of 
appliance 

4 2 0.17 0.05 3.5 3.50 B 2.99 Conservatory 69.1 43.3 Used as primary heat source in 
conservatory. 24 hrs a day. Wall 
vent open 

5 2 0.24 0.05 3.0 1.98 B 2.99 Conservatory 85.3 35 Conservatory used as a 
lounge/living area. No other heat 
source in conservatory. On 24 hrs 
day. Wall vent open. Door to lounge 
always open 

6 2 0.12 0.05 15.50 2.08 B 2.99 Dining room 34.62 86.4 Secondary heat source. Used in 
evenings only 

7 2 0.30 0.15 3.00 1.85 C 2.99 Lounge 55.63 53.7 Secondary heat source. Used 24 hrs 
a day 

8 3 0.22 0.16 3.5 1.75 C 3 Lounge 44.11 68 Secondary heat source. Used mainly 
in evenings 

9 2 0.36 0.12 16.5 12.48 B 2.99 Lounge 60.52 49.4 Primary heat source in lounge. On 
24 hrs a day 

10 2 0.23 0.18 1.50 1.33 C 3 Lounge 70.9 42.3 Secondary heat source 
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2.11 Ventilation and indoor air quality in new 
homes 
Crump D 
BRE, Watford 

Background and objectives 
Indoor air pollution occurs because of pollutants entering the building from the outdoor air or 
ground, and because of emission from sources within the building, such as materials, 
furnishings, combustion appliances and use of consumer products (Crump, 1997). There are 
three main approaches to controlling levels of indoor air pollution: to dilute the level of 
pollution by ventilation, to minimise the source, and to use air cleaning. Excessive ventilation 
may have unacceptable costs in terms of energy for moving, heating and cooling the air, and 
may cause discomfort to occupants because of draughts. It also requires air of good quality to 
dilute the pollutants generated in the indoor environment. Source control can be through the 
careful selection of products that release only low amounts of pollutants or by isolating or 
modifying the source. Local ventilation, as used for cooker hoods, can also be used to reduce 
the spread within a building of pollutants arising from a particular source. 

In order to understand the sources and concentrations of pollutants in indoor environments in 
homes in the UK, the Building Research Establishment (BRE) has undertaken a wide range of 
studies. These have included a study of the homes of 174 newborn children in Avon (Berry et 
al., 1996), the homes of 40 asthmatics in Southampton (Wiech & Raw, 1996), 450 children in 
Nottingham (Venn et al., 2001) and the Indoor Air Quality Survey of England involving  
876 homes (Coward et al., 2001, 2002). 

Studies of indoor air quality in UK homes have shown a relationship between dwelling age 
and formaldehyde and VOC concentrations. These studies, and those in other countries, have 
not measured the ventilation rate of the homes, although it is an important factor for 
understanding the relationship between sources and indoor concentration. A major reason for 
this is the technical difficulties associated with measurement of ventilation rate in a normally 
occupied home. 

BRE is currently undertaking a study of ventilation and indoor air quality in homes built since 
1995. The overall aim is to produce guidance in support of the Building Regulations 
concerned with provision of adequate ventilation in new domestic buildings. The relevant part 
of the Regulations, Approved Document F (ADF)a was last revised in 1995. The study is on-
going, and this paper describes the development and application of a method for measuring 
the mean ventilation rate in occupied homes and preliminary findings of indoor air quality 
measurements during two rounds of monitoring. 

Study description 
The project initially focussed on development and validation of a method to measure the 
mean ventilation rate of the homes concurrently with the measurement of indoor air 
pollutants. The method selected was a perfluorocarbon tracer (PFT) technique that had 
previously been used by BRE for the study of air movement and ventilation in offices 
(Walker & White, 1995). Particular issues to address at the outset of the study were whether 
adequate mixing of the tracer was obtained in the home situation and if significant losses of 
the tracer occur by adsorption to surfaces, such as building materials and furnishings, as 
reported by Hill et al. (2000). 

                                                                 
a Available [25 November 2003] at http://www.odpm.gov.uk/ 
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The main part of the project involved a winter (January to March 2002) and summer (2002) 
period of monitoring of NO2, CO, formaldehyde, VOCs, PM10, temperature and humidity in 
33 homes. A further four homes used for pilot investigations were also incorporated in the 
study. Measurements of airtightness and infiltration of the dwelling with windows and doors 
closed were undertaken using a fan pressurisation technique prior to the monitoring of indoor 
pollutants. The indoor pollutants, except PM10, were measured using diffusive samplers with 
an exposure period of three days to two weeks, depending on the pollutant. PM10 was 
measured using a pumped gravimetric method with a sampling period of 24 hours. 
Questionnaires were used to collect information about the characteristics of the properties and 
the activities of occupants. 

Concurrent with the pollution measurements, the PFT was released by small diffusion-
controlled devices into each room of the dwelling over a two week period and the 
concentration of tracer in the air was determined using diffusive air samplers. The mean rate 
of air exchange of the indoor air with outside air for the two week period was calculated from 
the tracer concentration, the amount of tracer released and the internal volume of the 
dwelling. The PFT compound used was PMCH (perfluoromethylcyclohexane). The method 
was assessed in BRE test houses with simulated occupancy by comparing the PFT method 
with the more widely applied sulphur hexafluoride (SF6) tracer technique. The SF6 technique 
requires the use of pressurised cylinders, the running of sampling lines to all rooms and 
continuous monitoring of the SF6 concentration by an infra-red gas analyser connected to a 
valve switching system that samples the air in each room sequentially. The technique is 
impractical for application in normally occupied homes. 

During winter 2002/3, more detailed studies were undertaken in five homes. These homes 
were selected to include those with the highest levels of indoor pollutants. For these, short 
term pumped sampling of pollutants was applied as well as longer term diffusive sampling. 
Ventilation rate measurements were also undertaken. 

Results 
Comparison of the SF6 and the PFT methods in the BRE test houses, both under conditions of 
low ventilation, and with windows opened to simulate occupancy, have shown good 
agreement. Tests in environmental chambers found no significant adsorption of PMCH by 
common indoor materials. 

Table 1 gives an example of the results of analysis of the tracer gas sampling tubes exposed 
for two weeks in a normally occupied home. These show good repeatability of measurements 
when two or three tubes are placed in the same location in a room. Also, when tubes are 
placed at different locations, there is good comparability, indicating that the air in the room 
and the tracer gas are well mixed. 

Table 2 summarises the results of the ventilation and leakage rate measurements in summer 
and winter for the main study. The mean air leakage rate in the homes (at 50 Pa) during 
winter was 12.9 ach (range of 4.8 to 20.2 ach) and the mean whole -house ventilation rate was 
0.44 ach. This mean ventilation rate is only slightly below the minimum design value of  
0.5 ach, and the low value may be due to the infrequent use of trickle ventilators in many of 
the homes. The mean summer whole-house ventilation rate was 0.62 ach, (range of 0.19 ach 
to 1.06 ach). This was higher than in winter (0.43 ach), most likely because of the more 
frequent opening of windows during the summer months. 

The CO concentrations did not exceed the WHO 8 hour average guideline value of 8.6 ppm in 
any home, with the maximum value being 0.8 ppm. The mean summer outdoor, living room 
and kitchen NO2 concentrations were similar to the winter results. The WHO recommendation 
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that NO2 exposure should not exceed 21 ppb over a year was exceeded in six homes in winter 
and one in summer. In all these homes only gas was used as cooking fuel. 

Table 1 Results of measurements of PMCH tracer for two week ventilation rate 
determination in House 94S 

Date analysed Sampler location PMCH collected on tube (ng) 

09/07/02 23.40 
09/07/02 23.70 
15/07/02 

Kitchen 

23.20 
09/07/02 24.60 
15/07/02 

Living room (above fireplace) 
24.60 

09/07/02 28.90 
15/07/02 

Living room (on speaker) 
26.10 

09/07/02 34.40 
15/07/02 34.80 
16/07/02 

Bathroom 

32.70 
09/07/02 37.10 
15/07/02 

Bedroom 1 (on cupboard) 
 36.20 

09/07/02 42.60 
15/07/02 

Bedroom 1 (on wardrobe) 
42.20 

09/07/02 25.00 
09/07/02 

Bedroom 2 (on TV stand) 
26.40 

15/07/02 23.30 
15/07/02 

Bedroom 2 (on wardrobe) 
26.90 

09/07/02 Travel blank 0.01 
 

Table 2 Ventilation rate by PFT method and leakage rate at 50 Pa by pressurisation 
method measured in main study 

 Ventilation rate 
(ach) 

Leakage rate 
(ach) 

Ratio of leakage to 
ventilation rate 

Winter    
Arithmetic mean 0.44 12.9 30.9 
Standard deviation 0.11 3.7 10.2 
Geometric mean 0.43 12.3 29.1 
Minimum 0.19  4.8 10.0 
Maximum 0.68 20.2 48.9 
Summer    
Arithmetic mean 0.62 13.9 21.0 
Standard deviation 0.23 4.2 8.6 
Geometric mean 0.57 13.3 19.2 
Minimum 0.19  8.1 8.3 
Maximum 1.06 19.4 38.5 

 

The mean summer 24 hour PM10 concentration measured in the kitchen (49.1 µg/m3) was 
higher than the winter level (22.3 µg/m3). The UK ambient air quality objective of 50 µg/m3  
was exceeded in two homes in winter and 14 homes in summer. 

Mean summer formaldehyde concentrations in the bedroom and living rooms (32 and 
26 µg/m3 respectively) were higher than the winter levels (29 and 25 µg/m3), although all 
three day mean concentrations were within the WHO air quality guideline value of 100 µg/m3  
for a 30 minute exposure period. 
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Total VOC (TVOC) concentrations in the bedrooms and living rooms were about 13 times 
higher than outdoors. Most of the TVOC levels recorded in the homes were within 
recommended guideline levels suggested by a range of authorit ies (Crump et al., 2002). 
Concentrations in nine homes in winter and three in summer exceeded 300 µg/m3. 

Conclusions 
The PFT tracer method has been shown to be an effective method for measuring the 
ventilation rate in occupied homes. The mean ventilation rate in the study of 37 homes built 
since 1995 was only slightly below the design value. The concentrations of CO, NO2, 
formaldehyde and VOCs were within the range found in other studies of UK homes and the 
PM10 measurements in some homes exceeded 50 µg/m3. A full analysis of the data will be 
undertaken after completion of the third phase of the project, which involves detailed 
monitoring of the indoor air quality in a smaller number of selected homes. 
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3 Toxicity and toxic mechanisms 

3.1 Comparative toxicology and 
toxicogenomic assessment of PM10 induced 
pulmonary injury 
Wise H, Reynolds L, Moreno T & Richards RJ 
Cardiff School of Biosciences, Cardiff University 

 

Introduction 
There is strong epidemiological evidence of association between PM10 (particulate matter 
with an aerodynamic diameter less than or equal to 10 µm) and serious adverse health 
outcomes including death and increased hospital admissions for cardiopulmonary conditions 
(Pope, 1998; Schwartz, 1994). The bioreactive components of the complex PM10 mixture have 
yet to be elucidated, as have the mechanisms by which such particles initiate pulmonary and 
cardiac damage. Heavy metal components, if bioavailable, are thought likely candidates for 
inducing oxidative damage stimulating inflammation. Many of these metals are present in 
diesel exhaust particles (DEPs), a common PM10 component in the UK. DEPs have been 
shown to induce lung inflammation in humans (Sydbom et al., 2001) and to induce gene 
changes in the rat lung following instillation (Reynolds & Richards 2001). To date, however, 
few, if any, studies have been reported on the toxicological response of UK PM10 in 
experimental animals, as it has been difficult to collect sufficient PM10 for meaningful studies. 
This situation has now changed through the use of a high volume sampler that collects  
400–500 mg of PM10 per month at sites in the UK (Moreno et al., 2003). 

The objectives for the present study were to determine: (1) the dose of UK particulate matter 
capable of producing acute oedema, inflammation and type I cell epithelial changes when 
instilled into rat lungs; (2) whether the bioavailable (water soluble) fraction of PM10 was as 
bioreactive as the whole particle complex; and (3) whether the expression of lung genes was 
altered following the deposition of PM10 in the rat lung. 

Using this combination of conventional toxicology and toxicogenomics it was hoped to learn 
more about the underlying changes in gene expression accompanying the acute effects of 
PM10 in the lung. 

Methodology 
Male CD rats (250 g body weight) were instilled with 2.5 (data not shown), 5 or 10 mg of 
Cardiff PM10 collected by high volume sampling. Control animals received 0.5 ml of carrier 
solution (0.15 M NaCl) only and a further group was treated with ‘soluble’ PM10 (10 mg 
equivalent). This material, which accounts for 70% w/w of the Cardiff sample, was obtained 
by centrifugal removal of all durable (water insoluble) particles. Animals were sacrificed after 
3 days (a common time point to study oedema) and a number of conventional biological end-
points were measured (lung to body weight ratio, lavage protein, free cell number in lavage, 
the type I cell marker, rT140, in lavage). Lavaged lung tissue was snap frozen and stored until 
required for expression studies. Total RNA was isolated from this tissue (RNeasy, Qiagen) 
and subjected to macroarray analysis, whereby some 1200 genes are examined for up/down-
regulation. 
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Results 
The data from conventional quantitative toxicology analysis are shown in Figure 1. Increases 
in lung/body weight ratio and in lavage surface protein (Figure 1A,B) indicate that PM10 can 
induce oedema but that the doses required to initiate this effect are relatively high. What is 
clear is that the 10 mg equivalent soluble PM10 is as effective at inducing oedema as the full 
sample, which contains in addition, all the durable particles (DEPs, silicates). The full sample 
(10 mg) is also inflammatory, indicated by the significant increase in free cell number 
(Figure 1C) but this effect is not seen with the soluble fraction, indicating that the durable 
particles are necessary for this secondary reaction. The rT140 data are inconclusive because of 
the wide range in response but suggest that less surface marker for type I epithelial cells is 
present in the lavage, indicating a reduction in the number of these cells in PM treated lungs. 

The data from gene expression profiling of control and treated lung tissue are shown in 
Figure 2. Using stringent criteria to compare effects of different treatments, two genes are 
found to have been up-regulated and seven genes down-regulated in response to instillation of 
10 mg full PM10, these nine genes include G-protein coupled receptor molecules, several 
growth factors/cytokines, hormones, interleukins and interferons, and serine–threonine 
kinases. 

In contrast 17 genes were altered (Figure 3) following treatment with the equivalent dose of 
soluble PM10. Collectively, these genes represent 1% of the total 1196 genes on the array, 
indicating that even with 10 mg of instilled PM10 the changes induced at the RNA level are 
relatively minor. 

Figure 1 Conventional toxicological assessment of water soluble and full components  
of UK PM10 instilled into rat lung, 3 days exposure 
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Figure 2 Illustration of genes deemed significantly altered as a consequence of 
instillation of 10 mg full UK total PM10 (3 day exposure). These genes are expressed 
outside a 2 standard deviation range from the mean control array (n = 3) and greater 
than 2-fold alteration. Values shown are mean values (n = 3) ± SEM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3 Illustration of genes deemed significantly altered as a consequence of 
instillation of water soluble UK total PM10 equivalent to a 10 mg dose of PM10 (3 day 
exposure). These genes are expressed outside a 2 standard deviation range from the 
mean control array and greater than 2-fold alteration. Values shown are mean values 
(n = 3) ± SEM 
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Conclusions 
Conventional studies and expression profiling analysis indicate that instillation of UK PM10, 
induces a mild, rapid response, detectable at three days post exposure. Such effects are less 
pronounced at six weeks post-instillation (data not shown). Genetic analysis shows that the 
lung responses are also mild, with few genes being significantly altered. Interestingly, using 
these stringent analysis methods, there are no altered genes common to both the soluble and 
full PM10 lists. 
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3.2 Kinetics of particle clearance by lung 
macrophages monitored in vivo in rabbit 
models (Poster) 
Jones HA & Boobis AR 

Faculty of Medicine, Imperial College London 

 

Background and objectives 
The response of the lungs to inhaled particulate matter depends on the physical and chemical 
characteristics of the particles. These penetrating beyond the major airways are generally 
phagocytosed by macrophages and removed via different routes. The efficiency with which 
macrophages are able to clear the particles from the lungs may in part determine whether 
there are inflammatory consequences, contributing to the pathogenesis of a number of 
pulmonary diseases. 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. 

External imaging of suitable intravenously injected radiolabelled markers has great potential 
for providing noninvasive and repeatable methods of monitoring inflammatory cell behaviour 
and we have successfully used positron emission imaging (PET) of 18FDG (2-deoxy-2-
[18F]fluoro-D-glucose) to monitor neutrophil metabolic activity in vivo (Jones et al., 1998). A 
repeatable technique for monitoring macrophage accumulation and clearance in vivo would 
enable the relationship between macrophage kinetics and scarring to be determined. In 
addition, the ability to study the behaviour of these key cells in patients with lung disease 
would enable the assessment of efficacy of therapeutic intervention. 

The ligand PK11195 binds to receptors that are present in large numbers in macrophages 
(Zavala & Lenfant, 1987). This ligand has been labelled with 11C for PET and successfully 
used in humans to monitor macrophage accumulation in the brain after ischaemic stroke 
(Ramsey et al., 1992). 

We have studied accumulation and clearance of macrophages from rabbit lungs following the 
instillation of fibrogenic and nonfibrogenic particles by measuring the regional uptake of  
11C-R-PK11195 noninvasively by PET. 

Study description 
Twenty-four New Zealand White rabbits were anaesthetised and 50 mg of 5 µm amorphous 
silica particles (12 animals) or 50 mg of 5 µm microcrystalline silica particles (10 animals) or 
107 cfu Streptococcus pneumoniae (2 animals) suspended in 0.5 ml normal saline were 
instilled into the right upper lobe of the lungs via the biopsy channel of a neonatal paediatric 
bronchoscope. The animals remained healthy throughout the study as the challenge was 
localised to a small region of lung. 

At intervals following instillation, the rabbits were reanaesthetised and placed in the PET 
scanner. Following an initial transmission scan, the rabbits breathed air containing a trace 
amount of 15O-labelled carbon monoxide (CO). After washout of C15O gas from the lungs, an 
emission PET scan was carried out to measure 15O radioactivity, present as 
carboxyhaemoglobin. A bolus of 2 nmol/kg body weight, R-PK11195 containing 11C-labeled 
R-PK11195 (0.25–1.0 mCi) in 2 ml normal saline was then injected into the ear vein of each 
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rabbit. Emitted radioactive counts were accumulated by the PET scanner in 21 frames over  
65 min. During both emission scans blood samples were taken and the radioactivity in whole 
blood and plasma measured in a calibrated γ-well counter. All emission images were 
corrected for attenuation measured during the transmission scan. PET scanning was carried 
out at intervals over 31 days, individual animals being scanned up to 4 times. 

Regions of interest (ROIs) were drawn around the right and left lungs on the PET 
transmission images, using image analysis software. Additional ROIs were drawn on areas of 
the chest wall, liver and any localised ‘hotspot’ of radioactivity. The mean 15O and  
11C radioactivity for these ROIs was measured for all emission images. 

Regional thoracic density (gm/cc of thorax) was calculated from the attenuation of 
radioactivity measured during the initial transmission scan. Regional pulmonary blood 
volume (gm of blood/cc thorax) was calculated from the 15O radioactivity measured in the 
first emission scan (representing HbC15O) and the radioactivity measured in blood samples. 
Regional extra-vascular R-PK11195 concentration (fmol/gm of tissue) for all time frames was 
calculated from the 11C-R-PK11195 scan, the 11C-R-PK11195 in plasma samples and the 
regional blood volume. 

Rabbit lungs were removed at different times after challenge and inflated to 20 cm H2O with 
formol saline. Sections were cut and stained with haematoxylin and eosin, for histological 
examination and cell counting. Additional animals were examined histologically for up to 
56 days after challenge with microcrystalline silica. 

Extravasation of a mixed population of inflammatory cells was induced by injection of 
S. pneumoniae into the inter-articular space of rabbit right and left knee-joints. At 24 h after 
challenge 2 µCi (0.024 nmol) 3H-labelled R-PK11195 alone was injected into the right joint 
space and 28 nmol PK11195 containing 2 µCi 3H-labelled R-PK11195 was injected into the 
left. Ten minutes after injection the knee-joints were individually lavaged with ice-cold 
saline. Cell counts and radioactive counts were measured and cytospins prepared and air-dried 
for cellular resolution autoradiography. 

Results and conclusions 
Localisation of radiolabel to ROIs in control lung, the chest wall and liver did not change 
following either challenge. The ratio of extravascular tissue to plasma radioactivity following 
challenge to the right lung was 28 ± 0.7 SD for the control lung, 3.1 ± 0.4 SD for the chest 
wall and 37 ± 5 SD for liver after all challenges. 

In the lung, 11C localised to the challenged area after both stimuli, and correlated with 
macrophage numbers (Figure 1). The ratio of radioactive counts in the challenged versus 
control lung regions peaked at 4 days for amorphous silica (2.88, n = 2) and 6 days for 
microcrystalline silica (4.62, n = 2). The signal remained elevated throughout the study 
(amorphous silica, 2.33 ± 0.77 SD, n = 14; microcrystalline silica, 3.99 ± 1.29 SD, n = 9), as 
did macrophage numbers. 11C also localised to regions consistent with macrophage traffic 
through lymph ducts 6 days after amorphous silica challenge, but not until 4 weeks after 
microcrystalline silica. No increase in 11C radioactivity was detected in the challenged 
compared with the control lung regions following instillation of S. pneumoniae. 

Histological examination of lung sections showed that 1 day after instillation of amorphous 
silica there were many macrophages containing particles in the airspaces. By 5 days, some 
particle-bearing macrophages had migrated into the interstitium. There were few neutrophils 
present. By 2 weeks most of the particle-bearing macrophages were found in the interstitium 
and the perivascular lymph vessels. The macrophages did not appear to be highly activated at 
any time. One day after instillation of microcrystalline silica the alveoli were filled with 
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particles and both macrophage and neutrophil numbers were raised. By 5 days there was a 
marked fibrogenic response with a continuing macrophage and neutrophil presence. The 
macrophages were foamy and appeared highly activated at both time points. Macrophage 
numbers remained raised for at least 56 days. 

After injection of 3H-R-PK11195 into a rabbit knee-joint model with a mixed population of 
inflammatory cells, radioactivity was localised to cells, but not when injected in the presence 
of excess unlabeled PK11195 showing that the binding was specific. Autoradiography of 
cytospin preparations of the labelled lavage fluid showed selective localisation of 
radioactivity to macrophages. 

These data suggest that PET scanning after 11C-PK11195 administration provides a new 
noninvasive approach for the study of macrophage kinetics in the lung. 

Discussion 
Noninvasive imaging of radiolabeled compounds that act as markers for different components 
of the inflammatory/fibrotic  process has potential for the in vivo investigation of the 
mechanisms that determine development of lung disease and response to therapy. PET 
scanning is minimally invasive and the biological response in this study was highly localised 
to a small region of one lung, allowing the other lung to be used as control. We have used 
PET successfully to monitor the extent of pulmonary neutrophil activation in rabbit models of 
acute and chronic inflammation (Jones et al., 1998) and in humans with inflammatory lung 
diseases (Jones et al., 1997). In this study we investigated the possibility of monitoring 
macrophage behaviour in response to particulate instillation and assessed the potential of  
R-PK11195 ligand, labelled with 11C for PET, as a marker of inflammatory macrophages in 
situ in the lung. 

In both rabbit lung models, silica elicited macrophage accumulation that was detected by PET 
as a significant increase in the tissue/plasma ratios of 11C-R-PK11195 in the challenged 
region. We have previously shown that there is no migration of neutrophils to the site of 
challenge with amorphous silica particles (Jones et al., 1998), indicating that the increased 
PET signal in this model is likely due to monocyte derived macrophages. Microcrystalline 
silica results in accumulation of both neutrophils and macrophages. Nine hours after 
instillation of S. pneumoniae, when large numbers of intra-alveolar neutrophils but no 
detectable increase in macrophages are seen in histological sections, there was no increased 
uptake of 11C-R-PK11195, suggesting that neutrophils do not contribute to the 11C-R-
PK11195 PET signal. Micro-autoradiography of the mixed inflammatory cell population in a 
rabbit knee joint model 24 hours after intra-articular injection of S. pneumoniae further 
demonstrated that PK11195 localises to macrophages but not neutrophils. 

Amorphous silica beads were removed from the lungs following instillation in a highly 
organised manner and no fibrosis developed. In contrast microcrystalline silica caused a 
dramatic fibrotic response. The time-course of the initial influx of macrophages in response to 
both particulate challenges was similar. In both models an increase in the PK11195 signal was 
apparent 3 days following instillation. Thereafter the macrophage kinetics differed. In the 
amorphous silica model, while localisation of the ligand to the challenged lung region 
remained at 6 days, an extrapulmonary signal became apparent. It is well known that 
macrophages remove particulates by travelling through the interstitium to the lymphatic 
system (Lee & Kelly, 1993). The histological demonstration of macrophages containing 
amorphous silica beads in the perivascular sheath and the appearance of such macrophages is 
consistent with this signal reflecting the clearance of macrophages from the lungs via lymph 
vessels. In the microcrystalline silica model, this extrapulmonary signal is delayed until 
4 weeks after instillation. PET of PK11195 gives a ‘snap-shot’ of the distribution of 
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macrophages at each time-point and repeated PET scans give a series of such snap-shots 
allowing the clearance of macrophages from the lungs to be monitored. 

These studies demonstrate that it is possible to measure the accumulation and clearance of 
macrophages in the lung by external imaging using PET. There are marked differences in 
pulmonary macrophage kinetics following a nonfibrotic and fibrotic stimulus. Failure to clear 
particles efficiently from the lung via the lymphatics may be indicative of compromised 
macrophage function. As such, the measurement of macrophage numbers and trafficking 
using PET may be of use in monitoring the behaviour of these key cells in chronic 
inflammatory and fibrotic lung diseases. The ability to carry out repeat scans has considerable 
potential for the assessment of risk from airborne pollutants and factors affecting this, such as 
particle size and composition. In addition, this approach has much to offer in investigating the 
efficacy of therapeutic intervention on chronic inflammatory processes and may help to 
improve treatment strategies for otherwise disabling diseases. 

Figure 1 Time course of 11C-PK11195 uptake and macrophage numbers 

 

Uptake of 11C-PK11195 (black diamonds) is expressed as the ratio of tissue to plasma radioactivity in the challenged versus the 
control lung. Both the 11C-PK11195 signal and tissue macrophage numbers (open squares) remained elevated throughout the 
study period. Macrophage numbers were higher following instillation of microcrystalline silica than amorphous silica. Mean 
macrophage number in control lungs was 7/0.2 mm2 
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3.3 Inflammatory effects induced by PM10 
samples of differing composition (Poster) 
Stone V1, Lightbody JH1, Tran L2 & Donaldson K3 
1 Napier University, 10 Colinton Road, Edinburgh 
2 Institute of Occupational Medicine, 8 Roxburgh Place, Edinburgh 
3 ELEGI/Colt Laboratories, Edinburgh University, Teviot Place, Edinburgh 

Background and objectives 
Numerous studies have demonstrated the adverse health effects of ambient particulate 
pollution (PM10)  (Dockery et al., 1993; Donaldson et al., 2001). However, to date such 
studies have been conflicting as to the identity of the physical or compositional elements 
responsible. PM10 consists of a mixture of substances including primary particles derived 
from combustion processes such as traffic pollution, secondary particles generated by UV 
catalysed photochemical reactions and coarse particles generated by wind blown dust. Other 
components proposed to be responsible for the pro-inflammatory effects of PM10 include 
transition metals (Gilmour et al., 1996) and endotoxin (Monn & Becker, 1999). This study 
aims to investigate, for PM10 samples collected in the UK, the relationship between 
composition and pro-inflammatory effects in the rat lung instillation model. 

Study description 
In this study PM10 was collected from six locations in the UK (Table 1) that vary in 
predominant source and composition of particulate. PM10 samples were collected for 24 hour 
periods onto Teflon filters over one year using Partisol 2024 samplers. 

Table 1 UK sampling locations and characteristics 

Location Characteristics 

Birmingham City centre 
Belfast Domestic fossil fuel burning 
Harwell Rural 
Marylebone Road Busy roadside site 
North Kensington London background 
Port Talbot Industrial 
 

The concentrations, and hence proportions, of primary, secondary and coarse particulate in 
each PM10 sample were analysed by mathematical modelling (Stedman et al., 1998). The 
inflammation induced by each sample was determined using a rat lung instillation model in 
which particulate from one 24 hour filter sample was recovered into 1 ml of 0.9% NaCl 
solution, of which 500 µl was intra-tracheally instilled into the lungs of a female Wistar rat. 
Within each experiment, the PM10 samples instilled were all sampled at different locations, 
but on the same date. Control animals were instilled with saline alone. Eighteen hours after 
instillation bronchoalveolar lavage (BAL) was conducted to assess the inflammatory profile. 

Results 
Mean data for each location 

Instillation of PM10 collected from the roadside site of Marylebone Road in London induced a 
significant increase in the number of neutrophils (p <0.001) and the pro-inflammatory 
cytokine MIP-2 (p <0.05) in BAL. In contrast the inflammation induced by the urban, rural 
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and industrial PM10 samples was not significant (p >0.05). These values were calculated by 
taking a mean of all experiments utilising PM10 samples collected from the same location. 

 Individual data points for each location 
The same data were also analysed by taking each neutrophil value independently and relating 
this to the PM10 mass on the filter and its composition. Using this means of analysis, the 
inflammation induced by each PM10 sample, as indicated by the number of neutrophils in the 
BAL 18 hours after instillation, was found to be extremely variable (Figure 1). 

Preliminary statistical analysis indicates that when compared with primary, secondary and 
coarse composition, the mass dose of PM10 instilled is the greatest factor influencing 
neutrophil influx into the rat lung. In terms of the relative contribution of primary, secondary 
and coarse particulate to the neutrophil response, at this stage there is no clear indication as to 
which component has the greatest influence. Analysis of the nontransformed data by a 
stepwise linear regression suggests that the coarse fraction is the strongest compositional 
factor; however, after loge transformation of the data, stepwise linear regression analysis 
suggests that, in any given site, the primary component of PM10 is the strongest compositional 
factor in driving neutrophil influx into the rat lung. 

Figure 1 The percentage of neutrophils in bronchoalveolar lavage, 18 hours after 
instillation of a 24 hour PM10 sample into the rat lung 

 
 

 

 

 

 

 

 

The percentage of neutrophils is used as a marker of inflammation and is plotted against the mass of the PM10 collected over the 
24 hour sampling period. PM10 samples were collected at six locations: Harwell (HW), Birmingham (BH), Marylebone Road 
(MR), Port Talbot (PT), North Kensington (NK) and Belfast (BT) 

Conclusions 
These preliminary data suggest that the mass dose of the PM10 exposure is extremely 
important in driving inflammation. In terms of composition, stepwise regression analysis of 
the loge transformed data suggests that the primary component of PM10 is more important than 
the secondary or coarse component in inducing the inflammatory effects in the rat lung. The 
relative importance of transition metal composition and endotoxin content is yet to be 
analysed. 

Discussion 
While the mechanism of toxicity of primary particles is not well understood, it is possible that 
these particles, being products of combustion sources, fall into the ultrafine size range and 
therefore have a greater specific surface area than the that of secondary and coarse particles. It 
has been shown using surrogate particles that surface area is better than mass as the metric for 
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the particle dose inducing inflammation (Duffin et al., 2002). Thus, it is likely that the 
observed inflammatory effect is driven by primary particles because of their small size (and 
large surface area). Determination of the components of PM10 that drive inflammation and 
hence adverse health effects may aid in the formation of legislation controlling particulate 
pollution emissions. Furthermore, recognition of the components responsible for the 
biological effects of PM10 will aid in determining both the mechanism of action of this 
pollutant and identifying susceptible populations. 
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3.4 Particle-induced oxidative stress and 
cytokine release by human lung cells in vitro is 
partially attenuated by antioxidant 
supplementation 
Payne JP1, Moreno T2, Richards RJ2, Kelly FJ3, Goldstraw P4 & Tetley TD1 
1Lung Cell Biology, National Heart and Lung Institute, Imperial College London 
2School of Biosciences, Cardiff University 
3Environmental Research Group, King’s College London 
4Royal Brompton & Harefield NHS Trust 

 

Background 
Numerous epidemiological studies have associated episodes of high particulate air pollution 
with increased cardiopulmonary morbidity and mortality. A major causative agent is PM10, 
especially fine (PM2.5, <2.5 µm) particles (Pope et al. 1991; Brunekreef & Holgate, 2002). 
Lung function is reduced in children exposed to high levels of PM10 and, in adults, there is an 
increased incidence of hospital admissions, chronic obstructive pulmonary disease (COPD), 
myocardial infarction and heart failure together with increased cardiorespiratory morbidity 
and mortality in susceptible individuals (Dockery, 2001). Numerous steps have been taken to 
improve air quality in western cities. However, despite the introduction of clean air laws and 
improvements in vehicle emissions (levels in the UK rarely exceed recommended guidelines), 
evidence suggests that the current levels of particulate air pollution still affect health. 

Investigations in vivo and in vitro have shown that ambient air particles cause oxidative cell 
damage and DNA adduct formation (Lewtas, 1993; Becker et al., 1996). Epithelial lining 
fluid (ELF) within the respiratory tract forms an interface between the respiratory tract 
epithelial cells and the external environment, and contains multiple antioxidant enzymes, and 
substantial amounts of low molecular weight antioxidants — ascorbate, urate and glutathione 
(Van Der Vliet et al., 1999). Consequently, ELF is likely to be a critical first line of defence 
against the adverse effects of inhaled particulate matter. 

Understanding how respirable particles interact with respiratory epithelium will help elucidate 
mechanisms that contribute to disruption of protective epithelial processes and generation of  
processes that trigger subsequent systemic toxicity. A better understanding of such 
mechanisms will enable assessment of the health implications and develoment of therapeutic 
strategies as well as improving regulatory criteria. 

Objectives 
The major objectives of this study therefore are to use in vitro models of the human alveolar 
epithelium to: 

• determine and compare the relative bioreactivity of PM2.5 and PM10–2.5 collected from 
urban, rural and industrial regions in the UK, with particular respect to oxidative stress 
and proinflammatory cytokine release; and 

• determine whether any of these effects can be attenuated by biological antioxidants 
known to be present in lung lining liquid. 
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Study description 
Samples of PM2.5 were collected in central London, Cardiff and Cornwall using a Harvard 
high volume collector. Cultures of primary human alveolar macrophages (AM) and type II 
epithelial cells (TII) were seeded to 96-well culture plates at 105 cells/well and exposed to 
PM2.5 at 5–500 µg/well. Cells were exposed to PM2.5 for 6 hours in HBSS-buffered BAL or 
BAL supplemented with 200 µM ascorbate and 200 µM urate. Following exposure, levels of 
cellular γ-glutamyl transpeptidase (GGT) were determined. GGT is an important membrane-
bound enzyme that regulates glutathione flux into and out of the cell. In addition, AM and TII 
cell release of interleukin-8 (IL-8) and tumour necrosis factor-α (TNFα) into the BAL fluid 
was determined using enzyme-linked immunosorbent assay (ELISA). 

Results 
Particles from a number of UK sources elicit oxidative stress in human AM (Figure 1) and TII 
(Figure 2) cells in a concentration-dependent fashion, as assessed by increases in cellular 
GGT. The degree of this effect differs depending on the source (e.g. London vs Cardiff) of the 
samples. This effect on GGT can be attenuated by the addition of ascorbate and urate to the 
BAL in the culture system, showing that oxidation is important. However, the degree of 
attenuation varies between particulate sample sources, suggesting that oxidative potential 
varies between the particulate samples under investigation. Furthermore, induction of the 
neutrophil chemokine, IL-8, and the pro-inflammatory cytokine, TNFα, also varied between 
samples (Figures 1, 2). In contrast to GGT, IL-8 production could only be partially reversed 
by antioxidant supplementation, while particle -induced TNFα production could not be 
reversed at all. 

Conclusions 
In this model, PM2.5 induces oxidative stress, and promotes cytokine and chemokine release 
by peripheral human lung cells. The degree of change varies according to source of particle, 
confirming that physicochemical differences between particles are related to their cellular 
reactivity. However, the fact that these effects, particularly IL-8 and TNFα induction, can 
only be partially attenuated by ascorbic acid and uric acid supplementation, suggests that, if 
oxidative mechanisms are involved, they differ. Alternatively, particle induction of IL-8 and 
TNFα may involve nonoxidative mechanisms. 
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Figure 1 Alveolar macrophages exposed to PM2.5 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Human alveolar macrophages were exposed to PM2.5 collected in London and Cardiff in the presence of bronchoalveolar lavage 
fluid (BAL) (solid bars) or BAL supplemented with 200 µM ascorbate and 200 µM urate (stippled bars). Cells were analysed for 
expression of γ-glutamyl transp eptidase (GGT) activity, and release of IL-8 and TNFa. All values are mean ± SD (n = 3) 
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Figure 2 Type II epithelial cells exposed to PM2.5 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Human type II epithelial cells were exposed to PM2.5 collected in London and Cardiff in the presence of bronchoalveolar lavage 
fluid (BAL) (solid bars) or BAL supplemented with 200 µM ascorbate and 200 µM urate (stippled bars). Cells were analysed for 
expression of γ-glutamyl transpeptidase activity, and release of IL-8 and TNFa. All values are mean ± SD (n = 3) 
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3.5 Expression and secretion of C–reactive 
protein and heat shock protein 70 in human 
lung epithelial cells in response to 
environmental particle treatment (Poster) 
Ramage L & Guy K 
School of Life Sciences, Napier University, Edinburgh 

 

Introduction 
C-reactive protein (CRP) is an acute phase protein produced principally by liver hepatocytes 
and found in normal human plasma at a concentration of about 1 µg/ml. Hepatic synthesis of 
CRP can increase dramatically during infection and inflammation, and plasma levels can rise 
by as much as 1000-fold. CRP expression is regulated by hepatocyte binding of cytokines 
produced by immune cells responding to infectious and inflammatory stimuli. Although the 
liver is the principal site of CRP production, there have been several reports showing CRP 
expression in blood lymphocytes, alveolar macrophages, brain, atherosclerotic plaques, and 
the respiratory tract. Since CRP is a bacterial opsonin, its expression in the respiratory tract 
may be important in pulmonary inflammation associated with inhaled microorganisms and 
air-borne pollution particles. 

Heat shock protein 70 (Hsp70) is a molecular chaperone produced following cellular injury 
and stress. Hsp70 has been shown to protect cells from reactive oxygen species (ROS)-
mediated toxicity and cell death (Jacquiere-Sarlin et al., 1994). Hsp70 induction has also been 
associated with exposure of epithelial cells to heavy metals (Wagner et al., 1999), asbestos 
(Timblin et al., 1998) and hypoxia (Wong et al., 1998). 

Results 
The effects of PM10 treatment of A549 human lung epithelial cells were investigated using an 
indirect immunofluorescence staining technique and monoclonal antibodies against CRP and 
Hsp70. Up-regulation of CRP and Hsp70 expression was seen (Figure 1). Measuring the 
fluoresence intensities of cells (Figure 2) showed that CRP and Hsp70 levels were both 
significantly increased after 3 hours or more of treatment with PM10 (CRP, p <0.01 at 3, 6, 
18 hours; Hsp70, p <0.05 at 3 hours, p <0.001 at 6 and 18 hours). Analysis of A549 cell 
supernatants by ELISA and Western blotting suggested that CRP and Hsp70 are secreted 
from cells. To determine whether this was the result of active secretion from the cell or due to 
cellular damage, A549 cells were treated with ultrafine carbon black particles (ufCB) in the 
presence of Brefeldin A (an inhibitor of protein secretion). Stimulation of expression of 
secreted CRP and Hsp70 by ufCB was abrogated in the presence of Brefeldin A (Figures 3, 4, 
CRP, p <0.05). These results show that treatment of A549 cells with particles produces an 
increase in CRP and Hsp70 expression in the cytoplasm of cells, and also results in secretion 
of these proteins. 
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Figure 1A–D Detection of the effects of 6 hours of PM10 treatment of A549 cells on the 
expression of C-reactive protein (CRP) and heat shock protein 70 (Hsp70) by 
immunofluorescent staining. A CRP, untreated; B CRP, PM10 treated; C Hsp70, 
untreated; D Hsp70, PM10 treated 

 

 

 

 

 

Figure 2 Quantification of expression over time of CRP (squares, pink line) and Hsp70 
(diamonds, blue line) in A549 cells detected by immunofluorescent staining 

 

 

 

 

 
 

 

 

 

Figure 3 The effects of Brefeldin A on the stimulation by carbon black (CB) or ultrafine 
carbon black (ufCB) of CRP expression  in A549 cells determined by ELISA. Red bars, 
treatment with particles only; yellow bars,  particles + Brefeldin A 
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Figure 4 The effects of Brefeldin A on the stimulation by carbon black (CB) or ultrafine 
carbon black (ufCB) of Hsp70 expression  in A549 cells determined by 
immunoblotting. Red bars, treatment with particles only; yellow bars,  particles + 
Brefeldin A 

 
 

 
 

 

 

 

 

 

Conclusions 
These results show that PM10 and ufCB can induce increased expression and secretion of CRP 
and Hsp70 in human lung epithelial cells. The production of these proteins may be important 
in the lung during infection and in the inflammatory response. The ability of pulmonary 
epithelial cells to secrete CRP may represent an important event in the innate immune 
response to infection and facilitate bacterial phagocytosis by pulmonary macrophages. 
However, CRP is also an inhibitor of neutrophil chemotaxis and neutrophil respiratory burst 
(Mortensen & Zhong, 2000). As well as an ATP-dependent molecular chaperone with 
cytoprotective effects, Hsp70 mediates macrophage activation, NFκB activation, and induces 
the expression of macrophage pro-inflammatory cytokines through binding to Toll-like 
receptors (Asea et al., 2002). Stimulation of CRP and Hsp70 expression by PM10 may be 
relevant to inflammation induced by air-borne pollution. In addition, high plasma levels of 
CRP and Hsp70 are known risk factors for cardiovascular disease. 
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3.6 Chemotaxin release and macrophage 
recruitment by type II epithelial cells exposed 
to fine and ultrafine particles (Poster) 
Barlow P1, Donaldson K2, Clouter A1 & Stone V1 
1Biomedicine Research Group, Napier University, Edinburgh 
2Edinburgh Lung and Environment Group Initiative, University of Edinburgh 

Background and objectives 
In several studies, it has been shown that, in the rat lung, ultrafine particles (particles with a 
diameter of 100 nm or less) are more inflammogenic than an equivalent mass dose of fine 
particles. It has been proposed that this enhanced inflammation may be due to impairment of 
the normal clearance mechanisms of the lung via  macrophage phagocytosis (Renwick et al., 
2001) leading to prolonged exposure of the epithelial cells to foreign particles and excessive 
or continuous production of pro-inflammatory mediators. We hypothesise that the acute 
inflammatory response induced by ultrafine particles in vivo is the result of chemotaxin 
production by particle -exposed type II epithelial cells. This chemotaxin release could alter the 
chemotactic gradient that normally regulates macrophage clearance and, as a result, could 
cause retention of particle -laden macrophages in the alveolar space. This would result in 
tissue damage and disease via mechanisms such as oxidative stress and inflammation. 

Study description 
A rat type II epithelial cell line (L-2) was exposed for 6 hours to varying doses  
(0.0625–2 mg/ml) of either ultrafine carbon black or fine carbon black (Table 1). The medium 
from each treatment was assessed for lactate dehydrogenase (LDH) as an indicator of cell 
death. In subsequent experiments the medium from the particle -treated cells was transferred 
to a modified 96-well chemotaxis chamber in order to assess the macrophage chemotactic 
potential of the type II cell secretions. Within the chemotaxis chamber the epithelial cell 
conditioned medium was placed into the wells on the bottom half of the chamber, before 
being overlaid with a 5 µm polycarbonate filter. Then J774.2 macrophages (2.5 × 105) were 
added to each well in the upper half of the chamber and the chamber was incubated for 
6 hours at 37°C. Migration of the macrophages through the filter pores towards the 
conditioned medium was quantified by staining the filter with Diff-Quick and reading the 
absorbance of each well at 540 nm in a multiwell plate reader. As a positive control, 
Zymosan-activated serum (ZAS), a well-documented source of the chemotactic complement 
protein C5a, was added to the lower portion of the chemotaxis wells. 

Results 
Treatment of the rat type II cell line L-2 with both of the particle types for 6 hours induced a 
dose dependent decrease in cell viability as assessed by the LDH assay. From this data, we 
established a sub-toxic dose of particles (125 µg/ml) suitable for stimulating the epithelial 
cells to generate a conditioned medium for the chemotaxis assay. Ultrafine carbon black 
treatment of the epithelial cells led to the release of factor(s) able to induce a significant 
(p <0.05) increase in macrophage chemotaxis (149% of control ± 19.4) compared with both 
the negative control and to an equivalent dose of fine carbon black (122% of control ± 17.2) 
(data shown are the means of 3 experiments plus or minus the SEM). To determine the nature 
of the chemotactic stimulus, molecular weight cut-off filters were used in preliminary 
experiments to investigate the size of the candidate chemotactic factors. The chemotactic 
agents were found to possess a molecula r weight of greater than 5 kDa, but less than 30 kDa 
(Figure 1). 
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Conclusions 
Ultrafine carbon black induced the production of chemotactic factors by epithelial cells in 
culture leading to a significant increase in the level of macrophage chemotaxis compared with 
fine carbon black. The chemotactic factor(s) responsible for this migration are between 5 and 
30 kDa in size (Figure 1). 

Table 1 Particle characteristics 

Particle type Diameter (nm) Surface area 
(m2/g) 

Fine carbon black 260.3 7.9 
Ultrafine carbon 
black 

14.3 253.9 

From Renwick et al. (2000) 

 

Figure 1 Stimulation of macrophage chemotaxis by L-2 cell secreted chemotactic 
agents 

 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

ZAS, Zymosan-activated serum 
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The findings of this study support the hypothesis that ultrafine particles are able to cause 
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surface area allows for greater interaction with biological molecules and for the greater 
production of potentially damaging reactive oxygen species (Stone et al., 1998). Further 
investigations will also concentrate on identifying the chemotactic factor(s) involved and 
looking at the effects of surface area on chemotaxin secretion. Identifying the 
chemoattractants involved in this process will provide a clearer picture of the inflammatory 
events and enhanced pathogenicity surrounding inhalation of ultrafine particles. 
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3.7 The role and mechanism of TGFa release 
from primary epithelial cells (PBEC) in response 
to respirable particles (Poster)a 
Parnia S1, Bérubé K2, Thornber M1, Steele M1, Puddicombe SM1, Frew AJ1, Holgate ST1 &  
Davies DE1 
1Department of Medical Specialties, University of Southampton, Southampton General Hospital, 
Southampton 

Cardiff School of Biosciences, Cardiff University, Cardiff 

Epidemiologically, inhalation of particulate matter is associated with asthma, and although 
exposure may lead to acute airway inflammation the potential role of particulates in asthma 
chronicity is not understood. Sub-epithelial fibrosis a hallmark of asthma develops as a result 
of activation of pro-fibrogenic pathways, including the up-regulation of growth factors such 
as TGFa, in response to an appropriate external stimulus. TGFa is an EGF-like growth factor 
that leads to activation of pro-fibrogenic pathways as well as mucin production by epithelial 
cells and the underlying mesenchyme. We studied the effect of particle load and the potential 
mechanism of TGFa release from primary bronchial epithelial cells (PBECs). 

Methods 
The cells were stimulated for 24 hours using 'aged' diesel exhaust particles (DEPs), residual 
oil fly ash (ROFA) and carbon black (CB). The release of TGFa  was measured by ELISA and 
TGFa gene expression was measured using Taqman RT-PCR (reverse-transcribed 
polymerase chain reaction). The role of matrix metalloproteinases and the EGF receptor in the 
release of TGFa was investigated using appropriate inhibitors. 

Results 
In PBECs release of TGFa was significantly enhanced in response to increasing DEP load 
(10, 50, 200 mg). ROFA was a more potent stimulus, with highly significant TGFa release 
being observed at 50 mg; however, CB treatment did not lead to a significant increase in 
TGFa release. TGFa gene expression was significantly enhanced in response to increasing 
doses of DEP, but the highest levels of gene expression were associated with ROFA. 
Inhibition of the EGF receptor (EGFR) using a specific antibody (FLOSS) led to significant 
augmentation of TGFa levels in the supernatant, while inhibition of the matrix 
metalloproteinases (MMPs) using a broad MMP inhibitor as well as downstream EGFR 
phosphorylation (using AG1478) led to a highly significant reduction in TGFa levels 
(p <0.01), suggesting that the cells both utilize and release TGFa. 

Conclusions 
There is a significant increase in TGFa release from PBECs in response to DEP and ROFA, 
suggesting that this response is related to material adhered onto particula tes rather than their 
carbon core. This study suggests that the release of TGFa in response to DEP occurs due to 
both increased shedding of membrane TGFa as well as increased TGFa gene expression. The 
effect of DEP on TGFa levels may be responsible for the increase in asthma in response to 
particulate exposure. 

                                                                 
a This study was funded by the British Lung Foundation 
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3.8 The physicochemical sources and 
pulmonary sinks of ROS from South Wales PM10 
Greenwell LL1, Moreno T1, Duggan S2, Mudway I2, Kelly FJ2, Richards RJ1 
1Cardiff School of Biosciences, Cardiff University 
2School of Health and Life Sciences, Kings College London 

Background 
In recent years, epidemiological evidence elucidating a possible link between increased 
airborne particulate matter and health effects has become increasingly common. It has been 
hypothesised that ROS are integral to mechanisms of bioreactivity. However, the 
understanding of these mechanisms is still incomplete owing to both the heterogeneity of 
particulate matter and the diverse nature of pulmonary defences. 

Study description 
This study was designed using a wide range of techniques in order to elucidate the sources, 
and sinks in the lung, of ROS from South Wales particulate matter. The initial objective was 
to achieve complete physicochemical characterisation of collections of particulate matter 
from both an industrial (Port Talbot) and an urban (Cardiff) location in South Wales. This 
was achieved using techniques including field emission scanning electron microscopy 
(FESEM), image analysis (IA), ion-exchange chromatography (IEC), inductively-coupled 
plasma mass spectrometry (ICP-MS) and scanning electron microscope-energy dispersive  
X-ray microanalysis (SEM-EDX). The second objective was to determine the comparative 
oxidative capacity of each of the particulate collections using an in vitro oxidation assay. The 
third aim was then to investigate the ability of different antioxidants and antioxidant mixtures 
(both natural and surrogate) to ameliorate the oxidative effects of the particulate matter. The 
final aim was to identify possible sources and sinks of ROS in the pulmonary milieu, and 
therefore to elucidate possible mechanisms of oxidative bioreactivity by particulate matter. 

Results 
Morphological analysis of the particulate matter collections using FESEM and IA showed 
that the urban collections contained a significantly higher proportion of soot particles, but that 
the industrial collections contained a significantly higher proportion of smelter particles 
(Greenwell et al., 2002a). Chemical analyses verified these findings, and revealed several 
more detailed differences between the urban and industrial collections. Firstly, the industrial 
samples were found by IEC to contain significantly more chlorides and significantly less 
nitrates than the urban samples. SEM-EDX upheld these results, and showed that the 
industrial samples contained a significantly higher proportion of iron-containing particles than 
the urban particulate matter. ICP-MS both supported and extended this analysis, showing that 
whole industrial particulate matter contained significantly higher concentrations of many 
metal ions (with the exception of vanadium) than the urban particulate matter (Figure 1a,b). 
However, it also showed that although iron was the predominant metal species, no water-
soluble iron was present in either particulate matter collection. 

In an in vitro oxidation assay it was found that the effects of particulate matter were easily 
ameliorated by natural and surrogate antioxidant solutions (Greenwell et al., 2002b). The 
industrial samples were found to be approximately twice as bioreactive as the urban samples 
and this bioreactivity was predominantly retained in the water-soluble fraction (Greenwell et 
al., 2003). HPLC analysis of the surrogate antioxidant solutions after exposure to particles 
showed greater antioxidant sequestration by the industrial samples than the urban particulate 
matter, and that ascorbate was the most readily consumed. Further analysis also showed that 
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whereas the urban samples merely depleted reduced glutathione levels, the industrial samples 
also caused production of oxidised glutathione. 

Figure 1a,b Comparative ICP-MS analysis of urban South Wales particulate matter 
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Figure 2 Comparative HPLC analysis of antioxidant sequestration by South Wales 
particulate matter 

 

 

 

 

 

 

 
 

 

 

 

 

 
Conclusions and discussion 
Particle size and morphology influence the oxidative potential of ambient particulate matter 
by determining both respirability and the appropriate pulmonary clearance mechanism. 
Particle chemistry and durability influence the production and catalysis of ROS in the 
pulmonary milieu. The difference in concentration of some metal ions between the urban and 
industrial samples correlates well with the twofold difference in observed bioreactivity, 
suggesting that metal ion content is involved in bioreactivity. Also, metal ions have been 
consistently implicated in oxidative processes (Johansson & Camner, 1986; Richards et al., 
1989; Pritchard et al., 1996; Costa & Dreher, 1997; Donaldson et al., 1997; Ghio et al., 1999; 
Prieditis & Adamson, 2002). Although iron predominated in both samples, the lack of water-
soluble iron suggests that other metals, (zinc, and possibly copper) are the primary sources of 
ROS in these samples. It can also be inferred that the soluble ionic components (e.g. chlorides 
and nitrates) of these samples may have a vital role in bioreactivity by making these metals 
bioavailable. The results of the in vitro oxidation assays not only confirm that oxidative 
systems are active within these samples but, due to the difference in glutathione oxidation and 
depletion, also show that the effective mechanisms vary between the samples from the two 
sampling sites. We can also infer from these results that the natural antioxidant defences of 
the lung are highly effective at neutralising the oxidant capacity of particulate matter, perhaps 
explaining the comparatively low bioreactivity of ambient particulate matter collections in 
vivo. The HPLC data suggest that different oxidative mechanisms are active in the urban and 
industrial samples, and further investigation of these systems may lead to a clearer 
understanding of the differences in bioreactivity of the samples. 

Although the systems used in this investigation have yielded vital insights into possible 
mechanisms of oxidation in the pulmonary environment, they can never replicate the 
complexities of particulate matter-induced oxidation in vivo. Many factors must be considered 
before an accurate quantitation of bioreactivity can be elucidated — not merely the 
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physicochemical characteristics of the particulate matter, but the combination of these 
characteristics with the activity of natural defence mechanisms (i.e. lung antioxidant 
concentration, free cell activity and pulmonary clearance mechanisms). 
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3.9 Examination of the composition and cellular 
effects of PM10 samples collected before, 
during and after the short-term closure of a UK 
steel plant (Poster) 
Hutchison GR1, Hibbs L1, Heal M1, Donaldson K2 & Stone V1 
1Biomedicine Research Group, Napier University, Edinburgh 
2Edinburgh Lung and the Environment Group Initiative, COLT Research Laboratory, Medical 
School, Edinburgh University 

Background and objectives 
Epidemiological and toxicological studies have established an association between exposure 
to respirable particulate matter (PM10) and adverse health effects. Pope et al. (1992) reported 
that during the closure of a steel mill in the Utah valley, a reduction of PM10 mass and 
changes in its composition were associated with decreases in morbidity and mortality of the 
local population. Analysis of PM10 metal content showed iron (Fe), copper (Cu) and zinc (Zn) 
to be abundant but substantially reduced during closure. Such transition metals can act as 
initiators of inflammation and cytotoxicity via oxidative mechanisms. In the UK, Defra has 
recently commissioned a study into the impact on the local PM10, of the short-term closure of 
a steel plant in Redcar, in the north of England. The study was aimed at determining whether 
similar effects to those reported in Utah were present in relation to the closing of the Redcar 
steel mill. This would be achieved by examining the chemical composition and biological 
activity of PM10 collected before, during and on re-opening of the Redcar steel plant. 

Study description 
Seven day (Partisol 2024) and 24 hour (ACCU) PM10 samples were collected by Cleveland 
Council, in collaboration with Castella Stanger, near the steel plant blast furnace in Redcar 
before, during and after the closure. The water extractable component of the PM10 samples 
was obtained by sonicating the filter in 18 Mohm water at room temperature for 1 hour with 
the remaining PM10 being extracted by subsequent acid extraction of the filter by 2.8 : 1 
HCl : HNO3 sequentially heated and evaporated to dryness over 24 hours. For analysis the 
samples were acidified or resuspended, respectively, in 2% HNO3. The transition metal 
composition of the aqueous and acid wash PM10 samples was examined by ICP-MS analysis 
to determine the metal content of PM10. In vitro work using epithelial cells (A549) and 
macrophages (monomac 6) was proposed to examine the cellular effects of Redcar PM10 
samples. In vivo studies are also planned to examine the effects in the rat lung model. In 
addition, treatment with surrogate particles such as ultrafine carbon black was used to 
calibrate suitable time points and concentrations to retrieve the most reproducible and 
representative data in vitro. Inflammatory cytokine gene expression was examined using a 
multiplex PCR kit from Biosource that measured six pro-inflammatory cytokines (I-6, IL-8, 
TNFα, granulocyte–monocyte colony stimulating factor (GM-CSF), transforming growth 
factor β (TGFβ) and IL-1β) and the housekeeping gene glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). 

Results 
Metals analysis 
During closure of the steel plant blast furnace the content of the 12 metals in the PM10 was 
significantly lower than that of PM10 samples collected after reopening, with no significant 
difference in PM10 mass collected on the filters (Figure 1). Analysis of metal content 
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indicated that Fe, Cu, Zn and also Pb were higher when the plant was reopened and 
operational compared with the closure period (Fe, 5.5 ng/µg compared with 1.8 ng/µg during 
the closure; Zn, 1.98 ng/µg compared with 0.29 ng/µg; Pb, 0.55 ng/µg compared with 
0.2 ng/µg; Cu, 0.14 ng/µg compared with 0.05 ng/µg) (Figure 2). 

 

Figure 1 Total metal extracted from Redcar PM10 filters 

 

 

 

 

 

 
 

 

 

Figure 2 Total metal content of Redcar PM10  broken down into constituent 
components 

 

 

 
 

 

 

 

 

 

 

Biological analysis 
Preliminary experiments were carried out to examine pro-inflammatory cytokine expression 
in lung cell lines treated with ultrafine carbon black (25 and 50 µg/ml) with or without FeCl3  

(100 µM). No significant alteration in expression of any of the six monitored cytokine genes 
was observed on treatment of the bronchial epithelial cell line (16HBE) for 4 hours with the 
ultrafine particles with or without the iron salt. Further studies using an alveolar epithelial cell 
line (A549) showed greater sensitivity to ultrafine particle treatment over a 6 hour period, 
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most significantly with 100 µg/ml ultrafine carbon black at 1 and 6 hours. At these time 
points, both IL-8 and TGFβ mRNA were up-regulated twofold in response to treatment with 
the ultrafine particles (Figures 3, 4). During the 2 hour exposure to the afore-mentioned 
treatments no up-regulation of cytokines was observed compared with untreated cells. 
Expression of the other cytokines measurable using the MPCR kit was not detected in 
response to these treatments. 

 

Figure 3 Expression of IL-8 mRNA in A549 cells treated with ufCB 

 

 

 
 

 

 

 

 

 

Figure 4 Expression of TGFβ mRNA in A549 cells treated with ufCB 

 
 

 

 

 

 

 

 

 

 

Conclusions 
These preliminary data suggest that the metal content of Redcar PM10 concurs with that 
shown in the Utah study, with Fe, Cu, Zn and Pb being higher when the plant was operational 
compared with the closure period. Metal levels observed before the closure may have been 
lower than those observed on reopening of the plant due to the running down of the blast 
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furnace before its refurbishment could take place. The relative importance of transition metal 
composition and content has not yet been analysed in both in vivo and in vitro models. 

In the experiments investigating the induction of cytokine gene expression on exposure to 
ultrafine carbon black, the human alveolar epithelial cell line A549 was more sensitive than 
the human bronchial epithelial cell line 16HBE. This could be due to differences between cell 
types from different parts of the lung, or simply due to differences between cell lines. In the 
A549 cells, the ultrafine particles stimulated the expression of both IL-8 and TGFβ, indicating 
their ability to stimulate pro-inflammatory cytokine release. 
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3.10 Airborne particles in urban and rural areas: 
A case study from London and Goonhilly 
(Cornwall) 
MorenoT1, Greenwell L1, Richards Z1, Jones T2 & Richards R1 
1School of Biosciences, Cardiff University 
2Earth Sciences Department, Cardiff University 

 

Background information 

A high volume impactor (HVI) designed by Harvard University and modified at Cardiff was 
used to collect airborne particles in an urban (London) and a rural (Goonhilly, Cornwall) 
location. The collector is capable of collecting exceptionally large amounts of sample within a 
polyurethane foam (PUF). This substrate was selected because of its unreactive chemistry and 
its porous texture, allowing the collection of higher quantities of particles. The aerosol sample 
can then be relatively easily removed from the substrate with minimum sample alteration. The 
HVI runs on a 40 A electrical supply, sucking air at 1100 l/min through the head containing 
the foam substrates. This head contains three different cylindrical inlets through which the air 
passes. In the first step, particles bigger than 10 µm, such as insects, fragments of plants or 
hairs, impact on a PUF substrate, with the air then moving to the next step by passing through 
a 10 µm inlet with the 10–2.5 µm particles (PM10–2.5) impacting in a second PUF. Finally, in 
the last step, the air, which by now is travelling more rapidly, passes through a 2.5 µm inlet 
depositing 2.5–0.1 µm particles (PM2.5) in a third PUF. The size distribution of the PM10–2.5 

and PM2.5 fractions obtained was studied by image analysis: only a small number of particles 
larger than 10 µm were found in the coarse fraction, and no particles larger than 2.5 µm were 
found in the fine fraction, indicating that the size-filtering mechanism designed for the 
collector was working efficiently. 

Study description 

The London collection was obtained from 20 August 2001 to 17 September 2001. The site 
was located in the grounds of St Thomas’ Hospital (Figure 1), in Westminster, about 10 m 
from an extremely busy road (Lambeth Palace Road). Cornwall air samples were collected 
from 28 March 2002 to 27 May 2002 at Goonhilly Satellite Earth Station (operated by British 
Telecom, Figure 1) on the Lizard Peninsula, a remote location 7 km away from the coast. A 
total of 422.51 mg (London) and 356.73 mg (Cornwall) were collected at the two locations 
with daily averages for the collection period of 15 mg and 11 mg, respectively. The PUF 
substrates, previously weighed in a five decimal balance, were changed every 4 to 18 days, 
with the longest periods of collection under wet conditions (when the amount of sample 
collected per day was smaller). Initial characterisation of the particles was performed using 
scanning electron microscopy (SEM). Size and shape were observed using a field emission 
scanning electron microscope (FESEM; XL30-FEG SEM, Philips Electron Optics, The 
Netherlands).The PUF substrates were flat-mounted onto aluminium SEM stubs using epoxy 
resin (Araldite). The samples were then gold/palladium coated. Single particle analyses were 
obtained with a low vacuum JEOL5900LV SEM via an energy dispersive X-ray 
microanalysis system (EDX). Sample preparation was as described for the FESEM studies 
although samples were coated with carbon (instead of gold/palladium). 

Plasmid assays for oxidative capacity were performed on particles extracted from the PUF 
substrates from both the London and Cornwall samples. The substrates were sequentially 



 78 
IEH Web Report W15, posted January 2004 at http://www.le.ac.uk/ieh/ 

washed in doubled distilled water in combination with a 1 hour agitation generated by a 
Vortex Genie II, followed by gentle sonication for 2 min. No other liquids were used in order 
to avoid chemical reactions with the particulate matter. The resulting particulate matter-
containing water was then freeze-dried to obtain the final solid particles. In the assay, the 
oxidative capacity of each sample is manifested as DNA damage, which causes the DNA to 
change its conformation. Different conformations are separated on an agarose gel, and the 
relative proportions of damaged and undamaged DNA can be calculated. From this, the toxic 
mass necessary to cause 50% of the DNA to be damaged (TM50) can be obtained. 

Results 
A total of 2000 SEM analyses were made per sample (500 per coarse and fine fraction). The 
number of particles analysed reveals the London coarse fraction (PM10–2.5) to be dominated by 
Fe particles (Fe oxides and alloys), elemental and organic carbon compounds (EOCC, 
including traffic soot but also biological particles), nitrates and silicates, and smaller 
proportions of sulphates and chlorides. In contrast, half of the London fine fraction (PM2.5) is 
formed by EOCC, with the other half including nitrates and sulphates and much smaller 
amounts of Fe and silicate particles. In Cornwall the PM10–2.5 is dominated by silicates, 
followed in decreasing order by chlorides, EOCC, nitrates, Fe particle s and finally sulphates. 
The fine fraction (PM2.5) contains a higher proportion of EOCC, sulphates and nitrates, and 
smaller amounts of chlorides, silicates and Fe-rich particles. 

Both the London and Cornwall samples show around double the percentage of EOCC in the 
PM2.5 fraction as compared with the PM10–2.5. Chlorides are preferentially fractionated in the 
coarser sample and, predictably, are much more common at Goonhilly than in London. 
Silicates are also strongly fractionated within the coarser sample and, again, are strikingly 
more abundant in Goonhilly than in London. Both samples show sulphate fractionation such 
that calcium sulphate (gypsum) is preferentially collected in the coarser (PM10) sample, 
whereas ammonium sulphate is more typical of the finer fraction. 

Analysis of the oxidative potential of each of the particulate collections was performed using 
an in vitro assay measuring the change in conformation of supercoiled plasmid DNA caused 
by the particulate matter. In order to obtain an accurate perspective of the possible sources of 
oxidative bioreactivity within the particulate collections, both the whole and water-soluble 
fractions of the samples were analysed. Also, to elucidate any possible effects the particulate 
extraction procedure might have on sample toxicity, samples were tested pre- and post-freeze-
drying. The Cornwall samples were found to have a significantly higher oxidative potential 
than the London samples when compared on a direct mass basis (p <0.05), although the 
difference in TM50 was relatively small (Cornwall, 50.5 µg/ml; London, 69.8 µg/ml). Upon 
sample separation, it was found that in the case of the London samples, the whole particulate 
matter was significantly more bioreactive than the water-soluble fractions. The toxicity of the 
water-soluble fraction was found to be approximately half that of the whole fraction. 
However, in the Cornwall samples, almost 100% of the bioreactivity was retained in the 
soluble fraction. Comparison of the London samples pre- and post-freeze-drying showed no 
significant amelioration or  exacerbation of the oxidative potential by this process (whole, 
p = 0.13; water-soluble, p = 0.22). 
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Figure 1 London (left) and Goonhilly (right) sites where the samples of airborne 
particulate matter were collected 
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4 Human health and epidemiology 

4.1 Effects of carbon and sulphur dioxide 
exposure on heart rate variability in patients 
with heart disease and in normal subjects 
Routledge HC1, Manney S2, Townend JN2 & Ayres JG3 
1Department of Cardiovascular Medicine, Queen Elizabeth Hospital, University of Birmingham 
2Department of Respiratory Medicine, Heartlands Hospital, Birmingham 
3Institute of Occupational and Environmental Health, University of Aberdeen 

Background and objectives 
Epidemiological studies have demonstrated that an association exists between cardiovascular 
mortality and hospital admissions and daily changes in levels of both particulate and gaseous 
air pollutants (Dockery et al., 1993; Katsouyanni et al., 1995). No plausible biological 
mechanism has yet been demonstrated that would confirm that this association is causal. A 
significant proportion of these excess deaths and admissions has been attributed to the 
occurrence of cardiac arrhythmia in susceptible individuals (Wichmann et al., 1989; Peters et 
al., 2000). One hypothesis is that a disturbance in cardiac autonomic control, mediated by 
some effect of pollutants on upper airway receptors, increases an individual’s susceptibility to 
lethal ventricular arrhythmia. Some observational evidence from both epidemiological and 
panel studies supports this hypothesis. During the 1985 air pollution episode in Central 
Europe, which resulted in an elevated number of hospital admissions for cardiovascular 
disease and arrhythmia, resting heart rates in nearly 3000 subjects were increased during the 
pollution episode, compared with periods before and after the episode (Peters et al., 1999). In 
a panel study in Utah in the winter of 1995–96 an elevated pulse rate was associated with 
increased levels of particulate matter of aerodynamic diameter less than 10 µm (PM10) on the 
previous 1 to 5 days (Pope et al., 1999b). An increase in resting heart rate suggests an 
alteration in autonomic control of the heart and has long been recognised as an independent 
risk factor for total cardiovascular mortality and sudden death. Heart rate variability (HRV) 
measurement is a non invasive technique used to quantify cardiac autonomic control. 
Decreased HRV occurs in patients with established heart disease such as myocardial 
infarction and chronic heart failure, in whom it has been shown to be an independent 
predictor of sudden cardiac death (La Rovere et al., 1998, 2001). Three small observational 
studies have found small negative associations between HRV measures and same day levels 
of ambient particulate matter (Liao et al., 1999; Pope et al., 1999a; Gold et al., 2000). 
Experimental evidence for such an association is, however, so far limited to animal data 
(Godleski et al., 2000). 

This is the first direct human challenge study, using a unique head dome exposure system, 
designed to measure the cardiac autonomic response of individuals to controlled 
concentrations of specific pollutants in isolation. 

Study description 
A random order, double blind, 4-way crossover study was designed. The subjects were  
20 patients with multi-vessel coronary artery disease and 20 healthy age-matched volunteers 
(16 completed). Exposures were for 1 hour to medical air, air containing carbon particles 
(100 µg/m3), air + sulphur dioxide (200 ppb) (SO2) 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 
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laboratory methods under controlled conditions and using fixed frequency respiration. 
Twenty-four hour HRV was also measured using a digital Holter monitor. Heart rate 
variability measures derived were: 24 hour SDNN (standard deviation of RR interval 
differences); RMSSD (the root mean square of successive RR interval differences); and the 
HF and LF power (high and low frequency powers derived from power spectral analysis 
using the Fast Fourier transformation). 

Results 
In healthy volunteers, an increase from baseline values in time and frequency domain 
measures of vagally mediated HRV (RR interval, RMSSD, pNN50 and HF power) was 
observed immediately following exposure to carbon that was not present after exposure to air 
alone (Table  1). HRV measures had returned to baseline values by 4 hours following 
exposure. These changes in HRV did not occur after exposure to SO2 alone.  

In the group of patients with coronary artery disease no significant changes were seen from 
baseline values of HRV following exposure to air, carbon or SO2 immediately or at 4 hours.  

No changes were seen in 24 hour HRV in any subjects nor were they revealed by analysing 
Holter data on an hourly basis following exposure. 

Conclusions 
Exposure to pure carbon or SO2 alone does not cause adverse effects on cardiac autonomic 
control in healthy volunteers or in patients with coronary artery disease. Exposure to pure 
carbon particles leads to an acute rise in high frequency measures of HRV, indicative of 
increased cardiac vagal activity. This effect is not seen in patients with coronary artery 
disease. 

Discussion 
We suggest that the adverse effects on heart rate and HRV measures of cardiac autonomic 
control previously observed with ambient pollutants may be attributable not to carbon itself, 
nor to sulphur dioxide but instead to some other component of particles such as reactive 
species found on the carbon particle surface. Further exposure studies using generated carbon 
particles containing both iron and vanadium are ongoing.  

The increase in cardiac vagal activity that we observed following exposure to carbon particles 
may be a result of reflexes initiated by some action of these particles on upper airway 
receptors. The significance of this is as yet unknown. The lack of an equivalent response in 
the heart disease group could be explained by the effects of beta -blockade in these patients, 
whose baseline HRV was greater than that of the healthy group. 

Table 1 Changes from baseline values (mean (SEM)) in heart rate variability (HRV) 
measures of cardiac vagal control immediately following exposure to carbon 
particles and SO2 

 RR interval RMSSD PNN50 (%) HF power LF power 

Air + 32 (12) + 2.8 (3.2) + 0.8 (2.1) - 25 (155) + 28 (21) 
Carbon  + 81 (17)* + 18.1 (6.1)* + 13.8 (3.5)* +868 (355)* + 715 (535)* 
SO2 + 32 (7) + 4.9 (3.0) + 2.8 (2.5) - 73 (246) + 184 (74) 
*p <0.05 for paired comparisons, pollutant vs air exposure 
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4.2 Air pollution and ventricular arrhythmias in 
patients with an implantable cardioverter 
defibrillator (ICD) attending London hospitals: 
Protocol and progressa 
Anderson HR1, Wilkinson P2, Poloniecki J1, Timmis A3, Harrison R4, Armstrong B2 & Monk V1 
1 St George's Hospital Medical School, London 
2 London School of Hygiene & Tropical Medicine 
3 Department of Cardiology, London Chest Hospital 
4 Division of Environmental Health & Risk Management, University of Birmingham 

 

Background and objectives 
In the early 1990s two major US cohort studies reported an association between air pollution 
and cardiovascular mortality (Dockery et al., 1993; Pope et al., 1995). Around this time 
studies began to be reported of associations between air pollution and daily mortality and 
hospital admissions for cardiovascular disease, and these have been replicated in a number of 
cities world wide (ATS, 1996; Pope & Dockery, 1999; Samet et al., 2000). These findings 
have been confirmed in Europe and more specifically in London for both admissions 
(Poloniecki et al., 1997; Atkinson et al., 1999) and mortality (Bremner et al., 1999). The 
London studies and a recent study from Boston, USA (Peters et al., 2001) suggest that 
ischaemic heart disease is especially affected and that pollutants associated with vehicle 
emissions (particles, nitrogen dioxide (NO2) and carbon monoxide (CO)) show the strongest 
associations. Similar associations have been observed in studies in Birmingham (Wordley et 
al., 1997) and Edinburgh (Prescott et al., 2000). 

Pilot studies in Boston and London suggest that air pollution is associated with the discharge 
of implantable cardioverter defibrillators (ICD), which suggests, in turn, that air pollution 
may precipitate abnormal heart rhythms. ICDs detect abnormal tachycardia and discharge an 
electric shock to revert the rhythm. One hundred ICD patients studied in Boston showed 
positive associations between therapeutic ICD activation and levels of NO2 and, to a lesser 
degree, PM10 and SO2. The associations were greatest at lags of four to five days (Peters et al., 
2000). 

Very similar findings were reported by two of the present collaborators (Wilkinson and 
Armstrong) in a pilot study of 147 patients with ICDs implanted at St Bartholomew’s 
Hospital, London, between 1 January 1995 and 31 March 2000. The dates of ICD discharges, 
obtained from the event logs of the implanted devices, were compared with levels of CO, 
NO2, ozone, particles (PM10), and SO2 measured at fixed site monitoring stations. After 
adjustment had been made for season and maximum daily temperature, a strong association 
was found between defibrillator discharge and NO2: relative risk (RR) 1.47 (95% CI,  
1.18–1.82) for an increase from the 5th to 95th centile of the five-day mean NO2 
concentration. Weaker associations with PM10 and SO2 disappeared after adjustment for the 
NO2 effect (Stevenson et al., personal communication). 

                                                                 
a Collaborators: Dr E. Roland, St George's Hospital; Dr J. Gill, Guy's & St Thomas' Hospital; Dr R. 
Sutton, Brompton Hospital; Dr Michael Cooklin, Kings College Hospital; Dr D.W. Davies, St Mary's 
Hospital; Dr Simon Sporton, Heart Hospital; Dr D. Lefroy, Hammersmith Hospital; Dr M. Mason, 
Harefield Hospital; Dr A.W. Nathan, St Bartholomew's Hospital 
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The present study aims to investigate the association between air pollution and ICD 
discharges in patients attending all nine main cardiac centres in London (estimated n = 1200). 

Hypotheses 

• There is a short-term (daily) temporal association between air pollution and discharge of 
ICDs. 

• This association is with particles, or pollutants closely correlated with particles. 

• The relation between air pollution and ICD discharges is modified by the individuals' 
routine environment (home, business) and behaviour (e.g. commuting), and by their 
particular circumstances and activity at the time of the event. 

Study description 
Design 
The overall concept is to use regression techniques to relate the timing of ICD discharges to 
the ambient concentrations of air pollution on the same or preceding days. Essentially, the day 
of discharge is being compared with days when there is no discharge. Our analysis will 
control for potential or known confounders (such as weather variables). We shall also 
investigate whether effects are modified by long- and short-term environmental factors. 
Modifying factors could operate by affecting the individual level of exposure to air pollution 
or by increasing cardiac vulnerability to air pollution.  

Sample 

Subjects will be all patients with ICDs at nine major London hospitals (St Bartholomew's, 
Brompton, St George’s, Guy’s, Hammersmith, Harefield, Kings, St Mary's and University 
College) who have a record of at least one treatment event (i.e. activation and discharge of 
their ICD). Based on information provided by the units, we estimate that approximately  
1200 patients were under review at the beginning of 2003, with this number increasing with 
time. From the Boston and London pilot studies we estimate that about 50% of patients will 
have experienced at least one discharge, which gives about 600 patients for whom detailed 
information will be extracted. In both the Boston and London studies, the number of events 
was found to be very skewed. In the London pilot study just 17 (11.6%) of the 147 patients 
accounted for more than 72% of all ICD discharges.  

Data collected 
The centre register data include: date of birth (and death if applicable), sex, postcode, and 
whether or not the patient has ever had a treatment event. 

Baseline data include: underlying cardiac diagnosis, measures of ventricular function, 
indication for implantation, device implanted, and medication. 

Event data include: date of event, time of day of event, number of 'ICD storm days', rhythm 
recorded, therapy given, medication and information on any special circumstances preceding 
the therapy. 

Information about the date and time of discharges will be obtained from the record that is 
downloaded during periodic review (usually 6 monthly). 

A questionnaire will be used to investigate the following as predictors of ICD discharge: 
activity patterns, activities and circumstances surrounding the last ICD discharge. 
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Data on exposure to ambient air pollution will also be obtained. For London and some 
surrounding towns and cities, all of the ‘classical pollutants’ (Black Smoke, PM10, sulphate, 
NO2, SO2, ozone and CO) will be monitored daily (and sometimes hourly) over the proposed 
period of this study. In addition an important opportunity is available to investigate the effects 
of other measures of particles, including PM2.5, total particle numbers and particle number 
size distributions, obtained from a special monitoring site in Central London. For each day, 
the patient will be assigned an air pollution value based on the nearest monitor. Using our 
substantial knowledge of spatial gradients in air pollutant concentrations, an assessment will 
be made for each subject as to whether one or more of the nearest measurement stations 
provide representative data for outdoor concentrations.  

Analysis 
The dates of these events will be related, using regression techniques, to ambient 
concentrations of particles (PM10, PM2.5, Black Smoke, sulphate, particle numbers, and 
ultrafine fractions), NO2, SO2, ozone and CO. For examining the temporal association 
between ICD discharges and air pollution, the statistical analysis will follow the methods 
previously used by Peters et al. (2000) and the present authors, which may be considered as a 
panel study approach.  

Results 
Following the obtaining of MREC approval, data collection began in January 2003 at  
St George's Hospital ICD clinic. 
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4.3 Personal exposure to air pollution and the 
heart (Poster) 
Joshi S & Seaton A 
Department of Environmental and Occupational Medicine, University of Aberdeen 

Background and objectives 
Air pollution has been associated with mortality in patients with cardiac disease (Anderson et 
al., 1996; Poloniecki et al., 1997; Prescott et al., 1998). Recent research has shown significant 
associations between particle concentrations and cardiac disease-related deaths (Wichmann et 
al., 2000; Goldberg et al., 2003). We have proposed that this association is caused by 
inflammation leading to changes in blood coagulability (Seaton et al., 1995). In an earlier 
study we showed increased levels of C-reactive protein and a fall in red cell and platelet 
counts in relation to exposure to PM10 (Seaton et al., 1999). Evidence from the literature also 
suggests that air pollution may increase cardiac irritability, increasing the risks of fatal 
arrhythmia (Peters et al., 2000), but it is unclear whether this is due to particles or NO2. 

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

Study description 
An epidemiological panel study has been initiated to measure rates of ectopic beats, other 
arrhythmias and alterations in HRV in vulnerable subjects in relation to their personal 
exposure to NO2 and particles. Data are being gathered in Aberdeen from up to 200 non-
smokers and ex-smokers of both sexes with history of heart failure. After obtaining informed 
consent, a standardised questionnaire is used to collect demographic data and information on 
other factors likely to influence personal exposure to NO2 and exposure to tobacco smoke. 
Every two months for a year, in each subject, estimates of three-day personal exposure to 
particulate matter and measurements of NO2 exposure and of the patho-physiological 
responses will be 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 three 
days and carry 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 
and fibrinogen, Von Willebrand factor and e-selectin. Records of weather variables will be 
available for adjustment in the analysis. 

Results 
The initial phase of the study, data collection, has begun. So far 37 subjects have been 
recruited from the cardiac clinics and 16 subjects have completed the first three-day block of 
investigations. 
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4.4 Does human exposure to carbon particles 
and sulphur dioxide produce adverse changes 
in markers of inflammation or thrombogenicity? 
Methods and preliminary results (Poster) 
Manney S1, Routledge HC2, Townend JN2 & Ayres JG3 
1Department of Respiratory Medicine, Heartlands Hospital, Birmingham 
2Department of Cardiovascular Medicine, Queen Elizabeth Hospital, University of Birmingham 
3Institute of Occupational and Environmental Health, University of Aberdeen 

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 relationship between levels of 
ambient particulate matter and occurrence of acute myocardial infarction has also recently 
been demonstrated. (Peters et al., 2001a). 

One mechanism by which low concentrations of pollutants in inspired air could have acute 
adverse cardiovascular effects is the triggering of a systemic inflammatory response. The 
relationships between systemic inflammation, the thrombophillic state and adverse coronary 
events in patients with coronary artery disease have become well established. Elevated levels 
of circulating C-reactive protein (CRP) predict risk of instability and death not only in 
patients with stable angina and unstable angina but even in asymptomatic individuals 
(Biasucci et al., 1999). In addition population studies have provided evidence for the 
occurrence of an acute phase response (elevated CRP and plasma viscosity) during air 
pollution episodes (Peters et al., 1997, 2001b). The initiation of this systemic inflammatory 
response is presumed to be in the lungs. In both animal and human studies exposure to 
concentrated ambient or diesel exhaust particles has given rise to increases in bronchoalveolar 
lavage fluid neutrophils and lymphocytes (Salvi et al., 1999). In vitro studies have 
demonstrated the release of pro-inflammatory cytokines such as interleukin-6 (IL-6), IL-8 and 
tumour necrosis factor-alpha (TNFα) from alveolar epithelial cells in response to exposure to 
particulate matter (Shukla et al., 2000). 

It was thus decided to test the hypothesis that inhalation of particulate matter and/ or gaseous 
pollutants provokes an inflammatory response in the lungs with the consequent release into 
the circulation of pro-thrombotic and inflammatory cytokines. A systemic acute-phase 
response of this nature would put individuals with coronary atheroma at increased risk of 
plaque rupture and thrombosis. The specific aims of the study were to investigate any local 
inflammatory response to the inhalation of two specific pollutants, carbon particles and SO2, 
in isolation; and to ascertain whether exposure to these pollutants is associated with an acute-
phase response and/or activation of the coagulation system. 

Methods 
A random order, double -blind, 4-way crossover study was designed. Subjects were 
20 patients with multi-vessel coronary artery disease (10 completed) and 20 healthy age 
matched volunteers (14 completed). 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 oro-nasal breathing. Blood was taken 
from an intravenous cannula at baseline, immediately following exposure, 4 hours after 
exposure and 20 hours after exposure. Nasal lavage samples were obtained at baseline, 
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immediately following exposure, 4 hours after exposure and 20 hours after exposure. Exhaled 
breath condensate was obtained at baseline, 4 hours after exposure and 20 hours after 
exposure. 

To detect systemic inflammation, serum high resolution CRP (hrCRP) was assayed. To 
identify activation of the coagulation cascade, the following were assayed: full blood count 
(FBC) and platelet activation; fibrinogen; Von Willebrand factor (vWF); thrombin-anti 
thrombin (TAT); platelet factor I and II (PF I and 2); plasminogen activator inhibitor (PAI); 
tissue plasminogen activator (TPA); and d-dimers. 

Markers of upper airway inflammation used were: nasal lavage fluid IL-8 concentration and 
nasal lavage cell pellet differential cell counts. 

Markers of lower airway inflammation/oxidative stress used were exhaled breath condensate 
glutathione concentration and exhaled breath condensate nitric oxide metabolites 
(nitrate/nitrite). 

Results 
Initial results showed no significant increases in hrCRP following exposure to air, carbon or 
SO2 in either group (Figure 1 shows the results for healthy volunteers). Exposure to carbon or 
SO2was not associated with any consistent changes in markers of activation of the coagulation 
system. (Figure 2 shows the results for fibrinogen.). Exhaled breath condensate and nasal 
lavage samples were successfully obtained from all subjects. Upper and lower airway 
inflammation has yet to be determined. 

 

Figure 1 Levels of hrCRP (mg/l) in 14 healthy volunteers after exposure to carbon 
particles and/or SO2 (mean values) (p = NS) 
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Figure 2 Fibrinogen levels (gm/l) in 14 healthy volunteers after exposure to carbon 
particles and/SO2 (mean values) (p = NS) 

 

 

 
 

 

 

 

 

 

 

 

 

Conclusions 
Exposure for one hour to pure carbon particles with or without SO2 at concentrations similar 
to those found in outside air does not lead to a detectable rise in markers of systemic 
inflammation or activation of the coagulation cascade. 

Discussion 
The increases in CRP and plasma viscosity observed in population studies during pollution 
episodes may be attributable to some other component of ambient pollution. We suggest that 
reactive species or lipopolysaccharides found on the surface of carbon particles, rather than 
SO2 or the carbon component itself may be the stimulus to local inflammation initiating a 
systemic response. Recent work in macrophage cell lines supports this hypothesis. Pozzi and 
colleagues investigated the ability of particles to induce TNFα and IL-6 production by 
macrophages (Pozzi et al. 2002a). Carbon black alone was found to be much less effective 
than collected PM10 or PM2.5. In addition Donaldson and colleagues instilled particles into rat 
lungs and found that lung inflammation correla ted with the activity of bacterial components 
within the particulate matter (Lightbody et al., 2002b). Studies are continuing and in 
subsequent protocols individuals will be exposed to particles containing both iron and 
vanadium. 

                                                                 
a Pozzi R, de Berardis B, Paolette L & Guastadisegni C (2002) Inflammatory Mediators Induced by 
Coarse and Fine Urban Air Particles of Rome (Italy) in RAW 264.7 Cells (poster), 1st AIRNET 
Annual Conference, London, available [26 November 2003] at http://airnet.iras.uu.nl 
b Lightbody J, Schins R, Borm P, Donaldson K & Stone V (2002) Comparative Inflammatory Effects of 
Ambient Particulate Matter from Rural and Industrial Sites (poster), 1st AIRNET Annual Conference, 
London, available [26 November 2003] at http://airnet.iras.uu.nl 
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4.5 Acute effects of winter air pollution on 
respiratory function in children 
Peacock JL1, Symonds P2, Jackson P3, Bremner SA1, Scarlett JF1, Strachan DP1 & Anderson HR1 
1Department of Community Health Sciences, St George’s Hospital Medical School, London 
2 Environmental Health Department, Medway Council, Civic Centre, Rochester 
3 School of Earth and Environmental Sciences, University of Greenwich 
 

Background and objectives 
In 1995, the City of Rochester upon Medway (now Medway) Council, Kent commissioned air 
quality monitoring at three schools within its borough because of local concern that air 
pollution levels, in particular SO2, were unacceptably high. 

In a collaborative study between St George’s Hospital Medical School, the University of 
Greenwich and Medway Council, daily lung function was recorded on 179 children attending 
these schools between 1 November 1996 and 14 February 1997. The relationship between 
winter outdoor air pollution (NO2, ozone, SO2, sulphate (SO4

2-) and particles (PM10) and lung 
function in these children was analysed. 

Methods  
The study included 179 children aged 7–13 from three schools (two urban and one rural 
location). Peak expiratory flow rate (PEFR) and presence or absence of upper respiratory 
infections were recorded on 63 school days from 1 November 1996 to 14 February 1997. Air 
pollution and meteorological data were taken from monitors at each school site. The statistical 
analysis regressed daily PEFR on each pollutant separately, adjusting for confounders and 
serial correlation. A weighted pooled estimate of overall effect was calculated for each 
pollutant. In addition, large decrements in PEFR were analysed as a binary outcome. Same 
day, lag 1, lag 2 and a 5-day average of pollutant levels were used.  

Results  
There was little evidence for any adverse effects of any pollutant on mean PEFR (Table 1). 
Pooled estimates were very small for all lags investigated and 95% confidence intervals 
mostly included 0.0, indicating non-significance. The analysis of large PEFR decrements 
considered a fall in PEFR of more than 20% below an individual child’s median value as an 
event thus creating a binary variable from the continuous data. This analysis showed 
consistent negative associations between large PEFR decrements and NO2, SO4

2- and PM10 
(Table 2). However, only a few lag/pollutant combinations were statistically significant (odds 
ratios (95% CI) for 5-day average effect: NO2, 24 hr av 1.043 (1.000, 1.089); SO4

2-, 1.090 
(0.898, 1.322); PM10, 1.037 (0.992, 1.084). Stronger associations in wheezy children were not 
generally observed except for PM10 where children who reported wheezing had stronger 
adverse effects (1.114 (1.057, 1.174)). There were no consistent negative associations 
between la rge decrements and ozone or SO2. 
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Table 1 Estimated change in peak expiratory flow rate (PEFR) (95% CI) by lag (n = 177) 

Pollutant Lag 0 Lag 1 Lag 2 Mean (0–4)a 

NO2 24 hr 
ave. 

0.01 (-0.06, 0.09) 0.01 (-0.05, 0.08) 0.03 (-0.04, 0.10) 0.11 (-0.04, 0.25) 

NO2 1 hr 
max. 

0.03 (-0.01, 0.08) 0.00 (-0.04, 0.04) 0.01 (-0.04, 0.06) 0.13 (0.02, 0.24) 

O3 1 hr 
max. 

0.01 (-0.05, 0.06) 0.01 (-0.04, 0.06) -0.01 (-0.06, 0.03) -0.03 (-0.12, 0.06) 

O3 8 hr 
m.m.a. 

0.01 (-0.05, 0.07) 0.01 (-0.05, 0.07) 0.00 (-0.05, 0.05) -0.04 (-0.15, 0.06) 

SO2 24 hr 
ave. 

0.05 (-0.05, 0.16) -0.04 (-0.13, 0.06) -0.08 (-0.19, 0.04) -0.23 (-0.65, 0.18) 

SO4 24 hr 
ave. 

-0.30 (-0.84, 0.23) -0.23 (-0.80, 0.34) 0.18 (-0.27, 0.63) 0.15 (-0.76,1.05) 

PM10 24 hr 
ave. 

-0.04 (-0.11, 0.03) 0.03 (-0.04, 0.05) -0.01 (-0.07, 0.05) - 0.10 (-0.25, 0.05) 

In addition to pollutant, the individual regression models included the following predictors: 24 hour average outside temperature; 
date. Mean (0–4), five day average; m.m.a. maximum moving average 

Table 2 Odds of a 20% decrement in PEFR below the median by lag for all children 
(n = 165) and for wheezy children only (n = 40). Odds ratio for unit change of pollutant 
(95% CI) 

Pollutant Lag 0 Lag 1 Lag 2 Mean (0–4)a 

NO2 24 hr ave. 
All children  1.010 (0.991, 1.030) 1.018 (0.999, 1.038) 1.033 (1.014, 1.052) 1.043 (1.000, 1.089) 
Wheezy 
children 

1.015 (0.980, 1.051) 1.012 (0.981, 1.043) 1.027 (1.000, 1.054) 1.053 (0.999, 1.110)  

NO2 1 hr max. 
All children  1.003 (0.993, 1.013) 1.000 (0.989, 1.010) 1.016 (1.003, 1.030) 1.008 (0.975, 1.043) 
Wheezy 
children 

0.996 (0.976, 1.016) 1.001 (0.986, 1.017) 1.004 (0.982, 1.026) 1.004 (0.950, 1.056) 

O3 1 hr max. 
All children  0.988 (0.975, 1.001) 0.988 (0.974, 1.002) 0.987 (0.975, 0.998) 0.976 (0.954, 0.999) 
Wheezy 
children 

0.979 (0.955, 1.003) 1.000 (0.980, 1.022) 0.983 (0.968, 0.998) 0.977 (0.944, 1.010) 

O3 8 hr m.m.a. 
All children  0.991 (0.976, 1.005) 0.988 (0.972, 1.002) 0.981 (0.968, 0.995) 0.979 (0.954, 1.004) 
Wheezy 
children 

0.983 (0.959, 1.007) 0.994 (0.974, 1.016) 0.989 (0.971, 1.008) 0.986 (0.949, 1.023) 

SO2 24 hr ave. 
All children  0.987 (0.958, 1.017) 1.007 (0.986, 1.030) 0.992 (0.963, 1.023) 0.972 (0.887, 1.066) 
Wheezy 
children 

0.981 (0.925, 1.041) 0.999 (0.957, 1.042) 0.995 (0.939, 1.054) 1.019 (0.890, 1.167) 

SO4
2- 24 hr ave. 

All children  1.062 (0.940, 1.199) 1.029 (0.921, 1.149) 1.038 (0.935, 1.151) 1.090 (0.898, 1.322) 
Wheezy 
children 

1.042 (0.854, 1.271) 1.059 (0.889, 1.262) 0.993 (0.822, 1.200) 1.038 (0.754, 1.429) 

PM10 24 hr ave. 
All children  1.012 (0.992, 1.031) 1.016 (0.995, 1.036) 1.013 (1.000, 1.025) 1.037 (0.992, 1.084) 
Wheezy 
children 

1.016 (0.986, 1.047) 1.030 (1.001, 1.060) 1.018 (0.995, 1.041) 1.114 (1.057, 1.174) 

In addition to pollutant, the individual regression models included the following predictors: 24 hour average outside temperature; 
date. Mean (0–4), five day average; m.m.a. maximum moving average 
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Discussion 
This study found no clear associations between winter NO2, ozone, SO2, SO4

2- or PM10, and 
PEFR in primary school children. The effect size associated with PM10 (0.30% decline in 
PEFR per 10 µg/m3 increase in PM10) was similar to that reported by others but the effect for 
SO4

2- was smaller: 0.07% for a unit increase in SO2-. 

This study showed consistent negative associations between large peak flow decrements and 
NO2, SO4

2- and PM10. These findings were of greater magnitude than those observed by Hoek 
et al. (1998) who reported a 3% increase in large decrements for a 10 µg/m3 increase in same 
day pollutant pooled across five studies. The same-day estimate in the present study was 
equivalent to a 13% increase in risk for the same rise in PM10, but the 95% confidence 
interval was wide: -8% to +36%. There was no evidence for effect modification by wheezy 
status. 

The findings of strong negative associations with NO2 and PM10 but weaker associations with 
SO2 and SO4

2- are consistent with the adverse effects being due to vehicle emissions, since the 
SO2 in this area of England comes mainly from local power stations. 

Conclusions 
There was no strong evidence for acute effects of winter outdoor air pollution on mean PEFR 
overall in this area but there appeared to be a negative effect on large PEFR decrements. This 
effect was similar in wheezy and non-wheezy children. The pattern of effects suggests that 
vehicle emissions rather than power station emissions were responsible. 
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4.6 A case–control study of the indoor 
environments of asthmatic children 
Fletcher G1, Tavernier G1, Gee IL2, Watson AFR2, Frank TL1, Frank P1, Pickering CAC1 & 
Niven RMcL1 
1North West Lung Research Centre, Wythenshawe Hospital Manchester 
2ARIC, Dept. Environmental and Geographical Sciences, the Manchester Metropolitan University 

 

Background and objectives 
In recent decades, the prevalence of asthma and atopic disorders has been increasing in 
Western countries, and the same trend is starting to emerge in developing countries. Altered 
environment and lifestyle conditions have been implicated but the underlying mechanisms 
remain unclear. 

The IPEADAM (Indoor Pollutants, Endotoxin, Allergens, Damp and Asthma) study was 
designed as a cross-sectional, case–control study analysing the indoor environment of 200 
children in Manchester. In the study, levels of a variety of indoor agents such as tobacco 
smoke, endotoxin, dust mite allergen and damp, that have been reported as important factors 
in the development or the exacerbation of respiratory disorders were examined. 

Study description 
The children were recruited using a validated screening questionnaire (Frank et al., 2001) to 
assess their asthma status, and their home was visited to obtain air and dust samples using 
standardised methodologies. Housing characteristics were obtained using a questionnaire and 
observation during the home visit. 

Exposure to endotoxin, Der p 1, the house dust mite major allergen, or damp were assessed 
by the LAL kinetic turbidometric assay, enzyme-linked immunosorbent assay (ELISA), and a 
combination of visual inspection, and self-reported and meter-reading measurements, 
respectively (Chapman, 1988). 

Indoor pollutants including respirable particles (as PM2.5), volatile organic compounds 
(VOCs), NO2, formaldehyde, temperature and relative humidity were investigated using a 
variety of recognised methods including high performance liquid chromatography (HPLC), 
gas chromatography/mass spectroscopy (GC-MS) and spectrophotometry (Shooter et al., 
1997; Gee & Sollars, 1998). Environmental tobacco smoke (ETS) particles were estimated 
using three HPLC techniques: ultraviolet particulate matter (UVPM), fluorescent particulate 
matter (FPM) and Solanesol particulate matter (SolPM) (Carrington et al., 2001). 

The asthmatic and healthy populations were compared using the Mann–Whitney U-test and 
Χ2-test. 

Results 
Table 1 presents summary data for endotoxin in living rooms, bedrooms and within the 
child’s mattress for children with asthma (cases) and for non-asthmatic children (controls). 
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Table 1 Levels of endotoxin (ng/mg dust) measured in reservoir dust samples in three 
different sites in the homes of asthmatics and healthy children 

Endotoxin Asthmatic children Non-asthmatic children Mann–Whitney U-test 

Living room carpet    
N 98 86 p = 0.098 
Median 37.78 33.26  
Min 0.11 3.43  
Max 6122.9 7413.2  
    
Bedroom carpet    
N 94 87 p = 0.727 
Median 14.92 19.31  
Min 0.02 0.02  
Max 305.48 8924.6  
    
Child’s mattress    
N 100 92 p = 0.434 
Median 12.14 10.32  
Min 0.01 0.01  
Max 65.71 418.38  
 

Figure 1 presents the indoor pollutant data for living rooms and Table 2 provides summary 
statistical data that represent the differences between homes of children with asthma and 
homes of healthy children. The data for bedrooms are similar in distribution but the means are 
lower. 

Figure 1 Levels of indoor pollutants in living rooms of homes of cases and controls: 
respirable particles (RSP), environmental tobacco smoke (ETS; represented by UVPM, 
FPM, SolPM), (µg/m3) and NO2 (Nox, ppb) 
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Table 2 Results of non-parametric means test for chemical and physical parameters 
between living rooms of cases and controls 

  RSP  
(µg/m3) 

UVPM 
(µg/m3) 

FPM 
(µg/m3) 

SolPM 
(µg/m3) 

NO2 
(ppb) 

Formaldehyde
(ppm) 

Temperature
(°C) 

Relative 
humidity 

(%) 
Mean 25.7 18.3 9.9 8.2 26.4 0.1 20.4 51.8 
Mann– 
Whitney U 

4769 4551 4618 4655 4053 4398 4176 4011 

Wilcoxon W 9234 9016 9083 9806 9513 9858 9429 7927 
Z -0.063 -0.498 -0.328 -0.243 -2.185 -0.976 -1.076 -0.932 
Asymp. Sig. 
2-tailed) 

0.950 0.619 0.743 0.808 0.029* 0.329 0.282 0.351 

*p = 0.05 
Grouping variable: case or control. RSP, respirable particles. Measures of environmental tobacco smoke (ETS): UVPM, 
ultraviolet particulate matter; FPM, fluorescent particulate matter; SolPM, Solanesol particulate matter 

 

Table 3 Results of non-parametric means test for chemical and physical parameters 
between bedrooms of cases and controls 

  RSP 
(µg/m3) 

UVPM  
(µg/m3) 

FPM  
(µg/m3) 

SolPM  
(µg/m3) 

NO2  
(ppb) 

Formaldehyde 
(ppm) 

Temperature 
(°C) 

Relative 
humidity 

(%) 
Mean 20.5 10.7 5.7 4.6 21.2 0.11 20 53.9 
Mann–
Whitney U 

4837 4565 4663 4829 4659 4288 4191 3978 

Wilcoxon W 10 193 9030 9916 9294 10 119 9644 9241 8073 
Z -0.010 -0.577 -0.330 -0.033 -0.568 -1.025 -0.941 -1.045 
Asymp. Sig. 
(2-tailed) 

0.992 0.564 0.741 0.974 0.570 0.306 0.347 0.296 

Grouping variable: case or control. RSP, respirable particles. Measures of environmental tobacco smoke (ETS): UVPM, 
ultraviolet particulate matter; FPM, fluorescent particulate matter; SolPM, Solanesol particulate matter 

Discussion 
House characteristics of asthmatics and non-asthmatics were similar; they included: house 
type and age, time length of residence at the house, age and floor type in the living room and 
the bedroom, the type of central heating, insulation and glazing systems. Pet ownership, 
presence of smoker and number of occupants were comparable between the ho mes of 
asthmatic children and healthy controls. However, cases were more likely than controls to 
share a bedroom with one other child (p = 0.029), and to live in a household where the living 
room had been redecorated recently (p = 0.008). Healthy children were more likely to live in 
a house where gas was used as a cooking fuel (p = 0.030). Finally there was a difference in 
the self-reported dampness of the home: families of asthmatic children reporting the presence 
of condensation in the home more often than the families of healthy children (p = 0.032). 

The levels of indoor pollutants were found to be higher in the living rooms than in the 
bedrooms. With the exception of NO2, none of the key measured chemical pollutants were 
associated with the presence of asthma in the study population. The presence of smokers in 
the home was shown to contribute directly towards the concentration of ETS-related 
parameters throughout the home environment. The more tobacco-specific parameters UVPM, 
FPM and SolPM had concentrations that were almost 10 times greater in homes with 
smokers. 

Exposure to endotoxin, Der p 1 or damp did not differ between the two populations of 
children. There was no statistical evidence for a difference in exposure to endotoxin between 
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asthmatic children and healthy controls in their homes whether non-parametric analysis of the 
raw data or categorising the data into 10 groups of endotoxin exposure was used. However, 
when the endotoxin exposure was investigated using matched-pair analysis and the non-
parametric Wilcoxon signed rank test it was found that the asthmatic children were exposed 
to levels of endotoxin in the living room that were statistically significantly higher than those 
of healthy children (p = 0.003). 

Conclusions 
The children investigated in IPEADAM were aged between 4 and 17 years. In that age group 
there was very little difference in the indoor environment between the homes of asthmatic and 
non-asthmatic children. 
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4.7 Particulate air pollution and panel studies in 
children: A systematic review (Poster) 
 Ward DJ1 & Ayres JG2 
1South Worcestershire Primary Care Trust, Worcester 
2Department of Environmental and Occupational Medicine, University of Aberdeen 

 

Background and objectives 
Panel studies have been extensively used to investigate the short-term effects of outdoor 
particulate air pollution across a wide range of environmental settings. This study aims to 
review systematically the results of such studies in children, estimate summary measures of 
effect and investigate potential sources of heterogeneity. 

Study description 
Studies were identified by searching electronic databases to June 2002, and included if 
observations of health outcomes and particulate levels (as PM measures) had been made at 
least daily for ≥8 weeks, and analysed using an appropriate regression model. Study results 
were compared using forest plots, and fixed and random effects summary effect estimates 
obtained. Publication bias was considered using a funnel plot. 

Results 
Twenty-two studies were identified, all except two reporting PM10 levels (24-hour mean) 
>50 µg/m3. Reported effects of PM10 on peak expiratory flow (PEF) were widely spread and 
smaller than those for PM2.5 (fixed effects summary estimates: 0.012 vs 0.063 l/min fall in 
PEF per µg/m3 rise in pollutant). A similar pattern was evident for effects on respiratory 
symptoms. Random effects models produced larger estimates. 

Overall, panels of children with diagnosed asthma or pre-existing respiratory symptoms 
appeared less affected by PM10 levels than those without, and effect estimates were larger 
where studies were conducted in higher ozone conditions. Larger PM10 effect estimates were 
obtained from studies using generalised estimating equations to model autocorrelation and 
where results were derived by pooling subject-specific regression coefficients. A funnel plot 
of PM10 PEF results was markedly asymmetrical. 

Conclusions and discussion 
The majority of identified studies indicate an adverse effect of particulate air pollution that is 
greater for PM2.5 than PM10. However, results show considerable heterogeneity and there is 
evidence for publication bias, so limited confidence may be placed on summary estimates of 
effect. The possibility of interaction between particle and ozone effects merits further 
investigation, as does variability due to analytical differences that alter the interpretation of 
final estimates. 
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4.8 Personal exposure to nitrogen dioxide and 
the severity of virus-induced asthma in children 
Chauhan AJ1, Inskip HM2, Linaker CH2, Smith S3, Schreiber J3, Johnston SL4 & Holgate ST3 
1Respiratory Centre, St. Mary’s Hospital, Portsmouth 
2MRC Environmental Epidemiology Unit, University of Southampton 
3Respiratory, Cell & Molecular Biology Research Division, School of Medicine, University of 
Southampton 
4The National Heart & Lung Institute and Wright Fleming Institute of Infection & Immunity, 
Imperial College, London 

 

Background  
Epidemiological studies (Hasselblad et al., 1992) have suggested a link between exposure to 
the air pollutant NO2 and respiratory disease including asthma. The major cause of asthma 
exacerbations is viral infections. A prospective study to assess whether NO2 exposure is 
associated with the severity of asthma exacerbations due to proven respiratory virus infections 
in children is reported here. 

Study description 
A cohort of 114 asthmatic children (8–11 years old) recorded daily upper (URT) and lower 
(LRT) respiratory tract symptoms, PEF, and measured weekly personal NO2 exposures for up 
to 13 months. Nasal aspirates obtained during reported episodes of URT illness were screened 
for infection by common respiratory viruses and atypical bacteria with a panel of reverse-
transcribed polymerase chain reaction (RT-PCR) assays. Generalised estimating equations 
were used to assess the relationship of low (<7.5 µg/m3), medium (≥7.5–14 µg/m3) and high 
(>14 µg/m3) tertiles of NO2 exposure in the week before (-2 to -8 days) or after (0 to 6 days) 
URT infection with the severity of the asthma exacerbation (change in LRT symptom scores 
and PEF) that followed in the week after the start of an infection (0 to 6 days). Age, gender, 
social class, atopy and use of inhaled β2 agonists, inhaled corticosteroids or oral 
corticosteroids were considered as confounding factors by including them in the regression 
models.  

Results 
One or more viruses were detected in 78% of reported episodes of URT illness and the 
medians of NO2 exposure were 5, 10 and 21 µg/m3 for each tertile, respectively (see Table  1). 
There were significant increases for the trend across the three tertiles in the severity of LRT 
symptom scores (0.6 increase for all viruses (p = 0.05) and >2 increase for respiratory 
syncytial virus (p = 0.01)) and reduction in PEF (>12 l/min) for picornavirus (p = 0.04) with 
high compared with low NO2 exposure before the start of the virus induced exacerbation. 
None of the confounding factors included in the models affected the associations between 
LRT scores or PEF rates and the personal NO2 exposure levels. 

Conclusions 
Levels of NO2 exposure were low, but across the range of exposures seen, higher levels in the 
week before the start of a respiratory virus infection were associated with an increase in 
severity of the resulting asthma exacerbation in school-aged children. 



 103 
IEH Web Report W15, posted January 2004 at http://www.le.ac.uk/ieh/ 

Discussion 
This study indicates that higher personal NO2 exposure may increase the severity of virus-
induced asthma exacerbations. These findings have potential implications for public health. 

Table 1 Median NO2 exposures (µg/m3) before and after infection, by exposure tertile 

NO2 exposure tertile a  

Low  Medium High 

Before infection 
(Days -8 to -2) 

5.0 (61, 0.7–7.3) 9.8 (77, 7.6–13.4) 20.9 (71, 14.1–75) 

After infection  
(Days 0 to 6) 

5.1 (65, 1–7.4) 10.2 (75, 7.6–13.5) 20.7 (69, 14.1–93) 

Rest of study period  5.1 (1058, 0.7–7.4) 10.1 (1086, 7.5–13.9) 21.2 (968, 14.1–214) 

a Number of exposure weeks and range in parentheses 
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4.9 Neuropsychological effects of chronic 
exposure to carbon monoxide in the indoor air 
(Poster) 
Volans G1, Leonardi GS2,3, Croxford B1, Hutchinson E3, Riddington M4, McKenna L5, Wilkinson P2, 
Oreszczyn T1 
1Bartlett School of Architecture, University College London 
2 Health Protection Agency, Division of Chemical Hazards and Poisons (London) 
3Environmental Epidemiology Unit, London School of Hygiene & Tropical Medicine 
4Medical Toxicology Unit, Guy’s & St Thomas’ Hospital, London 
5South London and Maudsley Trust, London 

Background 
Although the dangers of acute toxicity from CO are well known, it is unclear whether there 
are risks associated with chronic exposure to comparatively low but above normal 
concentrations of CO in the region 10–40 mg/m3 (Lambert, 1996; IPCS, 1999; Penney, 2000). 
In this study the association with neuropsychological function will be examined. 

Study description 
A cross-sectional survey of homes and clinical assessment of participants selected solely on 
the basis of their CO exposure will minimize potential selection bias. Three-week CO 
monitoring will be performed in 400 dwellings in Birmingham, Liverpool and Manchester 
scheduled for heating system replacement through the Warm Front initiative. A random 
sample of 150 participants, stratified by CO levels, will be selected for neuropsychological 
assessment using standardized tests of information processing, and concentration, visual–
spatial construction, language, mood state and effort. Breath CO measurements will be made, 
and a structured questionnaire used to gather data on sources of CO exposure, smoking, 
health and health beliefs.  

Expected outcomes 
Monitoring of homes started in January 2003. Expected outcomes will be: (1) Prevalence of 
chronic elevated CO in high risk UK homes; (2) Estimate of effect of chronic, low level CO 
exposure on objective tests of memory and concentration. These will be relevant to public 
health and housing policies. 
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4.10 Air pollution–mortality time series studies: 
An update on the GAM problem 
Armstrong B 
London School of Hygiene and Tropical Medicine 

 

Background and objectives 
Over the last decade or so, large numbers of studies have investigated acute effects of air 
pollution on mortality using daily time series of death counts along with series of air pollution 
measures and potentially confounding factors, in particular meteorology. Since the late 
middle 1990s, a statistical approach called the generalised additive model (GAM) has been 
used in the vast majority of these studies. GAMs allow for potentially confounding variables 
to be controlled without assuming a particular form of relationship with mortality — a non-
parametric curve is fitted. This is particularly useful for temperature, for which relationships 
are often U-shaped, and for allowing for slow fluctuations of mortality with time, due to 
residual confounding by unmeasured risk factors.  

In early 2002, two problems with GAMs were discovered: 

• Non-convergence. Researchers at the Johns Hopkins School of Public Health found that 
the standard software for fitting GAMs had a convergence criterion insufficiently strict to 
ensure that its special ‘backfitting’ algorithm arrived at the maximum likelihood estimate 
in typical time series data (Dominici et al., 2002). Consequently estimates of pollution 
effect were biased. 

• Standard error underestimation. Independently, researchers from Ottawa found that the 
standard method of calculating standard errors in GAMs underestimated them, resulting 
in confidence intervals that were too narrow — true uncertainty was underestimated 
(Ramsay et al., 2002). 

Since the discovery of these problems, investigators have sought to examine the sensitivity of 
their results to them, and more generally consider implications for the field. Here the results 
of the work published to date are summarised and discussed. 

Direct impact of problems with GAMs  
Revised results have been estimated by many researchers using GAMs with strict 
convergence (GAM-strict) and a non-GAM alternative called natural cubic splines (NCS), for 
which there is no problem of estimating standard errors. First to be published was the 90-city 
US NMMAPS study (Dominici et al., 2002), which found national mean incremental risk (%) 
per 10 µg/m3 PM10 (lag 1 day) to be: 

• GAM-default (previous result): 0.41 (SE 0.05) 

• GAM-strict    0.27 (SE 0.05) 

• NCS    0.21 (SE 0.05) 

The impact of re-analysis was thus considerable, although the mean remained statistically 
significant. The absence of an increase in the standard error (SE) of the mean under NCS is 
despite increases in city-specific SEs, and due to use of the random effects model for 
combining city-specific results.  
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A few other studies have published revised estimates, and many have presented them orally. 
The picture emerging is of variation in impact across studies. Few have shown as big a 
difference as NMMAPS between GAM-default and GAM-strict, but changes on analysing 
using NCS were greater. In most but not all studies revised analyses have given lower 
estimated risks. Large changes appear to have been less frequent in, but not absent from, 
studies that have used smoother time functions than for NMMAPS mortality.  

Although the NCS method yields correct SEs, it is sensitive to placing of “knots”. Some 
investigators have explored alternative methods, in particular penalised splines and case 
cross-over analyses. A new method for estimating standard errors in GAM models has been 
published on the Web by Dominici et al. (2003) a, although it has not yet been peer-reviewed. 
The Health Effects Institute has published authors’ reanalyses of 20 key studies, along with a 
commentary written by a review panelb. 

Indirect impact of the GAM problems 
The discovery and subsequent investigation of these problems has highlighted the sensitivity 
of results to analytical models. This has prompted renewed consideration of the potential for 
confounding in time-series studies, and methods to control for it. In particular much attention 
is now focused on the degree of smoothing appropriate in the time function, typically fitted as 
a GAM, NCS, or alternative function. Renewed attention is also being given to controlling 
confounding by weather. 

Discussion 
Control of confounding is critical in epidemiological studies, in particular when relative risks 
are small, as the case with air pollution time-series studies. Investigations following the GAM 
problems have highlighted the sensitivity of results to just how this is done. Flexibility in 
modelling confounders (e.g. using many degrees of freedom in a smooth function of time) is 
desirable  to reduce vulnerability to bias, but comes at the cost of leaving estimates of air 
pollution effects imprecise, and in some circumstances can bias true positive effects 
downwards. Given uncertainty over how much flexibility is necessary, it is useful to examine 
results from a variety of different degrees of flexibility in confounder control functions (see 
Figure 1). 

                                                                 
a Dominici F, McDermott A & Hastie T (2003) Improved Semi-parametric Time Series Models of Air 
Pollution and Mortality, Revised September 1 2003, available [November 2003] at 
http://biosun01.biostat.jhsph.edu/~fdominic/research.html 
b Health Effects Institute (2003) Revised Analyses of Time Series Studies of Air Pollution and Health, 
available [November 2003] at http://www.healtheffects.org/Pubs/TimeSeries.pdf 
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Figure1 Increment in risk per 10 µg/m3 PM10, according to flexibility of time function 
(Sao Paulo 1991–94) 
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4.11 Epidemiological studies of the health of 
people exposed to volcanic ash on Montserrat 
Cowie H, Searl A, Graham M, Hutchison P, Miller B, Pilkington A, Ritchie P,  Tran L & Hurley F 
Institute of Occupational Medicine, Edinburgh 

Background 
Since 1995, residents on Montserrat have been exposed to volcanic ash, containing from 5% 
to 20% cristobalite, from ongoing volcanic eruptions. Exposures, sometimes high, occur 
mostly from re-suspension of deposited ash. To limit risks, the South of the island was 
evacuated and many islanders relocated to the UK.  

The UK Department for International Development and DH commissioned a programme of 
research on the risks to health of exposure to volcanic ash from Montserrat. This research 
programme included two linked epidemiological studies: 

• The UK study: A study of Montserratians who have relocated to the UK — these were 
identified via the Montserrat Community Support Trust; and 

• The island study: A study of workers still resident on Montserrat, from occupations with 
potentially high volcanic ash exposures — these were identified from official lists and by 
word-of-mouth. 

The methods and results of the two studies are summarised briefly here. 

Aims 
The aims of the study were to identify any increased risk of respiratory ill-health that might 
be associated with volcanic ash exposure; and, in particular, to obtain early warning of any 
associated risks of silicosis. (The likelihood of established silicosis caused by volcanic ash 
exposure was believed to be small — silicosis usually develops following long-term 
occupational exposure to high concentrations of silica.) 

Methods 
UK study 
Following a pilot study, the main survey was carried out by self-administered postal 
questionnaire. Face-to-face interviews would have been difficult to arrange because the study 
population was dispersed throughout the UK. Data, recorded from 255 households (26% 
response) for 465 individuals (60% female), included: personal details; respiratory symptom 
occurrence; smoking habit; lifetime occupational history; and responses to help assess other 
exposure to volcanic ash (residential, heavy ash clearing, domestic cleaning). 

Island study 

A medical survey on the island included a questionnaire of symptoms, smoking habit and 
questions to help assess exposure, as in the UK study. In the island study, however, this was 
administered by interviewer.  The medical survey also included simple spirometry and a chest 
radiograph.  The response rate was high; 421 workers took part. 

Estimated volcanic ash concentrations, from surveys on the island since 1995, were combined 
with questionnaire results to derive exposure indices for each participant.  
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Results  
In the UK studya, age-specific prevalences of respiratory symptoms were higher than in the 
general UK population or in the island study. Possible reasons include: people with existing 
illness were preferentially encouraged to relocate; effects of moving to a new country with 
different climate and population immunities; or selection biases — these are more likely to 
affect simple prevalences than exposure–response analyses. 

Table 1 Association of symptoms (number of cases, % of those at risk) with heavy ash-
clearing activities 

 
Asthma Chronic bronchitis Frequency of 

exposure 
Island UK Island UK 

Never 3 5 13 10 3 5 12 9 
Once/twice a month 7 6 6 9 6 5 7 11 
Once/twice a week 4 3 9 10 7 6 13 16 
Daily (not as job) 10 13 22 28 6 8 18 23 
Daily (as job) 10 23 6 26 6 14 6 27 

 
Despite differences in prevalences, both studies showed an association between self-reports of 
symptoms and exposure from heavy ash-clearing activities in Montserrat (see trends in 
percentages in Table  1). 

On the islandb, lower lung function was associated with work as a gardener or road worker, 
two of the dustiest occupations. 

Chest radiographs showed very few radiological abnormalities. Profusion was low (5 at 0/1,  
1 at 1/0, median of 3 readers, independently, using ILO 1980) apart from one subject with Cat 
3/3, judged not to have been caused by ash exposure. 

Neither study indicated that other ash exposures (residential, house cleaning) affected 
subjects’ health. 

Conclusions 
• These linked studies show a mild non-specific respiratory response among people 

exposed ‘daily’ to high concentrations of volcanic ash during work or other heavy ash-
clearing activities. 

• Risks of silicosis are considered low, and negligible for those other than the most heavily 
exposed. This conclusion is being examined more rigorously, using results from 
associated toxicology studies also. 

                                                                 
a Cowie HA, Searl A, Ritchie PJ, Graham MK, Hutchison PA & Pilkington A (2001) A Health Survey 
of Montserratians Relocated to the UK  (IOM Report TM/01/07), available from Institute of 
Occupational Medicine, Research Park North, Riccarton, Edinburgh, EH14 4AP, Scotland 
b Cowie HA, Graham MK, Searl A, Miller BG, Hutchison PA, Swales C, Dempsey S & Russell M 
(2002) A Health Survey of Workers on the Island of Montserrat (IOM Report TM/02/02), available 
from Institute of Occupational Medicine, Research Park North, Riccarton, Edinburgh, EH14 4AP, 
Scotland 
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4.12 Does diabetes contribute to susceptibility 
to cardiopulmonary mortality from particulate 
air pollution? 
Carder M1, Agius R1, Beverland I2, Elton R3, McNamee R1 & Boyd J4 
1Centre for Occupational and Environmental Health, University of Manchester 
2Division of Environmental Health, Department of Civil Engineering, University of Strathclyde 
3Department of Community Health Sciences, University of Edinburgh 
4Information & Statistics Division of the NHS in Scotland 
 

Background and objectives 
A number of studies have found evidence of increased susceptibility to the effects of air 
pollution in subjects with pre-existing cardiovascular or respiratory disease (Sunyer et al., 
2000; Goldberg et al., 2001a; Agius et al., 2002). Emerging evidence from ecological studies 
suggests that people with diabetes may also be at an increased risk of cardiovascular mortality 
and morbidity (Goldberg et al., 2001b; Zanobetti & Schwartz, 2002). The objective of this 
study is to assess whether diabetics are more susceptible to particulate pollutant related 
cardiovascular mortality and morbidity. The study described here is part of a wider scale 
study that is based on a crude population estimate of about 2.4 million people, located 
throughout Scotland, the objectives of which are to quantify the extent to which (1) prior ill 
health, (2) social deprivation, and (3) concomitant cold weather and wind chill, increase the 
risk of particulate air pollution related mortality. It will also measure (4) shortening of 
residual lifespan associated with particulate air pollution concentrations.  

Study description 
A time-series design extending from January 1982 to September 1998 was used in the study. 
The health data were extracted from the Scottish Medical Record Linkage System, in which 
individual hospital admission and mortality records are linked algorithmically. Daily counts 
of hospital admissions or deaths for cardiovascular disease (ICD-9 codes: 410-414, 426-429, 
434-440 and 7865) were computed. The hospital admission counts were stratified into 
cardiovascular admissions with or without a notation of diabetes (ICD-9: 250) occurring in a 
secondary diagnosis field. The mortality counts were stratified into cardiovascular deaths with 
or without a notation of diabetes (ICD-9: 250) occurring in any diagnosis field of the linked 
admissions data. The health outcomes were related in a Poisson regression to increments in 
the mean concentration of black smoke over the previous three days, adjusting for 
meteorological variables, day of week and other confounders (Prescott et al., 1998). 

Results 
Table 1 shows the summary statistics for the health, pollutant and weather variables. 
Cardiovascular admissions and deaths for subjects without diabetes were approximately 15 
and 17 times higher, respectively, than cardiovascular admissions and deaths with diabetes. 
Table 2 shows the estimated relative risk associated with a 10 µg/m3 increment in black 
smoke. Although the results suggest a small increased risk of pollution rela ted cardiovascular 
mortality and morbidity in subjects with a previous hospital discharge diagnosis of diabetes 
these results did not reach statistical significance. 
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Discussion 
It is important to determine which common illnesses or other factors might confer 
susceptibility to the effect of pollutants on health for several reasons (Prescott et al., 2000). 
Thus air quality standards may need to consider such susceptible subgroups of the population, 
the information might help in clinical management or it might provide a better understanding 
of the pathogenesis of disease. Increased susceptibility associated with ischaemic 
cardiovascular disease or chronic obstructive lung disease can be difficult to disentangle in 
ecological studies since tobacco smoking is an important determinant of both these categories 
of disease. 

Diabetes mellitus is associated with an increased risk of cardiovascular morbidity and 
mortality, probably because of damage to blood vessels from high blood glucose 
concentrations, but it does not affect the respiratory tract per se. This is the first study of its 
kind in the UK to examine diabetes as a possible modifier of the effect of particulate air 
pollution on cardiovascular mortality and morbidity. The main strength of this study lies with 
the ability to utilise the Scottish Medical Record Linkage System to identify hospital 
admissions and deaths of potential susceptible subgroups of the population based on previous 
hospital admissions for the disease groups of interest. 

Although the preliminary results obtained from this study have not shown a statistically 
significant increased risk of particulate related cardiovascular mortality and morbidity for 
diabetics this may in part be due to problems with statistical power as the study presented 
here was restricted to the Edinburgh population (~400 000 people). The next stage in the 
study will include analysis for the entire study population (~2.4 million people). 

Table 1 Descriptive results for health, pollutant and weather variables, January 1982 to 
September 1998 

 Number Mean SD Min Max 

Cardiovascular admissions for diabeticsa 5 196 0.8 1.0 0.0 6.0 
Cardiovascular admissions for non-diabeticsa 78 502 12.8 4.2 2.0 33.0 
Cardiovascular deaths for diabeticsb 2 217 0.4 0.6 0.0 4.0 
Cardiovascular deaths for non-diabeticsb 38 549 6.3 2.8 0.0 22 
Daily mean black smoke (µg/m3) / 10 9 1 90 
Daily mean temperature (°C) / 8.58 4.90 -13.0 21.13 
Daily mean wind speed (knots) / 8.53 4.36 1 28 
Daily mean rainfall (mm) / 1.89 4.28 0 82 
a Identified by presence or absence of diabetes code in any secondary diagnosis field of hospital admissions file 
b Identified by presence or absence of diabetes code in any diagnosis field of linked hospital admissions file 

 

Table 2 Poisson regression results: Relative risk associated with 10 µg/m3 increment in 
daily black smoke 

 RR SE p 95% CI 

Cardiovascular admissions for diabetics 1.001 0.025 0.98 0.954, 1.050 
Cardiovascular admissions for non-diabetics 0.998  0.006 0.67 0.986, 1.009 
Cardiovascular deaths for diabetics 1.050 0.036 0.15 0.982, 1.122 
Cardiovascular deaths for non-diabetics 1.004 0.008 0.60 0.989, 1.019 
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4.13 Carcinogenicity of airborne particulate 
matter 
Harrison RM, Smith DJT & Kibble A 
Division of Environmental Health & Risk Management, University of Birmingham 

Background and objectives 
In their report on the extended American Cancer Society study of the associations between 
lung cancer, cardiopulmonary mortality and exposure to fine particulate air pollution, Pope et 
al. (2002) found a statistically significant association between long-term exposure to fine 
particulate air pollution (PM2.5) and both cardiopulmonary and lung cancer mortality. Earlier 
studies had been equivocal in linking particulate matter exposure and lung cancer, but the 
immense power of this study, which used data for approximately 500 000 adults over the 
period 1982–1998 gives confidence in the statistical association. 

It has long been known that certain chemical constituents of airborne particulate matter can 
cause lung cancer in occupationally exposed workers at high exposure concentrations. 
Because of the presumed genotoxic mechanism of carcinogenicity, it is believed that such 
substances will also have carcinogenic activity at the lower concentrations typical of ambient 
air. Using a linear extrapolation procedure, the World Health Organization (WHO, 2000) has 
estimated unit risk factors linking exposure concentrations to upper-bound risk of cancer 
within the population. In this paper we pose the question of whether the known chemical 
carcinogens within the air of US cities are likely to have had sufficient carcinogenic activity 
to account for the cancer rates attributed by the Pope et al. (2002) study to PM2.5 exposure.  

Study description and results 
The extended American Cancer Society study (Pope et al., 2002) enrolled volunteers in 1982 
who were followed up until 1998, their individual mortality events being recorded. The 
results of the study are reported as relative risks of mortality per 10 µg/m3 PM2.5 
concentration. The study reports an increase of approximately 8% in lung cancer mortality for 
each 10 µg/m3 elevation in PM2.5 concentration (RR, 1.08; 95% CI, 1.01–1.16). This figure is 
derived using PM2.5 measurement data from 1979 to 1983, although when an average of PM2.5 
data from 1979 to 1983 and 1999 to 2000 was used, the RR increased to 1.14 (95% CI,  
1.04–1.23). Using age-standardised lung cancer (ICD-9 Code 162) mortality rates for the 
USA for 1980 and 1990 together with PM2.5 concentrations and RR estimates from the Pope 
et al. (2002) study, the predicted lung cancer mortality attributable to PM2.5 exposure was 
calculated for the present study. Using 1980 data, the predicted mortality is 7.2 (0.9–14.4) per 
105 population and from 1990 data, 12.5 (3.6–20.5) per 105 population. 

A literature search was used to establish typical urban concentrations of the following 
chemical carcinogens in the USA: polycyclic aromatic hydrocarbons (as benzo(a)pyrene), 
chromium, nickel and arsenic. Typical concentrations were estimated for the years 1960, 
1970, 1980 and 1990 and WHO lifetime unit risk factors were used to calculate annual cancer 
rates attributable to exposure to the various chemical carcinogens. These range from  
4.88 cancers per 105 population due to exposure to 1960 concentrations of chemical 
carcinogens to 0.29 cancers per 105 population attributable to exposure to 1990 concentrations 
of chemical carcinogens. These values should be treated as upper limit estimates since the 
derivation of the WHO unit risk factors takes a conservative approach, and chromium, which 
accounts for a significant proportion of the overall carcinogencity of the mixture, is assumed 
to be present entirely in the Cr(VI) valence state, whereas in all probability a substantial 
proportion is in lower valence states and hence is not carcinogenic. 
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Discussion and conclusions 
Taken at face value, it would appear that exposure to 1960 ambient air concentrations of 
chemical carcinogens might well explain the lung cancer rates attributed to PM2.5 exposure by 
the Pope et al. (2002) study. The predicted cancer rates lie well within the range of estimates 
of the epidemiological study. However, because of the dramatically falling concentrations of 
chemical carcinogens in the US atmosphere, the cancer latency period becomes a critical 
issue. If this is removed then it would appear unlikely that exposure to chemical carcinogens 
at the levels prevailing in 1980 or 1990 would explain the lung cancer rates attributed to 
PM2.5. Such a discussion of course assumes that the ranking of concentrations of chemical 
carcinogens in US cities over the relevant period was close to the ranking of PM2.5 
concentrations. Since PM2.5 has a range of sources, this assumption is by no means certain to 
be true, but a broad correlation between chemical carcinogen concentrations and PM2.5 would 
be anticipated. The fact that the two will not be perfectly correlated would presumably widen 
the confidence intervals on the effects estimated in the Pope et al. (2002) study, were 
chemical carcinogens to be the responsible factor. 

Overall, it appears highly plausible that known chemical carcinogens in the urban atmosphere 
are responsible for the observed correlation between lung cancer mortality and PM2.5 
concentrations. A substantial element of uncertainty still exists, however, and studies of the 
carcinogenicity of PM2.5 free of chemical carcinogen content are strongly justified. 
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4.14 The metal content of airborne particles: 
Application to epidemiological research 
(Poster) 
Elton R1, Beverland IJ2, Heal MR3, Agius RM4 & Hibbs LR1 
1Department of Community Health Sciences, University of Edinburgh 
2Division of Environmental Health, Department of Civil Engineering, University of Strathclyde 
3Department of Chemistry, University of Edinburgh 
4Centre for Occupational and Environmental Health, University of Manchester 

 

Background and objectives 
Transition metals have been proposed as causative agents for the well-documented 
association between inhaled exposure to ambient airborne particulate matter (expressed as 
mass concentration) and adverse respiratory and cardiovascular health outcomes (e.g. Costa et 
al., 1998). The study described here is the first extended study in the UK of the quantitative 
relationship between specified health outcomes and the variance in daily metal composition 
of coarse (≤ PM10), fine (≤ PM2.5) and Black Smoke (~≤ PM4) measures of particulate matter 
in urban background air was described at the 2002 Air Pollution Review Meeting in Leicester 
(Hibbs et al., 2002). Epidemiological findings from this study on health outcomes related to 
both directly measured metal fractions over one year and extrapolated estimates of metal 
content over eight years, based on the clustering of air mass trajectories were described in a 
client report to DH (Beverland et al. 2002a). The metal enrichment factors (EF) showed large 
variation within trajectory clusters, and hence did not provide very precise estimates for 
retrospective extrapolation. This difficulty was not predictable at the outset of the study since 
the extended time series data on daily temporal resolution of metals collected in this project 
are unprecedented. Alternative approaches to extrapolation based on direct estimates of EF 
from multiple regressions were considered, and the details of these are presented here. 

Methods 
Concurrent 24 hour samples of PM10, PM2.5 (gravimetric measures, Zefluor filters) and Black 
Smoke (reflectance measure, Whatman No. 1 filters) were collected at an urban background 
site in Edinburgh between September 1999 and September 2000. Each filter was sequentially 
extracted with 18 MΩ deionised water followed by a 2.8 : 1 v/v HCl : HNO3 acid mixture. All 
extracts were analysed by inductively coupled plasma mass spectroscopy (ICP-MS) for Fe, 
Cu, Ni, V, Zn, Cr, Mn, As, Cd, Ti and Pb. 

The approach used to estimate the metal content of PM10 for the seven years prior to the study 
was to attribute to each day in those years a set of metal EFs found on days of similar 
meteorological history in the one-year study period. This was done initially by dividing the 
days in this period into discrete clusters representing similar air mass trajectories as estimates 
of similar pollutant source regions. Subsequently a series of regression analyses were carried 
out in which the trajectory data were used to make a direct prediction of the EF for each metal 
via a linear equation of the form: 

 log10(EF) = a + b1X1 + b2X2 + ... + b30X30, 

                                                                 
a 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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where X1, ..., X30 are the 30 measurements from which the trajectory clusters were estimated, 
expressed as three different measurements at 12 hour intervals for the previous five days  
(X1 is the distance in kilometres east, X2 the distance in kilometres north and X3 the height 
expressed as hPa above 930 for the first 12 hours, X4–X6 are the same figures for the next 
12 hours, and so on). In addition, further analyses were carried out that also incorporated 
eight more predictors of EF from local meteorological and co-pollutant observations on the 
day of the particulate measurement (minimum and maximum temperature, rainfall, wind 
speed, NO2, SO2, ozone and CO), thus giving a similar equation but with predictors going up 
to X38. In each case forward stepwise multiple regression was used to identify the predictors 
that were independently significant after adjusting for others. 

Generalised additive Poisson regression models were used to determine whether adjustment 
for specified metals explained a higher proportion of the variance in health outcome data than 
the gravimetric measure alone. The method involved a 30 day loess (locally weighted 
regression) window size for smoothing, with adjustment for day of the week, minimum 
temperature and pollution lagged by the mean of the three days prior to outcome. To 
minimise multiple testing problems, a subset of analyses was chosen as ‘primary’, comprising 
three health outcomes (cardiovascular admissions, respiratory deaths and all-cause deaths in 
subjects aged > 65) in relation to five of the 11 metals (Fe, Cu, Ni, V, Zn) in aqueous and 
total (water plus acid) filter extracts. 

Results 
Time series (duration 367 days) were obtained for particle mass concentrations (µgparticles/m3

air 
for PM10, PM2.5 and Black Smoke), and airborne metal concentrations (ngmetal/µgparticles for 
water extractable and total acid extractable metal content of each size fraction). Air mass back 
trajectories were grouped by cluster analysis of geographical trajectory coordinates, and 
differences in metal content between source region examined. Highly significant variations in 
metal content between clusters were found in many cases. 

In the one-year epidemiological analyses using direct metal measurements for 1999–2000, a 
total of 60 primary analyses yielded only four significant findings, all of which showed a 
negative association between metal content and health. Thus in 1999–2000 there was no 
indication of positive effects of either total particle gravimetric metrics (PM10, PM2.5) or 
metal-associated fractions on health. For the eight-year cluster-based analyses, there was a 
significant association with cardiovascular admissions for both total PM10 (95% confidence 
limits of +1, +6 (significant at p <0.01) for per cent changes in relative risk for cardiovascula r 
admissions associated with a 10 µg/m3 range of total PM10, which is consistent with  the 
results of Prescott et al., (1998), and some of the metal fractions. However, further multiple 
Poisson regressions showed that the metal effects were no longer significant after adjusting 
for total PM10. This may have been partly because: (a) there was substantial variation in metal 
EF within clusters leading to errors in the retrospective extrapolation of exposure; and (b) 
relatively high correlation between the estimated eight-year metal-specific PM10 and total 
PM10 (despite differences in EF noted between clusters). The combination of these effects was 
likely to have reduced the power of the epidemiological analyses to detect metal effects 
adjusted for total PM10. 

The multiple correlation coefficient, R2, values (indicating the proportion of the variance in 
the EF, in the 1-year period, explained by the predictors from the methods based on the 
30 predictors) were similar for multiple regression and cluster analyses, reflecting the fact that 
both approaches, in different ways, quantify the strength of the association between EF and 
the 30 predictors. R2 values were mostly quite low (range, 0.03–0.27) illustrating that EFs 
were not very closely related to trajectory coordinates. The independently significant 
predictors mostly had quite low suffixes (with the exception of X29), showing that the more 
recent trajectory histories were most relevant to the prediction of EF. 
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The addition of the concurrent environmental variables increased the R2 values quite 
considerably (range: 0.15-0.53) in some cases, with the eight new variables commonly 
dominating the equations. X34 (wind speed) occurred in eight of the ten equations, always 
with a negative coefficient, indicating that PM10 tends to be depleted in most metals on more 
windy days. Similar, although less consistent, results applied to X37 (ozone) and X31/X32 
(temperatures), while the four significant coefficients for X35 (NO2) were all positive, 
implying that high concentrations of these co-pollutants were associated with more metals in 
PM10. The remaining environmental variables (SO2, CO and rainfall) did not predict EF so 
strongly. 

Epidemiological analyses of cardiovascular admissions in older people were compared in 
relation to the ten primary metal combinations for the one-year direct measurements, the 
eight-year cluster-based extrapolations, and the extrapolations based on the eight-year 
regressions with all 38 predictors. None of the results for the eight-year extrapolations were 
significant after adjusting for total PM10, indicating that, using these methods of retrospective 
extrapolation of metal concentrations, there is no evidence of metal-specific effects stronger 
than those for total PM10. Similar analyses for the other two primary outcomes also showed 
no more than chance levels of significance. 

Discussion 
Use of the same predictors on which the clustering is based in a multiple regression analyses 
did not give consistently better predictions of EF in terms of variance explained. However, 
when additional concurrent environmental variables were added in the multiple regression 
analyses, the predictions become a good deal stronger in some cases, suggesting that 
variations in EF from day to day were more closely related to these variables than to the 
trajectory history of the air masses. There was thus some gain in the precision with which 
estimates of metal EFs over the previous seven years could be retrospectively extrapolated. 
However, this has not consistently narrowed the confidence limits for the effects of changing 
EF on health, and, using this method, no evidence could be shown of stronger effects on 
health from specific metal fractions than from total PM10. This is subject to the proviso that 
fixed-site air pollution measurements rather than metrics of personal exposure were used. 

There are very few comparable epidemiological studies on the effects of specific metals 
within airborne particles. Two European projects have failed to find conclusive effects from 
Fe in total suspended particles (TSPs) (Hoek et al. 1997) and PM10 (Roemer et al. 2000). In 
contrast Laden et al. (2000) identified significant associations between health outcomes and 
Ni and Pb in six cities in the USA. These early epidemiological findings are not entirely 
coherent or consistent with transition metal related outcomes in the toxicological literature 
(e.g. Gilmour et al. 1996; Costa et al. 1998). 

Important questions remain and additional analyses are being made. The use is being explored 
of prior hypotheses about the geographical location of high emission source regions (based on 
emission inventories) to subdivide further the objective statistical derivations of trajectory 
clusters (which until now have been based entirely on 3-dimensional distance from the 
measurement site). Research colleagues in the University of Strathclyde have measured 
concentrations of metals in PM10 in Glasgow over a period that is almost concurrent to that of 
the measurements in Edinburgh. Currently the feasibility is being evaluated of including these 
data in ongoing epidemiological studies of both cities in several complementary approaches 
to increase further the statistical power of the analyses. 

Conclusions 
Previous analyses based on extrapolation of metals in airborne particles using an objective 
statistical analysis of air mass back trajectories did not find that extrapolated concentrations of 
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Fe, Ni, V, Cu, or Zn explain more of the variance in three primary health outcomes than PM10 
mass concentration alone. Further analyses using multiple regression techniques have 
improved the precision of the exposure estimates but still do not show evidence of stronger 
effects on health from specific metal fractions than from total PM10. Additional evaluations of 
improved retrospective extrapolation of metal concentration metrics using geographical 
information on emission source magnitudes and measurement locations are under way. 
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in response to respirable particles, S Parnia, K Bérubé, M Thornber, M Steele, SM 
Puddicombe, AJ Frew, ST Holgate & DE Davies 

Human health and epidemiology 

5.14 Does human exp osure to carbon particles and sulphur dioxide produce adverse 
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5.15 Particulate air pollution and panel studies in children: A systematic review, DJ 
Ward & JG Ayres 

5.16 Personal exposure to air pollution and the heart , S Joshi & A Seaton 

5.17 Neuropsychological effects of chronic exposure to carbon monoxide in the 
indoor air, G Volans, GS, B Croxford, E Hutchinson, M Riddington, L  McKenna, P 
Wilkinson, T Oreszczyn  

5.18 The metal content of airborne particles: Application to epidemiological research, 
R Elton, IJ Beverland, MR Heal, RM Agius & LR Hibbs 

 


	Contents
	1 Workshop summary
	2 Pollutant exposure and characterisation
	3 Toxicity and toxic mechanisms
	4 Human health and epidemiology
	Annex 1 Workshop participants
	Annex 2 Meeting programme

