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1 Introduction 
In 1994 the Medical Research Council’s Institute for Environment and Health (MRC-IEH) 
began investigating, with the Department of Health (DH) and the then Department of the 
Environment (now the Department for Environment, Food and Rural Affairs, Defra) what the 
priorities should be for research on air pollution and its impact on human health in the UK. 
Since then, the Institute has hosted a series of annual review meetings on outdoor and indoor 
air pollution research in the UK.  

The aim of this, the tenth such meeting, was to provide an opportunity for researchers 
working in the fields of atmospheric chemistry, exposure measurement, modelling, risk 
assessment and the characterisation of hazard potential (including the study of mechanisms of 
toxicity and epidemiology), to present continuing or recently completed projects to a mixed 
audience of other researchers and academics, UK government scientists and policy makers, 
and other interested parties. As with previous meetings, the principal intention was to 
facilitate the exchange of information between the various UK-based research groups and 
between researchers and those involved in policy and regulatory development.  

This meeting, which was supported by DH and the Health Protection Agency (HPA), was the 
first to be hosted by the Institute of Environment and Health (IEH) following its re-
establishment at Cranfield University in November 2005. Previous meetings had been hosted 
by MRC-IEH at the University of Leicester; the proceedings of several of these have been 
published (IEH, 2000, 2002, 2004a/b & 2005). 

The meeting was structured around a series of topic-driven sessions, each of which included 
time for general discussion. Abstracts of the presentations in each session, together with brief 
summaries of the discussions, are presented in Sections 2 to 5 below. In a few instances, 
because the presentations included preliminary or as yet unpublished information, it has not 
been possible to include abstracts in this report; in such cases, only a brief outline of the scope 
of the presentation is given. Poster abstracts are presented in Section 6. 

References 
IEH (2000) Joint Research Programmes on Outdoor and Indoor Air Pollution (Review of Progress, 
1999). Report SR4. 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.silsoe.cranfield.ac.uk/ieh/publications/publications.html 

IEH (2004a) Proceedings of the Seventh Annual UK Review Meeting on Outdoor and Indoor Air 
Pollution Research, 1–2nd April 2003. Web Report W15. MRC Institute for Environment and Health, 
available at http://www.silsoe.cranfield.ac.uk/ieh/publications/publications.html 

IEH (2004b) Proceedings of the Eighth Annual UK Review Meeting on Outdoor and Indoor Air 
Pollution Research, 29–30th March 2004. Web Report W18. MRC Institute for Environment and 
Health, available at http://www.silsoe.cranfield.ac.uk/ieh/publications/publications.html 

IEH (2005) Proceedings of the Ninth Annual UK Review Meeting on Outdoor and Indoor Air Pollution 
Research, 20–21st April 2005. Web Report W22. MRC Institute for Environment and Health, available 
at http://www.silsoe.cranfield.ac.uk/ieh/publications/publications.html 
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2 Keynote Addresses  
The meeting opened under the chairmanship of Dr Paul Harrison, IEH, with three key note 
addresses on progress in understanding the effects of air pollutants over the last 10 years, the 
future development of a UK air quality strategy, and lessons learned from a recent chemical 
accident at Buncefield with regard to managing such incidents in the UK.  

Sections 2.1 and 2.2 below summarise key points arising from two of those presentations; the 
abstract submitted by the author for the third key note address is presented in Section 2.3. 

2.1 Ten years of progress in air pollution and 
health research 
R Maynard  

Health Protection Agency, Didcot, Oxfordshire 

Background 
Professor Maynard noted that there has been a long history of air pollution research in the 
UK, growing from early beginnings in response to the major London smog of 1952 and the 
associated increase in mortality rates of Greater London. This early research established the 
first clear evidence of a correlation between outdoor air pollutants (including black smoke and 
sulphur dioxide) and bronchial ailments in exposed individuals. By the early 1990s, it was 
apparent that UK efforts in this area were in decline. However, the identification of concerns 
about the potential significance of episodes of high ozone pollution prompted the 
establishment of several expert committees, such as the Medical Advisory Group on Air 
Pollution Episodes (MAAPE) and the Committee on the Medical Effects of Air Pollutants 
(COMEAP). In addition, the first of the current series of air pollution meetings was sponsored 
in 1997 by the Department of Health (DH) and the Department for Environment, Transport 
and the Regions (DETR) to bring together the UK research community to discuss the state of 
scientific understanding in this area and to inform the direction of future research initiatives. 
During the following years air pollution research in the UK has expanded and identified 
various new issues, most recently in relation to the toxicity of ultrafine particles and 
nanotoxicology. 

Epidemiological studies 
The major growth in epidemiological studies of air pollution started in various countries in 
the late 1980s. Despite early concerns regarding the interpretation of results from such studies 
(including the establishment of causality), various epidemiological approaches over the years 
generated a number of important findings, not least the putative association between the PM10 
fraction and cardiovascular mortality. Both time-series and cohort studies had shown a clear 
effect of air pollutants on health and it appears that, at the population level, the scale of effects 
is large and in many cases a threshold of effect has yet to be determined.  

Implications of a non-threshold approach to non-carcinogenic 
pollutants 
Professor Maynard noted the considerable efforts that had been made to determine the 
threshold limits for non-carcinogenic air pollutants in order to establish safety criteria. It is 
apparent from the epidemiological evidence base that some individuals within the general 
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population are likely to be affected by current (background) levels of some airborne 
pollutants. Considered from the toxicological evidence base, this might appear counter-
intuitive and the significance of the epidemiology has been extensively debated. However, 
recently the absence of threshold values has been recognised in the UK Air Quality Strategy, 
which utilises the health of the population, particularly the more ‘at risk’ members of society, 
as the basis for future policy and legislation decisions through a cost–benefit approach (i.e. 
determining which contaminants or health effects can be minimised to the greatest benefit of 
society).  

Nanoparticles  
Recent research has identified the very smallest fraction of airborne particles, the 
nanoparticles (having one or more dimensions of less than 100 nm) as a particular cause for 
concern. It has been suggested that it is the number rather than the mass that is important in 
the health effects of these particles (Seaton et al., 1995) and the effect of small size on the 
surface area available for chemical or biological reactivity is a key factor (Oberdörster et al., 
2005). Also, the size of the particles is such that they readily penetrate indoor environments 
and can cause localised lung inflammation leading to a cascade of effects leading to altered 
blood coagulability and, hence, an increased risk of heart attack (see Figure 2.1.1).  

Figure 2.1.1 Hypothesis for health effects of particulate matter 

Source: Professor S Holgate, Southampton University 
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References 
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evolving from studies of ultrafine particles. Environ. Health Perspect., 113, 823–839 
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2.2 Air quality and health: Policy priorities 
T Williamson 

 Air and Environmental Quality Division, Defra 

Policy developments  
In this presentation, Dr Williamson noted that the UK policy on air pollution was being 
continually reviewed and updated. Recently, the fourth Air Quality Daughter Directive was 
implemented, which includes provision for increased monitoring of heavy metals and 
polycyclic aromatic hydrocarbons (PAHs), particularly benzo[a]pyrene. With the conclusion 
of CAFÉ (clean air for Europe) and the development of a new air quality directive, the UK 
national network for air quality measurement (AURN) is to be realigned to gather more 
particulate (PM10 and PM2.5) and Filter Dynamics Measurement System® (FDMS) data, but 
there will be a slight reduction in the extent of monitoring for nitrogen dioxide, sulphur 
dioxide, carbon monoxide and benzene. An exposure reduction target is also to be established 
for PM2.5. It was noted that the new UK Air Quality Strategy is due for publication, and that 
this will include new measures intended to result in further air quality improvement. 

The National Emissions Ceiling Directive (NECD) was also noted to be currently undergoing 
revision, and is likely to include the setting of new ceiling limits for the period to 2020 for 
NOx, SO2, VOCs and ammonia; particulate matter is also being considered. Similarly, the 
Gothenburg Protocol is under revision, using the same evidence base as for the NECD 
review. However, the Gothenburg Protocol was noted to have a wider geographical scope 
(includes North America and Russia), and would be informed by the Task Force on 
Hemispheric Transport of Air Pollution. 

Further improvement can be expected to arise from new road vehicle emission standards that 
have been established for car and light goods vehicles (Euro 5 and 6). The main aim of Euro 5 
was noted to be the reduction of particulate matter by 2009–2011 while, under Euro 6, NOx 
emissions must be reduced for diesel vehicles by 2014–2015. Standards for heavy goods 
vehicles (Euro VI) were also expected to be proposed later in 2007, where the main focus is 
expected to be reduction of NOx. Emission standards from shipping were also noted to be 
under consideration by the International Maritime Organization. 

Other relevant actions identified included the work of the Defra Air Quality Expert Group on 
climate change, NO2 emissions and urban ozone, reports of which are at various stages of 
preparation.  

Future policy 
Cost–benefit analysis was noted to be key to the development of future air quality policy, and 
it was suggested that the current air quality requirements are now so stringent that the 
introduction of further measures would be increasingly constrained by cost consideration and 
the need to be able to demonstrate the (cost) benefits predicted to result. While it is likely that 
actions taken to reduce carbon emissions would result in significant benefits, these must be 
balanced against other climate change measures (such as increasing use of bio-fuels, biomass 
heat/power generation, and carbon sequestration). 

Finally, on the basis of the epidemiological evidence that threshold limits for air pollutants 
could not be established with any degree of accuracy, it was suggested that exposure 
reduction could provide a model for future policy since this would bring policy closer to 
health impact assessment. Thus, this highlights the need not only to consider climate change 
in future policy but also implications for effects on health. 
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Health priorities 
The speaker then moved to consideration of the health priorities that are appropriate for the 
various pollutants of concern.  

Particles 
The effects of particles on health were noted as requiring further evaluation, particularly to 
determine trends and evidence of non-linearity. The active components of particulate matter 
still need to be identified, and there was a need to determine the proportion of toxic to non-
toxic components, and the possibility of secondary effects altering the toxicity of the 
components (e.g. via within-particulate reactions). The actual mechanism underlying health 
effects also requires evaluation (e.g. the role of oxidative stress). Other aspects highlighted 
include the impact of nanoparticles, in particular the bio-reactivity of engineered 
nanoparticles. 

Ozone 
A need was recognised to establish whether a threshold limit exists (for health effects), and 
what were the parameters that affect behaviour in the environment with consequences for 
health.  

Nitrogen dioxide 
The health impacts resulting from exposure to NO2 were also identified as needing to be more 
fully elucidated. 
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2.3 The Buncefield fire 
Richard Mohan*, Charlotte Aus, James Wilson, Sarah McCrea &Virginia Murray 

Chemical Hazards and Poisons Division (London), Health Protection Agency 

*Presenter 

Introduction 
On 11 December 2005 at 06.04 hours the first of a series of explosions occurred at the 
Buncefield oil depot that resulted in a huge fire producing a massive smoke plume, which 
travelled at a high level over London and the south east of England. The explosions caused 
widespread structural damage to both commercial and residential buildings, and were heard as 
far as way as the Netherlands. A major incident was declared at 06.08 hours. An operational 
command and control (Bronze) post was set up near the site within minutes, with multi-
agency strategic command (Gold) in place at the Hertfordshire Police Headquarters by 09.00 
hours. A decision was made at 09.00 hours to evacuate those with damaged homes and 
workplaces, and to tell everyone under the plume to shelter, that is, to “go in, stay in and tune 
in”. Multi-agency strategic (Gold) command continued to operate until 18.30 hours on Day 4 
(14 December 2005).  

Figure 2.3.1 explains the command and control structures used during major incident 
response in the UK, showing how Strategic (Gold), Tactical (Silver) and Operational 
(Bronze) commands interact during major incidents (Rowe, 2006).  

Figure 2.3.1 Schematic representation of command and control structure using during 
major incident response  

 

 
Source: Mr Gareth Holt, Kent Health Protection Unit 
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The oil tanks at the depot were thought to be burning at very high temperatures. Expert 
assessment considered that such a hot fire would cause complete combustion of the 
hydrocarbon fuel and that the toxic products within the plume were likely to be limited to 
black carbon, carbon monoxide and carbon dioxide. However, it was considered important to 
verify this, as there was some concern regarding protecting the health of the public and 
emergency responders (some adverse health effects were reported by police officers at the 
front line). During the following 48 hours or so, a series of further explosions occurred and 
the fire continued to burn until it was finally under control by the evening of Day 4 (14 
December 2005).  

Air quality modelling and monitoring 
Information on the spread of the plume was collected through visual observations, satellite 
images from the Met Office, and runs of various atmospheric dispersion models by both the 
Met Office and the Environment Agency. The models used included CHEMET (chemical 
meteorology), NAME III (Numerical Atmospheric Dispersion Modelling Environment), 
ADMS (Atmospheric Dispersion Modelling System) and AERMOD (American 
Meteorological Society/Environmental Protection Agency Regulatory Model). The results of 
the modelling were regularly reported to the Strategic Coordinating Group (Gold command). 
The results of the NAME modelling indicated that the plume was likely to be positioned at a 
high level in the atmosphere (see Figure 2.3.2). 

Air quality monitoring was conducted around the site and throughout south-east England, and 
the data collated by a number of agencies, including local authorities, the Health and Safety 
Laboratory, the Fire Brigade scientific advisers, the Met Office, National Environmental 
Technology Centre (Netcen) and the Environmental Research Group (ERG) at King’s College 
London. This information was used in conjunction with the modelling information for risk 
assessment and was reported regularly to Gold command. Soil and grass samples were 
collected and analysed to reinforce the air quality data by determining whether any chemicals 
from the smoke had grounded. All these data indicated that the plume from the fire was not 
having a significant impact upon air quality at ground level.  

Health effects 
Although the plume was not thought to have significantly affected ground-level 
concentrations of air pollutants, there was initial concern about the potential for such a large 
incident to cause adverse health effects in those exposed occupationally and in members of 
the public in the region. As a consequence the Health Protection Agency (HPA) undertook 
investigations into the health effects of the fire. These included a review of case notes at local 
hospitals’ emergency departments, a survey of concerns among the public, an occupational 
health register and a review of the air quality data after the fire (Health Protection Agency, 
2006). This indicated that there was little evidence of a public health effect from the smoke 
from the fire. While a significant number of individuals attended the emergency departments 
of local hospitals, 90% were sent home without any follow up and the majority of the rest had 
only minor injuries.  

Conclusion 
The high temperature of the fire, coupled with the calm, stable meteorological conditions 
meant that the plume from the Buncefield oil depot fire rose to a high level in the atmosphere, 
which appears to have resulted in low exposure to air pollutants at ground level. The fact that 
the explosion occurred early on a Sunday morning when there were few people in the 
surrounding buildings was extremely fortunate.  
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There were many lessons to be learnt from the incident, including the need to develop a 
framework for air quality monitoring for use in similar incidents in the future.  

References 
Rowe A (2006) Emergency Planning: Management and Co-ordination of Major incidents, Chemical 
Hazards and Poisons Report 7, 23–26 

Department for the Environment Food and Rural Affairs, The air quality impacts of the Buncefield Fire 
Available (December 2006) at: 
www.defra.gov.uk/environment/airquality/publications/buncefield/index.htm  
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Figure 2.3.2 Output from the NAME model at different heights in the atmosphere at 
09.00 on 11 December 2005 

 
Source: Dr Helen Webster, Met Office 
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3 Chemistry, Exposure Measurement 
and Modelling 
Under the chairmanship of Dr Paul Harrison, five papers were presented relating to the fields 
of exposure measurement and modelling, and environmental chemistry.  

3.1 Modelling exposure 
Mike Ashmore 

Environment Department, University of York 

Background and modelling approaches 
Typically, epidemiological studies relate temporal or spatial variation in outdoor air pollution 
to variations in health outcomes, such as hospital admissions and mortality. This approach 
includes the implicit assumption that the exposure to air pollution for large population groups 
is represented (or modelled) by measurements made at fixed monitoring sites or spatial maps 
of pollutant concentrations. However, the health impacts of air pollutants are more directly 
related to personal exposure of people than to ambient concentrations, and personal exposures 
to air pollution can differ greatly from those measured at fixed-site monitors. In particular, for 
a given ambient pollutant concentration, there may be a wide range of personal exposures, 
due to variation in indoor and outdoor location and activity. Personal exposures can be 
assessed directly by monitoring, or indirectly using computer models; this paper considers 
only modelling approaches, although the role of measurement is crucial in providing the data 
for parameterisation and validation which is essential for any credible modelling. 

Exposure models can usefully be divided into those that model explicitly the exposure of each 
individual within the population, which may be an essential input to epidemiological studies, 
and those that model population exposure, or more accurately the frequency distribution of 
exposures within a population. Good representation of the processes controlling indoor 
concentrations is essential if personal exposures are to be predicted with any degree of 
certainty in either of these approaches, as most people in the UK spend over 90% of their time 
indoors, much of it at home. It is also important that such models can provide a good 
representation of the upper percentiles of personal exposure distributions as well as mean 
exposures. This is because the different routes of exposure of these individuals, who may 
experience the greatest effects on health, mean that different policies to reduce exposure may 
be needed than if the aim was to reduce mean exposure. When population-based assessments 
are required to assess the exposure and health benefits of different policy interventions, 
models offer significant advantages over direct measurements. For instance, only models can 
provide a comparative assessment of the relative benefits of measures to control indoor and 
outdoor sources in terms of population exposure.  

Modelling population exposure: Links to policy evaluation 
The wide variations in personal exposure within a population, driven by the huge temporal 
and spatial variation in human activities, potentially creates significant difficulties in 
evaluating the real health benefits of policies designed to meet air quality objectives that are 
based, for example, on time-series studies. In particular, at any given ambient concentration, 
whether at background or roadside sites, there is a large range of individual personal 
exposures. Hence, policy interventions will reduce the exposures of individuals within the 
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population to different pollutants to different extents. For example, reducing traffic emissions 
on a particular stretch of road within a city may have large benefits in terms of exposure and 
health for a person living and working on that particular road, but may have no benefit for a 
person living and working elsewhere in the city, and, if traffic is simply diverted to another 
location, may increase exposures and health impacts for people living and working in other 
parts of the city. Furthermore, the penetration of outdoor air into buildings, the exposure 
arising directly from indoor sources, and indirectly from reactions between emissions from 
indoor sources and pollutants penetrating from outdoors, also strongly affect the extent to 
which measures to reduce traffic emissions at a specific location actually benefit those living 
and working there. 

More specifically, the health benefits for an urban population of measures to reduce outdoor 
concentrations at specific locations or in Air Quality Management Areas cannot be estimated 
using current methods of evaluation, since these do explicitly incorporate assessment of 
personal exposure. A particular problem arises from the fact that assessments of the public 
health benefits of reductions in outdoor concentrations of major air pollutants are largely 
based on relationships between concentrations at a fixed outdoor monitoring station and city-
wide data on health outcomes. If the contribution to these health outcomes that is due to those 
members of the population who, for example, live in proximity to major roads is not known, it 
is not possible to reliably evaluate the health benefits of reducing concentrations on such 
roads. These evaluations are further complicated by the fact that the lack of a threshold for 
responses at a population level may disguise the existence of such a threshold at an individual 
level.  

Such an evaluation would require an assessment of the impact of policy interventions on the 
population exposure frequency distribution (PEFD), the frequency distribution of individual 
personal exposures within a population. Such a PEFD could be considered in terms of the 
whole population of a city or a particular group, such as elderly people, those with pre-
existing heart disease, or children. The PEFD is a function of the temporal and spatial 
variation of outdoor air pollution, the activity profiles of individuals, and the concentrations in 
different types of location, for example the home, office or schools.  

Modelling PEFDs: A case study 
To illustrate these points, I will briefly describe the development of a new modelling 
framework to predict PEFDs for British cities, and illustrate its application to assess the 
benefits of different policy interventions in one city (Leicester). The modelling framework 
was parameterised for nitrogen dioxide (NO2), carbon monoxide (CO), and two fractions of 
particulate matter (PM10 and PM2.5). While the specific application of the model in this paper 
is focused on a UK city, the approach is designed to provide the flexibility for it to be readily 
transferred to other cities in continental Europe or North America, with different urban traffic 
patterns, population distributions and activity patterns.  

The application of the PEFD approach involved application of the probabilistic 
INDAIR/EXPAIR modelling framework, which models concentrations in different 
microenvironments (e.g. home, school, transport) as a function of outdoor concentrations, and 
uses time–activity profiles for different groups of the population to move people between 
microenvironments during a typical day. Outdoor pollution profiles were developed for four 
generic locations (background and three types of road) and the distribution of the 
microenvironments between these locations was defined; the extensive traffic and air 
pollution database held within the Leicester ‘Instrumented City’ project was used to identify 
generic road links, map their distribution across the city, and assign diurnal concentration 
profiles. On this basis, relationships between urban background concentrations and PEFD 
parameters were established and used to provide initial estimates of impacts of different 
policy interventions on mean and 95-percentile exposures within the modelled populations. 
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This detailed approach based on personal exposure contrasts with that used for national 
assessment, for example by the Interdepartmental Group on Costs and Benefits (IGCB), of the 
health benefits of different policies. In this approach, health risk assessment is based on 
modelled outdoor concentrations and population statistics on a 1 km × 1 km basis. 
Relationships between urban background concentrations and health outcomes are then applied 
to data for each grid square to estimate the health impacts in each grid square under different 
policy scenarios. The method uses annual mean concentrations, assuming a linear no-
threshold exposure–response relationship. No account is taken of variation in 
microenvironmental exposure, population movement between grid squares, diurnal and 
seasonal variations in exposure, and differential exposure of different population groups.  

Conclusions 
New modelling approaches focused on the distribution of personal exposures within a 
population, of which just one example has been discussed in this paper, offer the potential to 
gain new insights into how different policy options might influence personal exposures and 
hence health outcomes. In theory, such approaches should offer improved and better-focused 
policy with benefits for public health. In practice, however, it remains unclear how such 
benefits should be balanced against the greater complexity and greater demands for input data 
of such models compared with existing modelling methods, which may in fact be fit for 
purpose in terms of their application. An essential next step is therefore to begin to assess and 
compare the implications of the choice of exposure model for assessment of policy measures.  
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3.2 Insights into indoor air pollution using a new 
detailed chemical model 
Nicola Carslaw 

Environment Department, University of York, York 

Background and objectives 
Although indoor air quality is becoming the focus of increasing numbers of research studies, 
there are still many unknowns (Carslaw, 2003; Carslaw and Wolkoff, 2006). Most research 
until recently has focused on the species that are emitted indoors and relatively little attention 
has been paid to the significance of reactions that may occur between them. In this paper, the 
chemical reactions taking place in a typical residential house in the UK are investigated in 
detail using a new photochemical box model. In particular, the role of the hydroxyl (OH) 
radical is investigated, which is known to be a major atmospheric oxidant outdoors. Unlike 
previous modelling studies which investigated indoor air chemistry (Nazaroff and Cass, 1986; 
Weschler and Shields, 1996; Drakou et al., 1998; Dimitroulopoulou et al., 2001; Sarwar et 
al., 2002; Sørensen and Weschler, 2002), the new model contains an explicit chemical 
mechanism, with no lumping of chemical reactions and no surrogate species. Therefore, it is 
possible to investigate in detail, the chemical reactions responsible for driving indoor 
chemistry (Carslaw, 2007). 

Study description 
A detailed chemical box model has been constructed based on the Master Chemical 
Mechanism (MCMv3.1), a comprehensive mechanism that treats explicitly the atmospheric 
degradation of 135 VOCs (Jenkin et al., 1997, 2003; Saunders et al., 2003). The degradation 
of each VOC is initiated by reaction with OH and, where appropriate, direct photolysis and 
reactions with ozone and the nitrate radical. The species generated following initiation 
processes can each undergo a number of further reactions. Each product is degraded in turn 
resulting eventually in the final degradation products CO2 and H2O, leading to a mechanism 
containing 13 500 reactions and 4600 species. The MCM also contains a comprehensive 
inorganic scheme, including the chemistry of O3, NOX and carbon monoxide. The MCM was 
modified for indoor air, resulting in the addition of 2000 new reactions describing deposition, 
emissions, exchange, surface reactions and additional gas-phase chemistry (Carslaw, 2007).  

The box model used for this work assumes a single well-mixed environment. The 
concentration of each species can be calculated according to: 

∑
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where Ci (Co) is the indoor (outdoor) concentration of a species; Vd is the deposition velocity 
of a species; Ai is the surface area of a room; Vi is the volume of a room; λr is the air exchange 
rate between indoors and outdoors; f is the building filtration factor; Qi is the indoor emission 
rate and Rij is the reaction rate between species i and j. The room is assumed to have an A/V 
ratio of 3.0 m-1 for the base case scenario, typical for many furnished homes (Wainmann et 
al., 2001) and an air exchange rate of 2 ach-1 (Carslaw, 2007). The temperature of the room 
was constant at 293 K with a relative humidity of 50%. The model was run for three days to 
allow steady state to be achieved, and all reported results are for the third day of the model 
runs. The base case model results are for June 21 and 50 °N. 
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Results 
The results show a predicted indoor OH radical concentration up to 4.0 × 105 molecule cm-3. 
Although the daytime value is lower than that outdoors in summer (typically 
2 × 106 molecule cm-3), it is comparable with outdoor daytime values in the winter (typically 
5 × 105 molecule cm-3; Emmerson et al., 2005) and with night-time values of OH observed 
outdoors (1 × 105–1 × 106 molecule cm-3; Platt et al., 2002; Faloona et al., 2001). These 
results are in reasonable agreement with past studies (Weschler and Shields, 1996, 1997; 
Sarwar et al., 2002) and support the notion that OH radicals can reach appreciable quantities 
indoors. 

Two groups of compounds that have received relatively little attention indoors are PAN-type 
species (general formula RCO3NO2) and organic nitrates (RNO3) where R is an alkyl or aryl 
group. There are ~220 different PAN-type species in the model, and ~290 organic nitrate 
species. The PAN species increase to a maximum value of ~3 ppb, whilst the organic nitrates 
reach a maximum concentration of ~2 ppb. Identification of the individual components of 
each group reveals that around 72% of the total organic nitrates and 30% of the PAN species 
are likely to associate with the aerosol phase and form secondary organic aerosol (SOA). This 
result is potentially worrying in terms of health effects, as it may represent a pathway for 
nitrated compounds to penetrate the respiratory system.  

Sensitivity tests highlight that the most crucial parameters for modelling the concentration of 
OH are the light intensity levels and the air exchange rate. Outdoor concentrations of O3 and 
NOX are also important in determining radical concentrations indoors. The reactions of ozone 
with alkenes and monoterpenes play a major role in producing new radicals, unlike outdoors 
where photolysis reactions are pivotal. In terms of radical propagation, the reaction of HO2 
with NO has the most profound influence on OH concentrations indoors. Cycling between 
OH and RO2 is dominated by reaction with the monoterpene species, whilst alcohols play a 
major role in converting OH to HO2. Surprisingly, the absolute reaction rates are similar to 
those observed outdoors in a suburban environment in the UK during the summer.  

Conclusions 
This study has highlighted that it is possible to have significant concentrations of OH indoors, 
comparable to those observed outdoors at night time and during the day in winter. Radical 
chemistry indoors is more important than might have been imagined given the much lower 
levels of light compared with outdoors. Indeed, initiation, termination and propagation 
reactions appear to occur at similar rates to suburban environments outdoors in the summer, 
but with a greater emphasis on the oxidation of monoterpenes and alkenes by ozone. 
Measurements of OH indoors are vital to back-up model predictions. 

The predicted concentrations of nitrated species such as PANs and organic nitrates could be 
of concern indoors, particularly given that a large proportion of these are likely to proceed to 
the aerosol phase and could thereby penetrate the human respiratory system. Measurements of 
these species indoors should be a priority for any future indoor air measurement campaigns. 

A series of sensitivity tests identified the most important parameters for modelling the 
concentration of OH indoors correctly, which were the light intensity values and air exchange 
rates used. Reducing the outdoor light that reached the indoor environment reduced all 
selected pollutant concentrations except for limonene. Very few studies have addressed how 
light propagates indoors, and further information on the propagation of light indoors covering 
a range of appropriate wavelengths would enable a significant area of model uncertainty to be 
removed. 
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The indoor O3 and NOX concentrations showed a critical dependence on the outdoor values. It 
is vital, therefore, that realistic outdoor conditions are used, depending on the location of the 
indoor environment to be studied. Indoor air chemistry could be very different for two similar 
houses in different locations. Many studies in the literature (Nazaroff and Cass, 1986; 
Weschler and Shields, 1996; Sarwar et al., 2002; Sørensen and Weschler, 2002) have used 
typical US conditions outdoors. Concentrations of many species tend to be lower in the UK, 
which leads to different predictions for indoor pollutant concentrations. 
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3.3 Assessment of risk from inhalation exposure 
to benzene: A case study 
Derrick Crump1*, Veronica Brown1, Anthony Carson2 & Paul Harrison3 

1BRE, Watford, Herts; 2The Highland Council, Inverness; 3IEH, Cranfield University  

* Presenter 

Background and objectives 
When assessing the possible risks to human health associated with contaminated land, one of 
the potential pathways of exposure to be considered is the release of chemical vapours that 
might be inhaled by people via ambient and indoor air. Concentrations in indoor air can be 
relatively high because of the occurrence of preferential pathways for soil gas movement into 
buildings and because of a build up of concentrations in the enclosed space (Crump, 2004).  

A site identified as a priority within The Highland Council's Contaminated Land Inspection 
Strategy comprises a residential development in Invergordon, Ross-shire, constructed on land 
formerly occupied by a gas works. The residences situated on the former works consist of two 
blocks of maisonettes each consisting of 12 occupied dwellings. Desk and ground 
investigations undertaken by The Highland Council’s Contaminated Land Team and their 
consultants identified a potentially significant pollutant link involving the inhalation of 
benzene by residents within the properties.  

Subsequently, in September 2004, BRE undertook an initial phase of air quality monitoring 
that showed there to be no immediate risk to residents via the inhalation pathway. VOCs 
present in air drawn from boreholes situated in the garden areas to the front and rear of the 
buildings were also present in the indoor air, but as they are known to have other sources such 
as building materials and consumer products, including tobacco smoke, it was not possible to 
determine whether ingress from the ground accounted for some part of the concentration 
found in indoor air. It is known that the movement of organic vapours in the ground and their 
ingress into buildings is affected by weather, soil conditions and occupant behaviour. Further 
monitoring was therefore undertaken to provide information on the air quality over a 12-
month period. In addition, parallel monitoring of benzene within a matched set of similar off-
site properties within the Invergordon area was undertaken in order to provide a set of control 
results to compare with the test homes. 

Study description 
The stratified strategy involved a bi-annual and a monthly study. The bi-annual study aimed 
to determine the concentration of benzene in 24 homes near the contaminated site (test 
homes), and 30 control homes, once during the winter (February 2005) and once during the 
summer (August/September 2005). Sampling was achieved in 19 of the test homes during the 
winter and 20 in the summer. 30 control homes were sampled in the winter and 28 in the 
summer. The monthly study determined monthly variation in concentrations in six of the 
homes near the contaminated site and eight of the control homes over a 12-month period 
(February 2005 to February 2006). 

At the start and end of each sampling event a record was made of air temperature, humidity 
and weather. Also, questionnaires were completed for each sampling occasion to record 
characteristics of houses including activities such as smoking that may influence the indoor 
benzene concentration. 
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The measurement of benzene in air was undertaken using diffusive sorbent tubes packed with 
approximately 400 mg of Carbograph 1TD. A diffusive sampling exposure period of 4 weeks 
was used. This is because the concern for health in this context is the possible long-term 
exposure to benzene in air, and therefore 4 weeks provided an integration of the exposure, but 
also the long-term exposure period enabled an understanding of the temporal variation 
(including possible seasonal changes) in concentration to be assessed. 

Samplers were placed in duplicate in the living room and main bedroom of homes and at 
outdoor sites by staff of The Highland Council following training given by BRE at the outset 
of the study. Exposed samplers and completed sampling forms were returned to BRE by post. 
All diffusive samplers were set out in duplicate and travel blanks were also provided with 
each batch of samples. 

UKAS accredited analysis was undertaken at the BRE VOC analytical laboratory using 
thermal desorption/gas chromatography with flame ionisation and mass spectrometry 
detection (TD/GC/FID and MS). Quantification was by FID and the mass spectrum of the 
peak with the appropriate GC retention time for benzene was applied to check for the 
presence of interfering compounds. The results were subject to statistical analysis to 
investigate relationships between benzene concentrations and household characteristics and to 
compare the test and control homes. Also the data were evaluated by IEH to assess the risk to 
health of residents that could exist due to the benzene concentrations found. 

Results 
Figure 3.3.1 shows the monthly mean concentrations of benzene inside the test homes and 
controls, and Figure 3.3.2 the results for outdoors. The annual mean concentration of benzene 
for the test homes was 1.8 µg m-3 and for the control homes 1.4 µg m-3. The mean 
concentration in outdoor air was 0.5 µg m-3 for the samplers placed outside the test homes and 
those placed outside control homes. A seasonal variation in benzene concentration was 
observed, with lower concentrations being recorded in summer months than in winter months.  

Figure 3.3.1 Monthly arithmetic mean benzene concentrations for the test and control 
homes (µg m-3) 
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Figure 3.3.2 Monthly arithmetic mean benzene concentrations recorded outside the 
test and control homes (µg m-3)  
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Note: The test value for M1 is not available as placement of the sampling box was delayed, while for M12 the sampling box was 
stolen. 

Differences in benzene concentration were observed between homes, with the highest annual 
mean concentration being recorded for one of the test homes (5.8 µg m-3) and the second 
highest concentration being recorded by one of the control homes (5.4 µg m-3). Both these 
homes were occupied by at least one smoker over the period of sampling.  

The measured data do not follow the normal distribution, and statistical comparisons were 
made using non-parametric tests. Among the tests undertaken were a comparison of test and 
control homes and those with and without smokers. Tests show that there is a significant 
difference in the concentration of benzene measured between the homes of regular smokers 
and those of non-smokers. Higher levels of benzene were measured in homes with regular 
smokers than in homes without regular smokers. Analysis was then undertaken on the subset 
of homes containing regular smokers. Tests showed there to be no significant difference in the 
concentrations and distribution of benzene measured between test and control homes for this 
subset.  

Further statistical analysis considered only results from homes which were not occupied by 
smokers. There was no significant difference in the concentration of benzene measured in 
control and test homes. 

Discussion 
Benzene is a genotoxic human carcinogen. As benzene is primarily found in the atmosphere, 
human exposure is mainly through inhalation. It is a product of combustion and a component 
of petroleum, and the main source of benzene in the outdoor air is emissions from traffic. The 
concentration of benzene indoors depends upon that entering from the outside by infiltration 
and ventilation plus contributions from any indoor sources. Tobacco smoke and the 
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permeation of air from integral garages are known sources of benzene indoors (Raw et al., 
2004; Mann et al., 2001). 

The National Air Quality Strategy for England, Scotland, Wales and Northern Ireland was 
reviewed in 2000 and this set an ambient (outdoor) air quality objective for benzene of 
16 µg m-3 as a running annual average mean concentration to be achieved by December 2003. 
In 2003 in Scotland additional regulations set a second air objective of 5 µg m-3 or less, when 
expressed as an annual mean, to be achieved by 31 December 2010 in accordance with an EC 
Directive (96/62/EC). Local regulation in Scotland further set an objective of 3.25 µg m-3 to 
be achieved by 31 December 2010.  

There is no UK air quality standard for indoor air in homes. In 2004 an expert committee of 
the Department of Health recommended guidelines for the concentration of some indoor air 
pollutants in homes, and for benzene it recommended a guideline value of 5 µg m-3 as an 
annual average concentration. In the present study no readings above 16 µg m-3 were 
recorded. An annual mean concentration of greater than 5 µg m-3 was recorded in two test 
homes and one control home. One further control home recorded an annual mean 
concentration of >3.25 µg m-3 (3.6 µg m-3), this being the result of two measurements in the 
home in February 2005 and August/September 2005. 

Conclusions 
The study successfully undertook the measurement of air quality in the indoor and outdoor air 
of homes constructed on land formerly occupied by a gas works, and at a control site, over a 
12-month period. The control homes were shown to be similar to the study homes with regard 
to a number of house characteristics that may affect the concentration of air pollutants in 
homes. 

Differences in benzene concentration between homes were found on statistical analysis to be 
explained by whether or not there was an occupant who smoked in the home. For homes 
without smokers, no significant difference was found in the concentration of benzene 
measured between the test and control homes. This shows that any ingress of benzene from 
the ground into the properties is not occurring at a rate sufficient to have a significant effect 
on the benzene concentration in the homes.  

The assessment of the risk to health from exposure of occupants of the homes to benzene 
undertaken by IEH concluded that the concentrations recorded during the study do not give 
rise to any cause for concern. The values recorded are within the range considered likely to be 
experienced by the general population without measurable ill-effect. 
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3.4 Measurement and modelling of exposure to 
air toxic concentrations for health effect studies 
(MATCH Project) 
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* Presenter 

Background and objectives 
The term ‘air toxics’ is used in relation to a range of substances associated mainly but by no 
means exclusively with emissions from road vehicles. Whilst a number of air pollutants may 
be associated with a number of adverse health outcomes, the most important, especially in the 
public mind, is likely to be cancer. Currently, however, evidence for carcinogenicity derives 
very largely from epidemiological studies of occupationally exposed individuals, or even 
from laboratory studies with animal models. In the case of pollutants such as benzene and the 
polycyclic aromatic hydrocarbons, where the evidence for carcinogenicity deriving from 
occupational exposures is very strong, the exposures greatly exceed typical environmental 
concentrations to which the general public are exposed, and therefore evaluation of 
carcinogenic risk other than through extrapolation is very difficult. This proposal is concerned 
primarily with the issue of differentiating personal exposures to air toxic substances according 
to documented exposure to emissions from specific sources, such as road traffic and 
environmental tobacco smoke (ETS). The aim is to provide a validated approach to personal 
exposure estimation such that exposure can be estimated from a lifestyle questionnaire, 
allowing differentiation of individuals into a range of personal exposure groupings which 
could be used in a subsequent epidemiological study of either a case–control or an ecological 
(spatial analysis) design. 

Since ‘air toxic’ substances do not arise uniformly from a single source, their concentrations 
may not correlate between different exposure environments and therefore it will be desirable 
to measure microenvironment concentrations of a wide range of such substances to establish 
their inter-relationship, while also determining the relationships between microenvironment 
concentrations and personal exposure by direct measurements and modelling. 

Overall aim and specific goals of research 
The overall aim of the study is to quantify the magnitude and range of individual personal 
exposures to a range of air toxics and to develop models for exposure prediction based upon 
time/activity diaries. 

The specific goals of the research are as follows. 

• To use personal monitoring of non-smoking volunteer subjects with a range of 
residential locations and exposure to non-traffic sources to assess daily exposures. 
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• To determine microenvironment concentrations of a range of ‘air toxic’ substances, 
taking account of spatial and temporal variations and hotspots. 

• To optimise a model of personal exposures based upon microenvironment 
concentration data and time/activity diaries and to cross-compare modelled exposures 
with exposures independently estimated from personal monitor data. 

• To produce a scheme for categorising exposure (by compound) according to location 
of residence and other lifestyle and exposure factors (e.g. ETS) for use in design of 
case–control and ecological studies of cancer incidence. 

Study description 
Personal exposure measurement 
The targeted air toxics are volatile organic compounds and polycyclic aromatic hydrocarbons 
as follows.  

(a) Volatile organic compounds: benzene, ethylbenzene, n-hexane, naphthalene, styrene, 
toluene, o-xylene, m-xylene, p-xylene, 1,3,5-trimethylbenzene, 1,2,4-trimethylbenzene, p-
isopropyltoluene, pyridine, 3-ethenylpyridine and 1,3-butadiene. 

(c) Polycyclic aromatic hydrocarbons: acenaphthylene, acenaphthene, fluorene, phenanthrene, 
anthracene, fluoranthene, pyrene, benzo(a)anthracene, chrysene, benzo(b)fluoranthene, 
benzo(j+k)fluoranthene, benzo(a)pyrene, indeno(1,2,3-cd)pyrene, benzo(ghi)perylene, 
dibenzo(ah)anthracene, coronene. 

Using actively pumped personal samplers, volunteers collect 24-hour integrated personal 
samples during 5 days for VOC compounds and for 1 day for PAH compounds. The sampling 
method (Kim et al., 2001) to measure VOC (excluding 1,3-butadiene) involves drawing air 
through an adsorbent tube packed with Tenax GR followed by Carbotrap collecting 57.6 L of 
VOC sample. To measure 1,3-butadiene, 43.2 L of air is pumped through an adsorbent tube 
packed with Carbopack B followed by Carbosieve SIII. Particle phase polycyclic aromatic 
hydrocarbons are collected onto a pre-treated quartz fibre filter sampling 4.3 m3 of air 
(Harrison et al., 2007).  

Microenvironment measurement 
During the period when personal exposure is being measured there is a simultaneous 
programme of measurement of workplace and home environment, as well as a seasonal 
programme of measurement of other microenvironments that the subjects visit during their 
daily activities. These other microenvironment measurements include street 
microenvironments (e.g. trafficked roadside locations, background streets, parks…), transport 
microenvironments (e.g. cars, trains, bus, coach stations), indoor environments (i.e. 
restaurants, libraries) and other home environments (e.g. garden, garages, spare bedrooms). 

Using specifically designed pumped microenvironment samplers, samples are collected for 
shorter time periods (e.g. 12 hours for homes, 8 hours for offices and 2 hours for other 
microenvironments) for the same compounds. The same volumes of air are collected for 
microenvironment samples for VOC and 1,3-butadiene, 57.6 L and 43.2 L respectively. For 
PAH microenvironment samples collected from homes and offices the same amount of air 
(4.3 m3) is collected, but for other microenvironments samples, a lower volume of PAH 
sample is collected (1.44 m3) due to technical restrictions in sampling flow rates.  

Analysis 
Analysis of VOC (excluding 1,3-butadiene) is by means of a thermal desorber (Tekmar 
6000/6016) interfaced with a gas chromatograph and mass selective detector. 
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Chromatographic separation is achieved using a CP-wax 52 CB capillary column (50 m, 
0.25 mm id, 0.20 µm film thickness). Full details of conditions for the desorption and gas 
chromatography appear in our earlier paper (Kim et al., 2001). 

Analysis of 1,3-butadiene uses a thermal desorber interfaced with a gas chromatograph and 
mass selective detector. Chromatographic separation is achieved using a CP-PoraBOND Q 
capillary column (50 m, 0.32 mm id, 5 µm film thickness). 

Particle-phase PAH collected onto pre-treated quartz fibre filter are extracted with solvent, 
purified and concentrated prior to analysis with a gas chromatograph and mass selective 
detector. Chromatographic separation is achieved using a HP5-ms capillary column (30 m, 
0.25 mm id 0.25 µm film thickness). 

Personal exposure modelling 
Volunteers are asked to list in a diary their activities each day, to describe the places they visit 
and the journeys they take. With this information it will be possible to reconstruct exposures 
to ‘air toxics’ based upon the location information and time activity records.  

Using an independent set of personal exposure data on a smaller number of subjects, the 
personal exposure model developed will be tested to verify its reliability in predicting 
personal exposures.  

Results 
The variability of VOC and PAH personal exposure concentrations mainly reflects the range 
of activities the subjects engaged in during the 5-day period of sampling, as well as the 
variability in ambient and indoor levels, which is due to varying environmental conditions.  

Personal exposures were generally within the expected range of values and remained 
consistently higher in suburban and urban volunteers than rural ones for most of the 
compounds studied. It appears that personal exposure levels are in reasonable agreement with 
‘home’ and ‘work’ concentrations. Furthermore, personal exposure concentration remained 
consistently higher during days of the week associated with increased vehicle use and ETS 
exposure.  

Regarding microenvironment concentrations, indoor microenvironments generally showed 
higher concentrations than outdoor microenvironments. The highest concentrations for both 
VOC and PAH were recorded in those microenvironments with ETS events. Outdoor 
microenvironment concentration reflected the effect of traffic. 

Conclusions and discussion 
The initial results from the sampling campaign have shown personal exposure patterns that 
are consistent with the associated microenvironmental concentrations and subject lifestyles. 
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3.5 Monitoring airborne arsenic in Cornwall 
Jo Barnes*, Alex Ledbrooke, Barbara Parsons & Leo Salte 

Cornwall Air Quality Forum, Air Quality Unit, Cornwall College, Cambourne, Redruth, Cornwall 

* Presenter 

Background and objectives 
Introduction 
The high levels of arsenic contamination in soils and dusts (PM10) associated with historic 
mine wastes in Cornwall are well documented (Culbard & Johnson 1984; Xu & Thornton 
1985; Thornton et al., 1986; Abrahams & Thornton 1987; Mitchell & Barre 1995; Kavanagh 
et al., 1998). In south-west England more than 720 km2 of land is arsenic contaminated, of 
which 117 km2 (1.3% land area of south-west England) is highly contaminated. More than 
half of this arsenic contaminated land (~410 km2) is located in west Cornwall (Hayle-
Camborne-Redruth-St Day-St Agnes-Cligga) in an area of intense historic mining and arsenic 
production (Mitchell & Barre 1995). Although Camborne was the only district to extensively 
mine arsenic as a primary ore during the 19th and early 20th century, as a by-product of copper 
refining arsenic was widely deposited in tailings, either due to inefficient processing or 
deliberately, as in the case of non-exploitable arsenic. 

Due to the toxicity of the deposited material, vegetation on arsenic-contaminated land is 
sparse and the potential for resuspended dusts is therefore high. Concern has been expressed 
by residents in the vicinity of mining wastes regarding the health effects of dust-generating 
activities such as redevelopment and bike scrambling, however there were no previous data 
on arsenic concentrations in ambient air in Cornwall with which to compare monitored data. 

The EC Directive 2004/107/EC (EC 2004) and the subsequent UK Air Quality Standards 
Regulations 2007 (HMSO 2007) provide a 2010 limit value of 6 ng m-3 relating to arsenic in 
ambient air, stating “. . . the oral uptake of arsenic is the most important route of exposure; 
however, regarding its carcinogenic effect, inhalation is of major importance”. 

Aims 
The primary aim of this monitoring programme, commissioned by the Environment Agency 
and co-funded by the European Social Fund, was to establish current baseline levels of 
particulate arsenic in ambient air in Cornwall to provide a benchmark against which future 
arsenic air quality monitoring here and other areas of the UK can be assessed, particularly in 
relation to economic redevelopment of land. Secondarily, trends in the monitored 
concentrations associated with past mining activity were investigated to identify areas of 
potentially greater exposure risk. 

Study description 
Nine sites (including a centrally located control at Stithians) were monitored for PM10 across 
a range of historic mining activity in west Cornwall during the summers of 2005 and 2006 
(Figure 3.5.1). Sites were selected for their relevance to human exposure, security, access to 
power and open aspect to all wind directions, as well as their proximity to historic mining 
sites. Due to equipment restrictions it was not possible to monitor at all sites simultaneously, 
so three sites, including the control, were monitored sequentially over four programmes in 
each year. Partisol Model 2000 Air Samplers (Rupprecht & Patashnick (R&P) Co. Inc.) were 
used to collect 72 h exposure samples onto 8 µm cellulose nitrate filters. These were analysed 
for arsenic at two independent laboratories using inductively coupled plasma mass 
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spectrometry (ICP–MS), and concentrations of airborne arsenic were calculated based on 
these corroborated values and the volume of air sampled. 

Figure 3.5.1 Nine monitoring sites (labelled) and sites of historic mining (small dots). 
Buffers show the distance of monitoring sites to the nearest mine site. Mine site data 
supplied by the EA 

Results 
Figure 3.5.2 shows the site average concentrations of airborne arsenic for 2005 and 2006. All 
sites showed concentrations below the 2010 limit value set by the Air Quality Standards 
Regulations 2007 (6 ng m-3). No values are available for Trelissick for 2006 as the monitoring 
equipment was only deployed at this site during 2005. 

An insufficient number of samples were collected at each site in the 2005 programme and the 
range of arsenic concentrations between filters and between sites was too variable to 
undertake robust statistical analysis. It is inadvisable therefore to attribute too much 
significance to the differences apparent between the 2005 and 2006 site averages. However, 
although local data do not necessarily bear this out, regional meteorological data show that in 
2006, Southwest England experienced a warmer and drier summer than the previous year. 
The higher arsenic concentrations recorded primarily at sites statistically closer to mining 
areas could therefore be due to the prevalence of conditions favourable for resuspended dusts 
during 2006, that is, dry conditions and the potential for increased frequency and duration of 

© Crown copyright. All rights reserved. 100019590. 2006 
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outdoor activities. The elevated average concentration of arsenic recorded at Falmouth in 
2006 is due to the presence of an unusually high concentration measured on one filter. This 
site average may therefore be anomalous; however as there was no other evidence to suggest 
error it was not considered justifiable to disregard this value as an outlier. 

Figure 3.5.2 Site averages of airborne arsenic concentrations, 2005 and 2006 

 
Statistical analysis of the normalised mean concentrations of arsenic for 2006 showed a 
significant difference between the control site (Stithians) and Bissoe, Carharrack, Camborne 
and Falmouth. Further geographical analysis was carried out to determine whether the 
proximity of past mining activity had any influence on concentrations of airborne arsenic. 

No statistically significant relationship was shown to exist between concentrations of airborne 
arsenic and historic mine sites using mining density, harmonic mean distance to all mine sites 
or arsenic mines, arsenic yield or the relative mineral importance of arsenic as an extracted 
ore. However a strong negative correlation (r = -0.786, p = 0.021) was found between the 
2006 airborne arsenic concentrations and the harmonic mean distance to sites of refinery 
works, for example calciners. Figure 3.5.3 shows a map of the recorded sites of these arsenic 
works with the monitoring sites’ arsenic concentrations depicted by symbol size. The density 
of arsenic works in the Camborne-Carharrack-Bissoe area compared to the concentrations of 
airborne arsenic relative to the ‘background’ sites is clearly shown. 

Conclusions 
Baseline concentrations of airborne arsenic in west Cornwall are below the legislative 
guidelines (6 ng m-3). However, there is a tendency for higher concentrations to occur in the 
proximity of heavily contaminated land, particularly associated with arsenic refinery works. 

Discussion 
Although ambient airborne arsenic concentrations in west Cornwall do not breach legislative 
guidelines, these recorded values are baseline figures. The tendency for higher concentrations 
to occur in the proximity of heavily contaminated lands indicates the incidence of arsenic 
contaminated resuspended dusts and this should be of primary consideration when planning 
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for redevelopment, or other dust-producing activities, with regard to those communities in 
close proximity to mining wastes who are most at risk. Further site-specific monitoring of 
airborne arsenic in the vicinity of such activities and also within affected residential properties 
is recommended. 

Figure 3.5.3 Site averages of airborne arsenic concentrations 2006 (labelled) with 
arsenic refinery works (stars) 
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3.6 General discussion on chemistry, exposure 
measurement and modelling 
In response to questions on developments in modelling relating to the work presented by Prof. 
Ashmore (Section 3.1), it was noted that the objective should be to facilitate consideration of 
as wide a range of interventions as possible (e.g. including building design changes), so as to 
gain as great a level of insight as possible on the interactions involved. To aid this, it was 
suggested that there was a need to obtain adequate individual exposure data, including 
information on source apportionment, to enable meaningful validation of any models and to 
inform the direction of future development. It was noted that, to date, the model used by Prof. 
Ashmore addressed some interactions with meteorological factors but this requires further 
evaluation.  

The reason for embarking on the study described by Dr Crump (Section 3.3) was queried, and 
it was explained that attention had focused on these particular properties because of previous 
land use, rather than any evidence of adverse health effects per se. 

Discussions followed on the difficulties implicit in assessing human exposure in situations 
such as the work in Cornwall on arsenic exposure (see Section 3.5), and in relating such 
exposures to human health changes, such as cancer incidence. It was noted that while 
epidemiological assessment of health impact might suffer from limited power, it was possible 
that enough insights could be gained from future such studies to allow advice to be given on 
ways of reducing risk, or regarding the direction of remediation activities.  

Subsequent more general discussions considered developments in modelling personal 
exposure and the selection of appropriate methods for analysing pollutants. For instance, it 
was noted that information on the distribution of exposure from a model could be of value in 
time-series epidemiological investigations – for example in relation to indoor exposure to 
environmental tobacco smoke (ETS), where it was noted that ETS exposure might not be 
adequately accounted for by the use of only average exposure values for standard 8-hour 
periods, since peak levels could potentially be much more biologically significant; this would 
depend upon the toxicokinetic and toxicodynamic interactions for the particular substance and 
effect(s) being considered. Graphical presentations were used to clarify this argument (see 
Figures 3.6.1 and 3.6.2). In these, identical 8-hour mean exposures result from very different 
exposure profiles, the maximum peak values achieved in Figure 3.6.1 being significantly 
greater than those arising in Figure 3.6.2 – with exceedance of the tolerable limit occurring on 
at least two occasions under the first scenario. These different patterns of exposure would thus 
be expected to result in different health effects, with – in this example – the level of peak 
exposures being of greater importance than the 8-hour mean values. This is, of course, a 
simplistic illustrative example since, depending on the characteristics of the substance of 
concern, transitory peaks and troughs in external exposure levels may even out in terms of the 
achieved internal dose because of, for example, bioaccumulation over time – in which case 
the mean overall exposure may be a more informative measure. 
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Figure 3.6.1 An 8-hour exposure pattern Figure 3.6.2 An 8-hour exposure 
with short-term exceedances pattern with fairly consistent levels 
 of exposure 

 
* Max: Highest tolerable short-term exposure level 

Overall, it was considered that there was a need for further research to investigate the 
significance to health of chronic and acute exposures in the outdoor and indoor environments, 
and to develop models capable of addressing these aspects, since it was believed that such 
models were of value in not only interpreting the significance of past exposures but in 
assessment of possible impacts of future changes in policy.  
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4 Toxicity and Mechanisms 
Under the chairmanship of Dr Peter Rombout, four papers were presented on the subject of 
the toxicity of air pollutants and the underlying mechanisms of effect. 

4.1 Cardiac rhythm and personal exposure to 
air pollution in patients with heart failure 
Jon Ayres, Justin Barclay, Paul Broadhurst, John Cherrie, Martine Dennekamp, Smita Dick, Isobel 
Ford, Graham Hillis, Malcolm Metcalfe, Brian Miller & Anthony Seaton*  

University of Aberdeen, Aberdeen Royal Infirmary and Institute of Occupational Medicine, 
Edinburgh 

* Presenter 

The following brief abstract summarises the key points of this presentation. 

Hypotheses investigated 
1. That the cardiac effects of air pollution are a consequence of exposure to the 

nanoparticles within PM2.5 rather than to exposure to nitrogen dioxide. 

2. That exposure to nanoparticles is associated with both increased cardiac irritability and 
changes in haematological factors consistent with an increased risk of coronary artery 
thrombosis. 

Aims of the research 
1. To investigate the associations between personal exposure to air pollution (measured as 3-

day NO2 exposure and modelled daily particle number count (PNC) and PM2.5 exposure), 
and a range of blood measurements indicative of blood coagulation, inflammation, 
endothelial activation, and red cell/platelet sequestration. 

2. To investigate associations of the above exposure metrics with the occurrence of 
abnormalities of cardiac rhythm and rate variability. 

3. To investigate associations between area measurements of PM2.5, PNC and NO2, and a 
range of blood measurements indicative of blood coagulation, inflammation, endothelial 
activation and red cell/platelet sequestration, and of cardiac rhythm and rate variability. 

Methods 
In this investigation, 100 non-smoking patients were studied for a three-day period every two 
months for one year; all the patients had documented cardiac failure.  

Each patient was subject to the following panel of investigations at each session attended. 

• Personal NO2 measurement and estimation of personal PM2.5 and PNC 

• Estimation through modelling of the PM10, particle number count, NO2 and NO in
 the area 

• Recording of a 24-hour electrocardiogram (ECG)  

• Haematological and blood chemistry investigations to determine: 

o white cell count and haematocrit; 
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o interleukin- 6 (IL-6) and C-reactive protein (CRP) levels (inflammation response 
markers); 

o von Willebrand factor levels and e-selectin expression (endothelial activation 
markers); 

o levels of a range of proteins associated with clotting activity (fibrinogen, factor 
VII, platelets); 

o D-dimer test (for thrombosis diagnosis). 

24-hour ECG was also measured, attention being given to identification of ventricular and 
supraventricular ectopics, arrhythmias and time and frequency domain variability. 

Results 
A total of 341 exposure and effect regression scenarios was modelled (for 11 pollutants and 
31 response variables). In total, 25 associations that were ‘significant’ at 5% were identified; 
this compares with an expected number of significance findings of 17). It was noted that there 
were few positives that showed a consistent pattern. Overall, findings may be summarised as 
follows. 

• Small falls in haematocrit were noted that related to personal NO2 and outdoor PNC 
exposures. 

• No inflammatory changes were identified. 

• There was some indication from e-selectin and vWF data of an effect on endothelial 
functions. 

• Small rises in pulse rate were identified.  

• No associations were established between exposure and arrhythmias or HRV indices. 

• No effect of temperature on any parameter was identified. 

Conclusions 
• The age of the study population and the range of pollution levels considered did not 

differ significantly from those investigated in an earlier study in Belfast/Edinburgh 
(Seaton et al., 1999). 

• The only obvious difference between the two study populations was in respect of 
drug therapy. 

• The evidence suggests that modern cardiac therapy probably prevents short-term 
adverse effects of pollution and may, perhaps, protect against adverse effects of 
temperature variation. 

• Any future studies undertaken should take into account these findings. 

Reference 
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4.2 Overview of current UK concerns on 
nanoparticles 
Vicki Stone 

Applied Research Centre for Health, Environment and Society (ARCHES), School of Life Sciences, 
Napier University, Merchiston Campus, Edinburgh  

Background  
Nanotechnology is a rapidly expanding area of industry that has the potential to improve 
many factors in our lives in terms of health, consumer product design, the environment and 
the economy. The aim of this paper is to explain how knowledge gained from the toxicology 
of air pollution particles, in particular ultrafine particles, is being used to inform 
nanotechnology with respect to hazard and potential risk of nanoparticles. Such studies will 
be essential to provide an evidence base to support the safe and sustainable development of 
nanotechnology. 

Air pollution particles 
The adverse health effects of respirable particulate air pollution (PM10) are relatively well 
understood. Epidemiology studies consistently demonstrate a relationship between ambient 
level of PM10 and acute morbidity and mortality due to respiratory and cardiovascular causes 
(Pope III, 2000). In addition there is increasing evidence of long-term effects on health 
(Krewski et al., 2005). PM10 is obviously a complex mixture of components that vary with 
time and location, and much work has been conducted to investigate which components are 
most likely to be associated with adverse health effects. Seaton et al. (1995) proposed that the 
ultrafine particles (diameter less than 100 nm), primarily derived from combustion sources 
such as traffic pollution, are responsible for driving inflammatory responses causing 
exacerbation of pre-existing disease in vulnerable individuals. Many in vitro and in vivo 
toxicology studies have confirmed that ultrafine particles are more potent than larger 
respirable particles with respect to induction of oxidative stress (Stone et al., 1998; Li et al., 
1999), and up-regulation of molecular (Stone et al., 2000; Brown et al., 2004) and cellular 
markers of inflammation (Ferin et al., 1992; Brown et al., 2001; Stoeger et al., 2006). 
Furthermore, there is also epidemiological evidence which demonstrates that ultrafine particle 
number is better associated with health effects than particle mass (Peters et al., 1997). 

Model ultrafine particles 
Many of the toxicology studies described above have been conducted using commercially 
available model ultrafine particles. For example, carbon black has been used in many studies 
in two sizes, 14 nm (Printex 90) and 260 nm (Huber 990). Such samples have multiple 
applications including in printer and photocopier toner, tyres and lubricants. Titanium dioxide 
has also been used in two sizes, around 25 nm and 200 nm. Such samples are readily available 
commercially and, uncoated, are used as food ingredients, while when coated they are used in 
cosmetics and suntan lotions. Polystyrene beads have also been employed as they are 
available in a variety of sizes with narrow size distributions, they are contaminant free 
(allowing direct attribution of biological effects to the particles), they are well characterised 
and they can be fluorescently labelled allowing easy visualisation in cells and organisms. All 
these particles are made from materials that are generally low in toxicity and low in solubility. 
Duffin et al. (2002) demonstrated that instillation of these particles into the lung of rats at 
different mass doses did not generate a clear dose–response relationship in terms of 
inflammation (neutrophil influx) when all the data were combined. However, replotting the 
data as surface area dose generated a straight line relationship, showing increased neutrophils 
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in the bronchoalveolar fluid 18 hours after instillation. This clearly demonstrates that, for low 
toxicity, low solubility materials, there is a good straight-line relationship between surface 
area and ability to induce inflammation.  

Similar results have been demonstrated by other groups (Oberdörster et al., 2007; Stoeger et 
al., 2006). Such studies have clearly demonstrated that particle size, number and surface area 
are all dose metrics that are important in addition to mass, and that for sampling purposes 
such dose metrics could be useful means of monitoring and regulation. 

Nanoparticles 
Nanotechnology has developed rapidly both in the laboratory and in industry. 
Nanotechnology involves the development and manipulation of materials at the nanometre 
scale (The Royal Society et al., 2004). One of the major types of output generated by 
nanotechnology includes nanoparticles (one dimension less than 100 nm). To put the size into 
perspective nanoparticles are 100 000 000 times smaller than a football, which is in turn 
100 000 000 times smaller than the planet Earth. The definition of nanoparticles means that 
all ultrafine particles are nanoparticles and that the toxicology published in relation to 
ultrafine particles is therefore applicable to nanoparticles (Oberdörster et al., 2007).  

The applications for nanoparticles are very diverse including drug delivery, diagnostics, 
computing, stain-proof clothing, food additives, food packaging, paints, cosmetics, suntan 
lotion, military clothing, antimicrobial pillow components and wound dressings. These 
applications have the potential to enhance our quality of life, health and to expand the 
economy of countries exploiting nanotechnology. Little is know about the potential hazard of 
many of these newly engineered nanoparticles, which are also diverse in terms of their 
chemistry, shape and structure.  

In relation to the toxicology of air pollution, exposure via inhalation has been the main focus 
of research, but these varied applications lead to the potential for exposure to humans via a 
variety of routes including ingestion, dermal penetration and direct injection. This also means 
that various organs within the body are likely to encounter nanoparticles and therefore 
research activities are expanding from the lung and cardiovascular system to include the 
nervous system, the liver, the immune system, the skin, the gut and even the unborn child. 
Furthermore, the routes of release into the environment are also diverse, including accidental 
release into waste water and even purposeful release directly into soil for remediation of 
polluted land. Therefore in order to ensure the safe and sustainable development of 
nanotechnology it is essential that we ensure the identification of potential hazard (toxicity), 
exposure and therefore risk. Improved understanding of risk will provide an evidence base on 
which manufacturers can proactively develop safe product design, as well as providing a 
platform from which regulators can support the development of this industry without 
unnecessary restrictions to new products. 

Examples of nanoparticles include: 

• C60, also know as bucky balls or fullerenes, used in sporting equipment and face creams; 

• quantum dots, fluorescent nanocrystals made from cadmium salts that emit light in the 
infrared range, allowing their detection in the body;  

• gold nanoparticles, which possess catalytic properties not observed at the larger scale, to 
be used in nanomedicine; 

• silver nanoparticles, which possess enhanced antimicrobial activity for wound dressings 
and clothing; 
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• carbon nanotubes, single-walled and multi-walled, which are tougher than diamond and 
have potential applications such as in the strengthening of construction materials, 
semiconductors, and gene delivery. 

Carbon nanotubes are generally considered to be long and thin particles, and therefore have 
raised some concerns due to their fibre-like dimensions. Fibres such as asbestos are associated 
with fibrosis and cancer. Factors associated with this toxicity include the length (high aspect 
ratio >3:1) and biopersistence of the samples. Fibres less than 10 µm in length are generally 
considered to be of low hazard, where as those longer than 15 µm are associated with disease, 
due to the inability of cells such as macrophages to engulf and clear the particle from the lung 
surface. The nanotubes are 100 nm or less in diameter and can extend from just a few 
nanometers in length to tens of micrometers. The quality of the nanotubes varies considerably 
between sources. Some nanotubes are long and straight, appearing as rigid fibre-like 
structures by electron microscopy. Others are entangled, appearing more like a ball of wool. 
Our own work suggests that long and rigid nanotubes are not readily phagocytosed by 
macrophages in vitro leading to frustrated phagocytosis, reactive oxygen species (ROS) 
production and pro-inflammatory cytokine release. In contrast, the entangled samples were 
readily engulfed and generated little ROS or cytokine production (Brown et al., 2007). 

Conclusions 
The expansion of nanotechnology offers a number of great opportunities for medicine, 
consumers and from economic gain. Nanotechnology involves the production and use of 
many different nanoparticles that have the potential for intentional and accidental exposure to 
humans and the environment. In order to ensure the safe and sustainable development of 
nanotechnology, it is essential that there is investigation of the potential toxicity of these 
materials in order to provide an evidence based understanding of risk. 
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4.3 Inter-omic analysis of particulate air 
pollution 
Kelly BéruBé1*, Dominique Balharry1, Martina Hicks1, Keith Sexton1 & Timothy Jones2 

1School of Biosciences, Cardiff University, Museum Avenue, Cardiff; 2School of Earth, Ocean & 
Planetary Sciences, Cardiff University, Park Place, Cardiff 

* Presenter 

Background and objectives 
The current challenge facing respiratory toxicologists is to define the mechanisms by which 
small masses of nano/ultrafine particles (<100 nm) or fine (<2.5 µm) particles present in the 
atmosphere can compromise the normal functioning of the lung (Jones & BéruBé, 2006). 
Mechanisms of particle-induced toxicity are difficult to define due to the complex nature of 
ambient particulate matter. The relative contribution of particle mass, size, chemical 
composition or some combination of these factors, as promoters of the observed health 
effects, are unknown. What is certain is that the site of particle deposition and the fate of the 
inhaled particles within the human respiratory system are very important factors in dictating 
particle toxicity. To date, the list of mechanisms of particle action in the lung is growing and 
includes oxidative stress, airway inflammation, oedema formation, impaired gas diffusion, 
cardiac dysfunction, increased plasma viscosity, immunotoxicity and neurological 
dysfunction (BéruBé et al., 2007). 

‘Omic’ technologies (i.e. genomics and proteomics) can be used as a means to determine 
more definitive information on particle bioreactivity within the lung environment and provide 
data for more translational research (BéruBé et al., 2006). ‘Genomics’ is the structural, 
functional and comparative analysis of genomes and gene products from a wide variety of 
organisms. The purpose of genomics is not simply to identify the component parts, but to 
understand how these components work together to comprise functioning cells and 
organisms. An important step in the pursuit of this is defining gene expression profiles. This 
compares patterns of expression in different tissues and developmental stages, in normal and 
diseased states, or in distinct in vitro conditions. ‘Proteomics’ is used to separate and identify 
proteins in a complex mixture for the purpose of quantitative and functional analysis of all the 
proteins present. It has proven to be a powerful tool for identifying early changes at the 
protein level in disease and can also provide a non-invasive technique for evaluating body 
fluids in search for pertinent or specific biomarkers of environmental particle exposure and 
harm.  

Study description 
Case Study 1: Genomic analysis of tobacco smoke component 
induced lung injury  
The objective of this case study was to utilise a novel toxicological tool, which consisted of a 
differentiated, 3-D, in vitro model of human respiratory epithelia, (EpiAirway-100 cells, 
MatTek Corp., USA; BéruBé et al., 2006), to examine the early gene response(s) following 
exposure to tobacco smoke components (TSC). Cells were exposed at the air–liquid interface 
to representative particle (nicotine [thrombogenic]; cadmium [cytotoxic]) and vapour phase 
(formaldehyde and urethane [xenobiotic metabolism]) components of cigarette smoke. 
Following exposure, the apical surface wash was retained for protein analysis to identify 
altered levels of mucin (Bradford Assay). Cytokine secretions permeate directly into the basal 
media and may be measured (Proteoplex™ Protein Arrays; Merck Biosciences, UK) to 
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determine the status of the immune response. Finally, trans-epithelial resistance and 
methylthiazol tetrasodium (MTT) assay measurements were taken to determine the tissue 
integrity and cell viability, respectively. On completion of the conventional toxicological 
analysis, RNA and protein were simultaneously isolated for genomic and proteomic analyses. 
Toxicogenomic tests were then performed to identify early molecular markers for events in 
pulmonary injury. Microarray technology (SuperArray, GE Healthcare, UK) was employed to 
compare patterns of mRNA expression of human genes associated with toxicology and drug 
resistance, from control and TSC treated respiratory epithelia (n = 5 per dose; Figure 4.3.1).  

Case Study 2: Proteomic analysis of bleomycin induced lung injury  
The objective of this proteomic case study was to determine the effects of the inhalation of 
poorly soluble particles, for example synthetic commercial polymers used in aerosolised 
formulations (BéruBé et al., 2006). The response to polymer exposure was characterised as 
acute and chronic pathologies that included pulmonary oedema, inflammation and fibrosis. 
The development of pulmonary oedema is also caused by a number of factors including 
capillary damage and drug/chemical action, and is a life-threatening complication of a variety 
of heart and lung diseases. The ability correctly to identify patients that manifest early signs 
of lung injury could significantly reduce the morbidity from these types of pathologies. 
Consequently, this study was undertaken to identify protein markers of early oedema and 
inflammation.  

Models of pulmonary injury were induced in the rat (Sprague Dawley, male) lung via 
intratracheal instillation of a synthetic resin polymer. Conventional quantitative analysis of 
broncho-alveolar lavage (BAL) fluid was used to indicate the severity of the oedematous 
response, whilst morphological changes were identified by histological examination. Two-
dimensional sodium dodecyl sulphate polyacrylamide gel electrophoresis (2-D SDS PAGE) 
was then employed to separate the proteins in the BAL fluid collected from the mild and 
persistent models of lung injury. Proteomic analysis was split into defined steps: sample 
collection, preparation, 2D SDS PAGE, detection of support, image analysis, mass 
spectrometry, bioinformatics and biomarker identification (Figure 4.3.2). The complete 
toxicological and histological characterisation of the polymer-induced model of pulmonary 
injury successfully identified specific endpoints of injury. This model was used to study the 
protein profiles in response to polymer-induced lung injury.  

Results 
Case Study 1: Genomics  
All four TSC appeared to induce similar stress responses within the model. Distinct 
alterations in tissue integrity occurred in response to the toxins. At high doses MTT and trans-
epithelial electric resistance (TEER) values decreased, but at sub-toxic doses a peak in TEER 
measurements (20–60% increase from control) was observed. This peak coincided with an 
increase in protein secretion, suggesting a role for secretary processes as an early protective 
response to TSC. Using gene array software and stringent statistical analyses (SAM; Tusher 
et al., 2001), a candidate gene list was generated. The resultant lists showed the majority of 
altered genes were encoding for proteins involved in drug metabolism. There were also a 
number of genes related to cell growth and proliferation, cell cycle and apoptosis.  

Case Study 2: Proteomics  
2-D SDS PAGE was optimised for use with BAL fluid and identified two proteins, prosaposin 
and calgranulin A, which have the potential to act as biomarkers for lung injury. These were 
compared with a second model of pulmonary oedema, where a double intratracheal 
instillation of bleomycin was used to investigate pulmonary injury in rats (Balharry et al., 
2005). Bleomycin initially induced oedema and inflammation, followed by progressive 
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destruction of the normal lung architecture (Balharry et al., 2005). BAL samples were 
collected seven days after instillation and proteomic analysis was used to compare the protein 
profile with BALF from saline-treated rats. This investigation indicated the presence of the 
palate, lung and nasal epithelium carcinoma-associated precursor protein (PLUNC; 
gi25282405) in BAL from bleomycin-treated rats, which was absent from the saline control 
samples.  

Discussion 
Genomics 
Environmental tobacco smoke, along with many other inhaled materials is implicated in the 
aggravation of many respiratory and cardiac diseases. As such, the need for new and effective 
methods for evaluating pulmonary toxicity is ever increasing. This study investigated the 
potential of a differentiated, mixed population, 3-dimensional, in vitro model of human 
respiratory epithelia to act as a suitable model for pulmonary toxicology. The transcriptional 
changes observed can be classified according to carcinogenic category, where urethane, 
formaldehyde and cadmium (known carcinogens) demonstrated high gene homology, when 
compared with the non-carcinogen, nicotine. These findings could be important in 
understanding the mechanisms of toxicity and carcinogenicity, as well facilitating the 
discovery of intelligent biomarkers for exposure and harm.  

Proteomics 
Pulmonary oedema is caused by a number of factors and is a life-threatening complication of 
a variety of heart and lung diseases. Therefore it is important to elucidate the mechanisms of 
oedema in order to be able to identify and treat this condition in susceptible groups as early as 
possible. Proteomic analysis discovered three potential biomarkers of lung injury. Prosaposin 
is a lipid binding protein with homologies to surfactant protein-B, while calgranulin A is a 
calcium-binding protein found in the cytosol of PMNs, and associated with chronic 
inflammatory diseases. The exact biological function of PLUNC is not known; however, it 
may be involved in inflammatory responses to irritants in the upper airways. In addition to 
these three proteins being potential biomarkers of lung injury, they are also prospective 
targets for clinical treatment.  

Conclusions 
The discovery of novel proteins provides new opportunities for development of drug 
therapies; these proteins may also prove to represent novel biomarkers of injury or disease. 
The localisation of the proteins can also lead to insights about the function of the proteins and 
the mechanisms behind the observed injury or disease. Inter-omic analysis has the potential to 
provide a biological explanation for particle toxicity which has been eluding respiratory 
toxicologists for the past decade. In the current realm of translational medicine, such research 
methods lend themselves to the development of diagnostic tests that may be applied to 
identify lung injury/disease caused by the inhalation of environmental particles. 
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Figure 4.3.1 Gene microarrays are used to simultaneously measure levels of expression 
(mRNA abundance) for hundreds or even thousands of genes*  

 

* The degree of mRNA expression is very informative on the state of a cell and the activity of genes. The construction of 
microarrays is based on immobilising DNA sequences (which may be oligonucleotides or cDNAs) at specific locations on a solid 
support. It is imperative to obtain good quality RNA from experimental samples to maximise the potential of microarrays. The 
RNA is labelled during a reverse transcription reaction and the labelled cDNA copy is then hybridised to the DNA sequences 
bound to the array. This method exploits the specificity and affinity of complementary base pairing. Detection and quantification 
of the array information is usually achieved using software specific to the type of array used (Superarray). Finally, global 
normalisation and robust statistical analyses are applied (SAM; Stanford University). This enables the relative abundance of each 
of the gene sequences in two or more biological samples to be compared. 
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Figure 4.3.2 Sample preparation is a crucial step for adequate results using the 2D SDS 
PAGE techniques* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
* The smallest number of treatments should be used to any prevent loss or modification of proteins from the sample. Two-
dimensional Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (2D SDS PAGE) is the combination of two 
separation techniques. Firstly, isoelectric focusing where proteins are separated by charge and secondly, SDS-PAGE where 
proteins are separated according to their size. This technique allows thousands of different proteins to be separated, with each 
spot on the 2D gel corresponding to a single protein species in the sample. Once the spots have been separated image analysis 
software is required to compare any differences in spot intensities. Due to the complexity of the 2D gels, it is impossible to 
evaluate and compare them by the human eye. Protein spots of interest can then be excised from the gel and after a trypsin 
digestion mass spectrometry can be used to measures the mass of each fragment and produce a peptide mass fingerprint. 
Bioinformatics is then employed to try and identify the proteins of interest. 
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Background and objectives 
Volatile organic compounds (VOCs) in indoor air have been implicated in health effects that 
result from poor air quality, but to date there are have been but few attempts to quantify the 
effect of VOCs on humans. We have determined eye irritation thresholds, nasal pungency 
thresholds, and odour detection thresholds on humans for a series of VOCs containing various 
functional groups. The major aim of the project was to analyse the threshold data that we have 
obtained in order to construct equations that could be used to predict further values of 
thresholds for VOCs known to be present in indoor air.  

Study description 
The method revolves around a two-stage mechanism of action. In the first stage the VOC is 
transported from the air to the receptor site, and in the second stage the VOC interacts with 
the receptor(s). The second stage is quite difficult to model, but the first stage can be 
modelled by a straightforward equation that we have used to model the transfer of VOCs from 
air to a large number of solvents. We reasoned that if the model fitted the experimental data, 
then we could deduce that the first stage was the more significant. The required equations 
include specific properties, or descriptors, of the VOCs that can be obtained from a range of 
experimental procedures (Abraham et al., 2004). These are E, the VOC excess molar 
refraction; S, the VOC dipolarity/polarisability; A and B, the VOC hydrogen bond acidity and 
basicity; and L, the logarithm of the VOC gas to hexadecane partition coefficient.  

Results 
For eye irritation thresholds, EIT, an equation for log EIT can account for 94% of the 
information (Abraham et al., 2001) and for nasal pungency thresholds, NPT, an equation in 
log NPT can account for 95% of the information (Abraham et al., 1998; 2001) Hence the 
stage that involves transfer from the air to a receptor site appears to be the main stage. For 
odour detection thresholds, ODT, the equation accounts for a considerable lesser percentage 
of the experimental data (Abraham et al., 2002). Acids and aldehydes are outliers, being more 
potent than calculated, and even omitting acids, aldehydes, and a few other outliers, the 
equation only accounts for a modest 77% of the information. Part of the reason for this 
modest performance is that there seems to be a critical length of the VOC in any homologous 
series. Incorporation of a ‘length’ descriptor improves the fit to 82%, which is still far from 
optimal.  

Further work on eye irritation thresholds has shown that there is another size effect at work. 
On ascending a homologous series with a given functional group, the value of EIT decreases 
the larger the VOC (i.e. the VOC becomes more potent). However, we find that at a certain 
point along the homologous series, there is a ‘cut-off’ after which the potency not only ceases 
to increase but disappears altogether, that is, the cut-off homolog and all ensuing ones become 
non-irritants. The cut-off points for various homologous series are as follows: carboxylic 
acids: heptanoic acid; alkyl acetates: decyl acetate; alkan-1-ols: undecan-1-ol; alkan-2-ones: 
tridecan-2-one; alkylbenzenes: heptylbenzene; and aldehydes: dodecanal. These cut-offs are 
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not physical cut-offs that arise because of the lack of volatility of the VOC, but are chemical 
cut-offs that, we suggest, are due to a lack of fit of the larger VOCs into a receptor (Cometto-
Muñiz et al., 2005). 

Recent work on eye irritation has involved the measurement of concentration-detection (i.e., 
psychometric) functions for eye irritation. These functions span the range of detection 
probability (P) from chance detection (P = 0) to perfect detection (P = 1). Preliminary results 
suggest that these comprehensive plots, and not only a single threshold value, can also be 
predicted using the same VOC descriptors we have used to correlate log EIT, as above.  

Conclusions 
We have determined enough values of eye irritation and nasal pungency thresholds to be able 
to set out a quantitative model of sensory irritation potency for VOCs. This model is based on 
experimental values of EIT and NPT, but the equations we have derived to correlate and 
predict EIT and NPT values are so good that it is possible to extend the model to a very large 
number of VOCs indeed. The required VOC properties, or descriptors, are known for 
thousands of VOCs and can be calculated just from the VOC structure if necessary 
(PharmaAlgorithms, 2006).  

Discussion 
Our analysis of the threshold data indicates that the two-stage mechanism we have used can 
account satisfactorily for the outcome. The eye irritation and nasal pungency thresholds are 
well explained on the basis that the first stage, transfer from air to a receptor site, is the main 
important stage. However, the observations of cut-off effects in eye irritation thresholds, 
which are due to chemical and not physical influences, indicate that the second stage, 
interaction of the VOC with a receptor(s), can still play a part. Our aim is to be able to predict 
where the cut-off occurs along a homologous series, in order to incorporate the effect into our 
predictive equations for eye irritation, and possibly also for nasal pungency. 

Our preliminary results on measuring concentration-detection functions for eye irritation 
detectability are consistent with our model for eye irritation thresholds. Both sets of data can 
be explained on the basis that structural effects of VOCs are ‘selective’ rather than ‘specific’, 
as would be expected if transfer from the air to a receptor site(s) was the main step. In such a 
transfer, structural effects are, of course, important, but they do not vary wildly from VOC to 
VOC as would be the case if structural effects were specific. 

On the other hand, results on odour detection thresholds show that ODT values for a number 
of VOCs, including aldehydes and carboxylic acids, cannot be predicted using the same type 
of equation that is successful for EIT and NPT values. In the odour case, specific effects of 
VOCs are important. These specific effects are much more difficult to predict than the general 
selective effects observed in eye irritation and nasal pungency. 
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4.5 General discussion on toxicity and 
mechanisms  
It was questioned whether there is evidence to support the conclusion that modern approaches 
to the treatment of cardiovascular conditions are having a significant impact on what 
constitutes the ‘at risk’ population to air pollutants (Section 4.1). It was noted that statins do 
appear to have a major effect on endothelial cell function and, while early time-series studies 
identified that those with pre-existing heart disease were at elevated risk, it was noted that 
treatment practice has changed dramatically in recent years, and it appears that sudden death 
from heart disease is now frequently associated with a previously undiagnosed (and hence 
untreated) condition. Reference was also made to as yet unpublished European work that 
supports these conclusions, although it was stressed that further research would be needed to 
clarify this important possibility.  

Discussing the potential importance of ‘omic’-based research, it was noted that this had, to 
date, been largely driven by pharmaceutical investigations aimed at the development of new 
or alternative drug therapies (see Section 4.3). Using such techniques – frequently in an in 
vitro test system but potentially also in vivo – it is possible to determine the genetic response 
to a challenge with a pollutant, and through use of varying doses to gain insight into what 
exposure is likely to result in an adverse response and, hence, provide a mechanistically-based 
estimation of what should constitute the human exposure limit. However, it was recognised 
that in order to prevent erroneous conclusions being drawn from the limited gene pool used 
within the experiments, findings from genomic and proteomic research may need to be 
integrated with other toxicological approaches to ensure that findings are applicable to the 
wider population. It was suggested that the plethora of experimental models being developed 
could lead to a confusing picture, and that efforts should focus on human equivalent models, 
ideally using a standardised approach. Possible future applications of omic-techniques were 
discussed, and it was considered that these might find application, for example, in studies 
using resources such as the UK Biobank.  

While it was noted that naturally occurring nanoparticles have always existed, anthropogenic 
nanoparticles are increasingly present in the human environment in greater numbers and types 
than previously encountered, and exposure can occur through a variety of routes. As 
analytical techniques have improved, so it has become easier to detect nanoparticles, however 
it was noted that their potential to influence human health is still very uncertain. It was noted 
that there are concerns, for example, over the fibre-like properties of nanotubules, and indeed 
carbon nanotubules have been shown to elicit a fibrotic response in the lungs of rats. Research 
is needed to establish the structure–behaviour relationship of such nanotubules since they 
show marked variations in characteristics. While most are short, and would be assumed to be 
easily cleared by macrophages, longer tubes or aggregates of nanotubes might not be easily 
removed, raising concerns with regard to possible adverse effects. It was also suggested that 
hypothetically such materials might raise concerns with regard to their influence on the 
cardiovascular system. Referring specifically to the presentation by Prof. Stone (Section 4.2) 
attention was drawn to the need, when considering the hazard potential of particles arising 
from nanotechnology, to consider a wide range of factors including composition, shape, 
surface reactivity and bio-persistence. Indeed, such concerns were noted to have led to 
interest at governmental levels, and regulators were faced with significant challenges, such as 
the difficulties of measuring nanomaterials in environmental media, and the potential 
problems from regulatory approaches such as the new European approach to chemicals 
regulation embodied in REACH, where prioritisation is heavily influenced by production 
volume and established endpoints of toxicity such as carcinogenicity, mutagenicity and 
reproductive toxicology (CMR). Given the low production volumes of nanoparticles, their 
testing may not be high on the agenda. It was also suggested that nanomaterials may be 
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placed on the market before comprehensive toxicological investigation, often with the 
assumption that they will behave in a manner similar to that of the bulk form of the material. 
It was noted that the novelty and rapid growth of nanotechnology could raise public and 
media fears similar to those encountered with genetically-modified organisms. While the 
Royal Academy report on the subject had drawn analogies with asbestos, it had not foreseen 
the potential for exposure of the general public. Overall, it was suggested that at present the 
significance of nanotechnology to public health was low, but that it would be prudent to 
undertake the necessary research now in order to identify potential future issues and thereby 
allow action to be taken proactively to prevent problems developing. 
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5 Epidemiology and Human Health  
The final session of the meeting, which comprised four sub-sessions chaired by Prof. Jon 
Ayres, Prof. David Strachan, Prof. Ross Anderson and Fintan Hurley, respectively, addressed 
issues relating to the epidemiological investigation of the health effects of air pollutants. 

5.1 Air pollution and children 
Dafydd V Walters 

Child Health, Clinical Developmental Sciences, St George’s, University of London 

There are several factors pertinent to childhood which may make the responses of a child to 
environmental insults different from those of adults.  

Growth and development 
Growth of various organs and development of physiological mechanisms take place from the 
point of conception to the end of puberty (and in the case of the lung for even longer, up to 
the age of 25 years or so). During development the effect of any insult can be dependent on its 
precise timing. Branching of the airway system of the lung starts 3 weeks after conception 
and is complete by 17 weeks of human gestation (Bucher & Reid, 1961). Thereafter lung 
development concerns growth in size and maturation of the thin-walled alveolar areas 
necessary for gas exchange (from 28 weeks) with considerable remodelling of the lung 
epithelium (lining layer) as it interacts with signals from mesenchymal cells (Evans et al., 
1999). The greatest increase in alveolar number occurs postnatally, with only a third or even 
less being present at birth (Hislop et al., 1986). Lung function and volume increase with body 
growth reaching a maximum at about 20 years in females and about 25 in males, then plateau 
for about 10 years before declining (Tager et al., 1988). The complex walls of the heart 
chambers are also formed in the early weeks of gestation. Insults to growth or development at 
critical early stages can have permanent and lethal effects on both lung and heart, the major 
consequences being small lungs and ‘holes’ (septal defects) in the heart. Interestingly, the 
long growth period of the lung may protect against minor short-lived insults because there is a 
‘reserve’ of growth for many years.  

The immune system seems to require exposure to certain bacterial proteins in early life to 
develop the normal balance between Th1 (cellular response) and Th2 (humoral) immune 
systems. It is thought that lack of exposure at the correct time may be the underlying 
mechanism of the ‘hygiene hypothesis’, which explains the increasing incidence of ‘Western’ 
diseases, for example allergies and asthma. 

Many childhood cancers of the nervous system are believed to be embryonic in origin (e.g. 
neuroblastomas, medulloblastomas). Neuronal death is irreversible, although there is some 
functional plasticity in young brains (probably through making new synapatic routes) which, 
to some degree, may mitigate any damage that occurs. However, there is evidence that 
poisons can produce long-term changes in behaviour which may be subtle but still debilitating 
for higher and social functioning.  

The reticulo-endothelial system in young children changes from a predominantly 
lymphocyte cellular response to infection, to the adult-type neutrophil dominance by the age 
of five years. That this system is vulnerable is exemplified by the fact that the commonest 
childhood cancers are lymphocytic leukaemias and these have been shown to be causally 
related to ionising radiation and some environmental poisons. 
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Size 
Physical factors put children at increased risk from environmental pollutants. These include 
children’s higher respiratory rate and greater volume of exchanged air per unit of body 
weight.  

Exposure  
Children’s exposure to potential pollutants alters as they grow. The environment of the fetus 
is determined by the mother and the placenta; the mother’s exposure to various pollutants 
(e.g. tobacco) is therefore important; the placenta can itself be damaged and this may have 
very serious effects on fetal viability, growth and development.  

Babies are not independently mobile and so cannot move away from unhealthy environments 
(e.g. indoor pollution and tobacco smoke), while older children tend to spend a lot of time out 
of doors and they also exercise more, increasing their exposure to inhaled pollutants.  

Fetal life  
In this relatively new area of pollution research there is increasing evidence of an association 
between air pollution and adverse prenatal effects (intra-uterine death, preterm births and low 
birth weight) but the study results are not yet consistent regarding the timing of the insult or 
which component of pollution is implicated (see Sram et al., 2005). The mechanisms 
underlying these effects are also unclear, but at least two possibilities may be postulated. 

1. A direct effect of a poison passing directly to the foetus via the placenta. Such 
poisons would likely be lipid soluble chemicals (e.g. PAHs), as the placenta is 
relatively impermeable to small hydrophilic solutes.  

2. An effect of environmental factors on the function of the placenta. The latter is 
essentially an exchange organ packed full of blood vessels of both maternal and fetal 
origin. Damage to the blood vessels or their lining cells can affect function, and 
certainly in cases where there is infarction of parts of the placenta severe effects on 
fetal growth can be produced (fetal death or intrauterine growth restriction).  

The effect of preterm delivery should not be underestimated: the EPICure study (Costeloe, 
2006), which looked at the outcome of babies born in the UK before 26-weeks gestation, 
showed 61% mortality and a high incidence of lifelong morbidity in the survivors. Even low 
birth weight at term is correlated with a higher incidence of vascular disease (heart disease, 
hypertension and stroke) later in life (Barker, 2006). 

Birth defects 
In one study, exposure to carbon monoxide early in gestation was reported to produce cardiac 
septal defects (holes in the heart), and exposure to ozone to result in defects of the aortic and 
pulmonary valves of the heart (Ritz et al., 2002). 

Infants1 
If neonatal deaths (i.e. before the age of 4 weeks) are excluded, there seems to be an effect of 
air pollution on infant mortality, particularly respiratory deaths, found in several studies (e.g. 
Bobak & Leon 1999; Loomis et al., 1999). An early example of this was during the winter of 
1952 in London when there was a doubling of the infant mortality over a five-day period of 
smog (Schwartz, 1994). Subsequent studies in the United States and in Eastern Europe show a 

                                                 
1 Children between the ages of  0 and 12 months 
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similar association. There is also a report that air pollution is associated with sudden infant 
death syndrome (Woodruff et al., 1997). 

Older children 
Asthma is by far the commonest childhood disease, and respiratory symptoms, due to viral 
infection as well as asthma, are probably the commonest reason for a paediatric consultation 
in Western society. The high incidence is probably due to the large number of respiratory 
viruses in existence, the fast rates at which they mutate their antigen signature, the naïve 
immune status of each annual cohort of children and because the smaller airways of children 
compared with adults produce more symptoms and signs for the same degree of swelling and 
inflammation. There are numerous reports associating air pollution with the incidence of 
acute respiratory symptoms but it can be difficult to distinguish the symptoms of viral 
infection from those of asthma, and indeed the two conditions often coexist, with viral 
inflammation triggering and/or exacerbating an asthma attack in a susceptible child. A 
striking demonstration of the effect of pollution on children’s respiratory illness was 
described by Pope (1989) during a three-winter survey in Utah, in which hospital admissions 
of children for asthma and pneumonia were recorded. In the second winter the main source of 
local air pollution was a steel mill which was closed by a strike and this resulted in a 50% 
decrease in admissions. The next year when the steel mill was running again the admissions 
returned to previous levels. 

There is strong evidence for air pollution causing respiratory symptoms and exacerbating 
asthma, but not so for the vexed question of whether it increases the prevalence or incidence 
of childhood asthma (Weiland & Forastiere, 2005). 

The mechanism by which air pollution (specifically oxidant gases, ozone, NO2, SO2 and 
particles) gives rise to chest symptoms is likely to be a direct inflammatory effect on the lung 
epithelium with an additive effect on pre-existing inflammation due to infection or 
allergy/asthma (Holgate, 2005).  

Growth of lung function 
Several long-term cohort studies describe how the growth of children’s lung function (usually 
over the teenage years) is adversely affected by living in areas of high air pollution 
(Gauderman et al., 2004); the adverse effect can be reversed by moving into areas of cleaner 
air (Avol et al., 2001). Proximity to a motorway in the same population, and with an attempt 
at correcting for socio-economic status, has been described recently to have a similar effect, 
which is independent of regional air quality (Gauderman et al., 2007). The absolute and the 
percentage decrements are small for the whole population but are cumulative, and could be 
significant for some individuals with compromised lung function for other reasons. The effect 
that decreased lung function growth in youth has on the ageing lung (whose function declines 
after about 30 years of age) is not clear.  

Cancers  
The commonest cancers in childhood are leukaemias (about 30% of the total), central nervous 
system tumours (20%), lymphomas (12% in Caucasians but up to 40% in non-Caucasians) 
and neuroblastomas (8%). Several reports associate air pollution, particularly that produced 
by traffic and diesel fumes, with the incidence of leukaemia and solid tumours of childhood. 
A striking report by Knox (2006), studying the incidence of childhood cancers in the UK as a 
function of living in proximity to coach stations, railway termini, roads and railways, 
concluded that childhood cancer is associated with pre-natal or early postnatal exposures to 
diesel engine gases, and postulated that this was due to maternal inhalation and accumulation 
of carcinogens. He claimed that up to about a quarter of the total case number of 12 017 
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cancers could be accounted for by this exposure over the 25-year study period (1955–1980). 
Perhaps this startling report should be tempered by a more cautious review of the relevant 
literature, which examined 15 reports (not including the latest Knox paper) that indicated that 
only four of them supported the hypothesis (Raaschou-Nielsen, 2005). When the studies were 
ranked on the quality of their data the highest ranking ones were mostly unsupportive of the 
hypothesis. Confounding factors include the most important one of socio-economic status 
(and its associations of diet and lifestyle) which needs to be included in any model.  

Central nervous system (CNS) 
There appears to be little direct evidence linking air pollution to congenital CNS 
abnormalities, but there are some data related to abnormal neurodevelopment and behavioural 
effects. The presence of lead in traffic exhaust is probably the best recognised and there was 
sufficient evidence of effects on neurobehavioural function to convince the UK government 
to encourage the sale of lead free petrol. 

Which pollutants? 
The pollutants (apart from well-described biological allergens) that can be implicated in 
causing childhood diseases are not easy to discern, since particulates and oxides of nitrogen 
are often produced by the same source (traffic and particularly diesel traffic) and some 
volatile hydrocarbons are also associated. However it does seem that ozone can be implicated 
in affecting known asthmatics by increasing their symptoms when they are exercising 
outdoors. Knox (2006) suggests that 1,3-butadiene is the cause of the increased incidence of 
cancer that he reports.  

Cardiovascular disease  
Cardiovascular disease in childhood is unusual, in contrast to adults in whom air pollution, 
especially from particles, has definite adverse effects on the cardiovascular system resulting 
in increased deaths from stroke and heart attacks (COMEAP, 2006). Why therefore is there 
no apparent effect on children? The reasons are likely to be complex, but could be as simple 
as requiring a certain length of exposure to produce an effect on the vascular system. Perhaps 
coexisting ageing pathologies are also required. Until there are reliable markers of endothelial 
and/or vascular damage that could be applied to children to detect pre-symptomatic damage 
this topic will remain moot. 
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5.2 Air pollution and health: A European 
approach (APHEA2) 
Klea Katsouyanni1*, Giota Touloumi1, Evi Samoli1, Alain Le Tertre2, Richard Atkinson3 on behalf of 
the APHEA Group 

1Department of Hygiene and Epidemiology, University of Athens, Medical School, Athens, Greece;  
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Medical School, University of London, London 

* Presenter 

Background 
The APHEA2 project is a continuation of APHEA1, which was supported by the European 
Union and implemented between 1993 and 1999. The results of APHEA1 established the 
existence of short-term health effects of current air pollution levels in Europe using a 
standardised protocol for data collection and analysis in 15 European cities. It also showed 
that there were marked geographical differences in the effects of particulate matter (PM) on 
mortality (Katsouyanni et al., 1997). These results attracted considerable attention and there 
was motivation to further consider the open questions. 

Study description 
The second stage of APHEA was initiated in order to investigate: 

1. the dose–response relationships between air pollutants (ambient particles: PM10 & 
BS; carbon monoxide: CO; sulphur dioxide: SO2; nitrogen dioxide: NO2; ozone: O3) 
and total and cause-specific mortality and hospital respiratory and cardiac 
admissions;  

2. the regional differences and other effect modifiers;  

3. the public health significance in terms of mortality displacement (harvesting); and  

4. the independent effect of each pollutant.  

In APHEA2, twenty research groups from 19 countries in Europe participated. They provided 
data from 30 cities for mortality and eight cities for hospital admissions analysis. The health 
outcomes studied were: the number of all daily natural deaths; deaths from cardiovascular 
(ICD9 390–459) and respiratory (ICD9: 450–519) causes; hospital admissions for respiratory 
causes (ICD9: 450–519); chronic obstructive pulmonary disease (COPD) (ICD9: 490–96 
except 493); asthma (ICD9: 493); cardiac causes (ICD9: 390–429); and ischemic heart 
disease (ICD9: 410–414), for various age groups. Data on potential effect modifiers were 
collected concerning city characteristics for the air pollution level and mix, geographic and 
climatic variables and the health status of the population. The analysis was based on a 
hierarchical modeling approach implemented in two stages. The first stage concerned city-
specific data analysis. Various general additive models (GAM) and general linear models 
(GLM) were applied using different smoothers in order to adjust for seasonal patterns. 
Several meteorological and chronological variables were included as covariates. The second 
stage included models in which city-specific effect estimates were regressed on city-specific 
covariates (the potential effect modifiers) to obtain a pooled estimate and to explore 
heterogeneity across cities (Touloumi et al., 2004). 
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Results 
Figure 5.2.1 shows the effects of PM estimated for each city on the total natural daily number 
of deaths, as well as the combined estimates.  

Figure 5.2.1 Percent increase in total mortality and 95% CIs associated with an 
increase of 10 µg/m3 in PM10 using loess (upper) and p-splines (lower) 

 

The combined increase in the daily total number of deaths associated with an increase of 
10 µg m3 in daily PM10 concentrations was 0.52% (95% CI: 0.33–0.71). Specific patterns of 
effect modification were identified. In Table 5.2.1 we see that the effects of PM10 are higher 
in warmer and drier cities, in cities with higher long-term NO2 concentrations, and in cities 
where life expectancy and the proportion of the elderly are higher. These effects appear to be 
somewhat confounded by NO2 levels (Katsouyanni et al., 2001; 2002). Examining the lag 
structure, it appears that the maximum effects are observed on lags 1 and 2 but the effects 
persist until lag 40 (Zanobetti et al., 2002). Similar patterns of results are obtained for 
cardiovascular mortality but the effect appears higher: the corresponding increase in the 
number of deaths is 0.76% (95% CI: 0.47–1.05). The effects on respiratory mortality are 
comparable to the cardiovascular effects, but the lag structure shows that higher respiratory 
effects persist more and the effect modification pattern is different (Analitis et al., 2006). The 
effects are higher in the elderly (Aga et al., 2003). 

Similar analysis for ozone detected significant effects only for summer periods, which were 
more important for respiratory causes and for shorter time lags (Gryparis et al., 2004). The 
effects of NO2 were also analysed. A significant association of NO2 with total and cause-
specific mortality was found (Samoli et al., 2003; 2006). For hospital admissions, it was 
found that respiratory and COPD admissions for the elderly, and asthma admissions for 
children and adults aged 15–64 years, increased by about 1% when PM10 concentrations 
increased by 10 µg m3 (Atkinson et al., 2001). Cardiac admissions for the elderly, and 
especially those from ischemic heart disease, increased 0.5–0.8%, whilst admissions for 
stroke were not affected by a corresponding increase in PM10 (Le Tertre et al., 2002). 
Currently a joint project APHENA (funded by HEI) with the US NMMAPS study and 
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Canadian research groups has investigated the magnitude of the effects and the effect 
modifications patterns in both Europe and North America.  

Table 5.2.1 Second-stage regression models, investigating the role of potential 
modifiers of the estimated effects of PM10 on total mortality 

Estimated increase at 

25th percentile 75th percentile 
 

Effect modifier in the model 
% increase (95% CI) % increase (95% CI) 

Standardised mortality rate 0.61 (0.46–0.76) 0.27 (0.08–0.45) 

Annual temperature  0.19 (0.03–0.35) 0.67 (0.53–0.80) 

Annual humidity  0.74 (0.58–0.90) 0.34 (0.22–0.47) 

Mean NO2 24-hour 0.16 (-0.01–0.32) 0.74 (0.59–0.90) 

Proportion of the elderly  0.38 (0.26–0.51) 0.61 (0.46–0.75) 
Geographic area  

          West 0.45 (0.31–0.59) 

           East 0.10 (-0.18–0.38) 

           South 0.81 (0.58–1.05) 

 

Conclusions 
Positive statistically significant effects of PM10 on total, cardiovascular and respiratory 
mortality are estimated. The effects on CVD and respiratory deaths are larger than on total 
mortality. There is a meaningful effect modification pattern for the PM10 effects on mortality: 
in cities with higher NO2, warmer temperature and larger proportion of elderly, larger effects 
are observed. The six days distributed lags models produce 17–84% greater effect estimate 
than the lag 0–1. The lagged patterns of effect differ by cause. NO2 somewhat confounds the 
PM10 effect estimate. Positive statistically significant effects of ozone on total and respiratory 
mortality are estimated for the warm season. The effects of ozone on respiratory deaths are 
significantly larger than on the total number of deaths. The lagged effects pattern of ozone is 
different from that of PM10: for total mortality the effects are pronounced only at lags 1 and 2; 
for respiratory they persist until lag 4. The effects of ozone are confounded by NO2 (more so 
for total mortality).  
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5.3 Outdoor air pollution and infant mortality: 
Analysis of daily time-series data in ten English 
cities 
Shakoor Hajat1*, Ben Armstrong1*, Paul Wilkinson1, Araceli Busby1 & Helen Dolk 2 

1London School of Hygiene & Tropical Medicine, London; 2University of Ulster, Newtownabbey, 
Co. Antrim 

* Presenter 

Background and objectives 
There is growing concern that moderate levels of outdoor air pollution may be associated with 
infant mortality, representing substantial loss of life-years. To date there has been no 
investigation of outdoor pollution effects on infant mortality in the UK. 

Study description 
We analysed daily time series of air pollution and all infant deaths between 1990 and 2000 in 
ten major English cities: Birmingham, Bristol, Leeds, Liverpool, London, Manchester, 
Middlesbrough, Newcastle, Nottingham, and Sheffield. City-specific estimates were pooled 
across cities in a fixed-effects meta-regression to provide a mean estimate. 

Results 
Few associations were observed between infant deaths and most of the pollutants studied. The 
exception was SO2 where a 10 µg m3 increase was associated with a RR of 1.02 
(95% CI: 1.01–1.04) in all infant deaths. The effect was present in both neonatal and post-
neonatal deaths. 

A full report has been provided by Hajat et al. (2007).  

Conclusions 
Continuing reductions in SO2 levels in the UK may yield additional health benefits in infants.  
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5.4 Links between urban ambient particulate 
matter and health: Time-series analysis of 
particle metrics 
Gary Fuller1* & Richard Atkinson2 

1King’s College London; 2St Georges, University of London 

* Presenter 

Background and objectives 
During 2006 DEFRA commissioned St George’s, University of London, to undertake a time-
series analysis of the relative health effects of various particle metrics. The study has the 
following objectives. 

• To compile a database of daily health indicators, air pollution concentrations and 
meteorological variables for London. 

• To undertake a time series-analysis of daily mortality and hospital admissions in 
relation to available PM metrics. 

• To examine the relationship between central site measurements and personal 
exposure to various particulate matter metrics using published work and the results of 
the EU-funded RUPIOH project. 

The project is lead by Richard Atkinson and Ross Anderson at St Georges and also includes 
Gary Fuller from King’s College London, Roy Harrison from the University of Birmingham 
and Ben Armstrong from the London School of Hygiene and Tropical Medicine. 

Study description 
The project focuses on London, using daily time series of emergency admissions for cardiac 
(ICD 10 Chapter I) diseases and for respiratory (ICD 10 Chapter J) admissions in the elderly 
(aged 65+) and in children (aged 0–14).  

The project utilises air pollution measurements made at a central London background site. 
Measurements of particle metrics have been obtained from DEFRA-funded monitoring 
programmes, the London Air Quality Network and other programmes operated by King’s 
College London. The particle metrics being considered are as follows. 

• Particle physical characteristics – mass and number concentration. Mass 
measurements of both PM10 and PM2.5 are being assessed along with particle number 
concentrations. It is recognised that different methods of measuring airborne particle 
mass concentrations have different sensitivities to volatile particulates and to particle-
bound water. Measured mass concentration is therefore dependent on the 
measurement method. For this reason, time-series measurements from three methods 
are being used: TEOM, gravimetric and FDMS TEOM. The inclusion of FDMS 
TEOM in the project provides the first opportunity to examine these measurements in 
a time-series health study. The FDMS TEOM is a new automated method for 
airborne particle mass measurement which has recently demonstrated equivalence to 
the EU reference method. It is being installed in the UK national networks and 
elsewhere. In addition to providing an automated EU reference equivalent airborne 
particle measurement, the FDMS TEOM also provides measurements of volatile and 
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non-volatile particle concentrations, which have been included in the study. Daily 
mean concentrations of black smoke are also being assessed. 

• Particle chemical speciation – concentrations of anions and elemental carbon. Daily 
measured concentrations of chloride, nitrate and sulphate are being assessed along 
with daily mean concentrations of elemental and organic carbon. 

• Source-apportioned PM10 concentrations – daily mean PM10 (TEOM) concentrations 
will be apportioned between primary and non-primary sources. 

Measurements of ‘classical’ gaseous pollutants (CO, NOX, NO2, O3 and SO2) will also be 
integrated into the study. 

A further part of the project will consider the dataset collected in the European Union funded 
RUPIOH project, to examine the relationship between central site measurements at the 
Birmingham Centre monitoring station and both outdoor and indoor measurements of particle 
number count. 

Interim results 
The availability and quality of the particle measurement data collected for the project were 
described in the interim report ‘A report on the quality and completeness of the analytic 
dataset’ submitted to DEFRA in February 2007. It concluded that the completeness of the 
particle metric data over the proposed 5-year study period between 2000 and 2004 was 
variable, with different start dates for each particle metric and different proportions of missing 
data. In particular, the carbon measurements were too sparse for analysis and could only be 
used for descriptive purposes. 

To compare and contrast the health effects of the different particle metrics free from bias 
caused by differential patterns of missing data, it would be necessary to confine the analysis 
to days on which data are available for all particle metrics. This requirement would reduce the 
size of the study from the proposed 1827 days (5 years) to 512 days. Since work began on the 
project in 2006, additional data for 2005 have become available, both for the particle metrics 
and the health data (daily counts of deaths and hospital admissions). The study period is 
therefore being extended to include an additional year of more recent and, hopefully, more 
complete data.  

The study aims to identify which of the particle metrics, and if possible, which component(s), 
are most important for health impact considerations and is due to report in December 2007. 
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5.5 Air pollution epidemiology database (APED) 
H Ross Anderson*, Richard W Atkinson 

Division of Community Health Sciences, St George's, University of London 

* Presenter 

Background and objectives 
There is a large amount of evidence on the short-term associations between ambient 
concentrations of air pollutants and health or health related outcomes. This is based on 
regression analyses of time series of daily data on air pollution and health outcomes, 
including mortality, hospital admissions, emergency room attendance, primary care 
consultations, lung function, symptoms and use of medications for respiratory problems. 
Time-series studies can be divided into population time-series studies, which use registry data 
such as mortality (usually referred to as ‘time-series studies’), and individual-level time-series 
studies of panels of subjects observed regularly over a number of days (usually referred to as 
‘panel studies’). The statistical methods are complex, with particular emphasis on controlling 
for time-related confounding factors such as long-term trends, season, day of the week and 
weather factors such as temperature. Exposure data are usually obtained from fixed 
monitoring stations situated to measure background concentrations of ambient air pollutants. 
The studies have considerable statistical power to investigate small associations. 

The influence of these studies has been substantial. They are largely responsible for showing 
that air pollution is associated with health effects at concentrations well below guideline 
levels and that there is no identifiable threshold. Although the relative risks observed are 
typically small, the consistency with which positive associations have been observed in 
different places and by different investigators is an important argument in favour of a causal 
relationship. The exposure–response relationships are often used for quantifying health effects 
for policy purposes. For this reason, the size and precision of estimates from time-series 
studies is also important. 

Reviewing the evidence of time-series and panel studies has become increasingly difficult 
because of the large number of studies, complexity of the analyses and lack of standardisation 
of presentation and/or methods. Also, in recent years it has been recognised that reviewing 
evidence requires a high degree of rigour to ensure transparency and lack of bias. Many past 
reviews were not comprehensive, and some were merely qualitative. For these reasons the 
Department of Health set up the Air Pollution Epidemiology Database (APED), with the task 
of assembling results from all peer reviewed short-term effect studies in a form that would 
facilitate systematic review, including quantitative meta-analysis. This was achieved and the 
database has already provided important results for research and policy. The database 
continues to evolve by periodic updating and improvements in database management and 
analysis. 

The present research was designed to build on this work by conducting a quantitative meta-
analysis of all pollutant/diagnostic/age groupings with four or more estimates. Previous 
quantitative meta-analyses had generally addressed a limited number of pollutants and 
outcomes, and many had not been systematic. Remarkably, none had formally examined the 
data for publication bias, a phenomenon that is generally widespread and would be expected 
in a rapidly expanding field where there is sensitivity of the result to the statistical methods 
used and the choice of lag. 
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Study description 
All time-series studies (population time series and panel), were ascertained by standard 
bibliographic methods, with language translation if required. All studies with estimates were 
included, subject to minimum quality criteria. Data were extracted into an Access relational 
database. Estimates were standardised to the same units and pollutant increment and 
expressed as a percentage change. Summary estimates were considered to show convincing 
evidence of an association if the 95% confidence limits did not include 0%. Five pollutants 
were analysed: particulate matter (PM), nitrogen dioxide (NO2), ozone (O3), sulphur dioxide 
(SO2) and carbon dioxide (CO). There were six categories of PM, all having a 24-hr 
averaging time; PM10, PM2.5, PM2.5–10, black smoke (BS), sulphate (SO4

2-) and total suspended 
particulates (TSP). For the gases, the averaging times were: NO2, 1 hr maximum and 24 hr; 
O3, 1 hr maximum, 8 hr (maximum or fixed hours) and 24 hr; SO2, 24 hr; and CO, 1 hr 
maximum, 8 hr and 24 hr. In total, 15 pollution categories were analysed. The time-series 
studies reported a range of outcomes which were categorised into 13 groups, of which 
mortality and hospital admissions were by far the most frequent. The various diagnoses, 
usually reported as ICD codes, were grouped into 15 categories. The various age groups were 
grouped into seven categories, of which all-ages, children, adults and elderly were the most 
frequent. The very wide range of symptoms reported by panel studies was collapsed into five 
categories. Panels were also divided into child and adult studies, and then by whether the 
panels comprised the general population or subjects with respiratory symptoms. For both time 
series and panel studies one lag was chosen for meta-analysis. This was the lag highlighted by 
the author and if this was not clear, we chose that with the highest statistical significance, 
irrespective of the direction of the effect. Where there was more than one estimate per city, 
we chose the one that was part of a multi-city study if that was the case, or else the most 
recent. For each pollutant/outcome/diagnosis/age combination with more than four estimates, 
quantitative meta-analysis was done to obtain fixed and random effects summary estimates, a 
test of heterogeneity, a parametric and non-parametric test of publication bias (strictly 
speaking a test of small-study bias) and summary estimate adjusted for publication bias. 
Precision was assessed using 95% confidence intervals. Some papers reported summary 
estimates from multi-city studies and these are presented separately. These multi-city studies, 
to a varying extent, also contribute to single city estimates to the single city meta-analyses. 

Results 
Using these methods we generated 176 meta-analyses for time-series studies and 33 for panel 
studies. A qualitative summary is all that is possible in the space of this abstract.  

Time-series studies 
From the potentially very large number of possible combinations of pollutant, outcome, 
diagnosis and age, 176 groupings with four or more estimates were identified and these were 
subjected to meta-analysis. These meta-analyses were based on a total of 2657 individual 
estimates. Each city was included no more than once in any individual meta-analysis. 96% of 
summary effect estimates were in an adverse (positive) direction, and 74% were both positive 
and had 95% confidence limits that excluded zero, indicating that a null effect was unlikely. 
None of the eight estimates in a negative direction had confidence limits that excluded zero, 
indicating that these estimates were consistent with no effect of pollution on the outcome. 
Thus, not one of the 176 summary estimates showed convincing evidence of an association in 
a protective direction. Heterogeneity was detected in 64% of meta-analyses. 22% showed 
evidence of publication bias, and adjustment for this reduced 33% of estimates by more than 
20%. 

There were 79 summary estimates for mortality and 97 for hospital admissions, reflecting the 
larger range of age/diagnostic/age groups in the latter outcome. The number of individual 
estimates was, however, higher for mortality (1963) than for morbidity (694), possibly 
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reflecting the lesser availability of hospital admissions data. Overall, the evidence for 
consistent results in an adverse direction was high for both mortality (100%) and morbidity 
(92%). Mortality summary estimates that were positive were more likely than morbidity 
estimates to have confidence limits that did not include zero (85% vs 65%). The proportions 
with evidence of heterogeneity were similar (66% and 62% respectively). Mortality showed 
considerably more publication bias than morbidity (35% vs 10%) and a higher proportion 
showed a reduction of more than 20% after trim and fill adjustment (39% vs 28%). 

Panel studies 
For the panel studies most associations were in a protective direction and most were likely to 
be explained by chance. Of 33 meta-analyses comprising 720 individual estimates, 30% were 
in an adverse direction and only 12% were both in an adverse direction and had confidence 
intervals which excluded zero. The majority (70%) had estimates which were in a protective 
direction and 18% were both in a protective direction and had confidence intervals which 
excluded zero. 52% showed evidence of heterogeneity but publication bias was minimal. The 
clearest evidence of an adverse association was for ozone, for which all four meta-analyses 
showed adverse effects that were unlikely to be explained by chance. 

 Conclusions 
1. Taken as a whole, the large body of evidence from time-series studies shows very 

consistent positive associations between measures of ambient air pollution and a wide 
range of mortality and morbidity outcomes. This is true both for meta-analyses of 
single cities and for multiple studies. 

2. There are, however, several areas where the evidence of time-series studies is null or 
less convincing. A notable example was the lack of association between ozone and 
hospital admissions for cardiac disease. 

3. The evidence from panel studies for adverse effects is convincing only for O3. 

4. There is evidence of substantial heterogeneity. 

5. There is considerable evidence of small-study effects/publication bias. A preliminary 
analysis of PM10 and all-cause mortality suggests that this bias is also present in 
multi-city studies. 
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5.6 Interactive effects of black smoke and birth 
weight: Preliminary results 
Rakesh Ghosh1*, Tom Fanshawe2*, Svetlana Glinianaia1, Judith Rankin1, Peter Diggle2, Steve 
Ruston3, Roy Sanderson3, Peter Lurz3, Mark Pearce4, Louise Parker5, Martin Charlton6 & Tanja 
Pless-Mulloli1 

1Institute of Health and Society, Newcastle University; 2Department of Medicine, Lancaster 
University; 3Institute for Research on Environment and Sustainability, Newcastle University; 
4School of Clinical Medical Sciences, Child Health, Newcastle University; 5Community Health and 
Epidemiology/Pediatrics, Dalhousie University, Halifax, Canada; 6National Centre for 
Geocomputation, National University of Ireland, Ireland 

* Presenters 

Background and objectives 
There is growing evidence of a link between maternal exposure to air pollution and adverse 
perinatal outcomes. Several studies on a range of different populations and a number of 
literature reviews have suggested an association between air pollution and adverse perinatal 
outcomes such as low birth weight (LBW), preterm birth (PTB) (Glinianaia et al., 2004a; 
Maisonet et al., 2004; Sram et al., 2005) and infant mortality (Glinianaia et al., 2004b).  

We designed an historical cohort study – the UK PAMPER (Particulate Matter and Pregnancy 
Events Research) study – to investigate the adverse effects of pre- and post-natal exposure to 
particulate matter on pregnancy and infant health outcomes. The PAMPER birth cohort 
comprises all singleton births in Newcastle-upon-Tyne, an urban industrial area, from 1961–
1992 (N = 109 202). Detailed information on births was collected from the neonatal hospital 
records of the two major maternity hospitals in Newcastle. Several other local, regional and 
national sources were used to construct and validate the PAMPER birth record dataset. 
Information was available on date of birth, birth weight, gestational age, gender, maternal 
age, parity, socio-economic status (individual and neighbourhood) and mode of delivery.  

The objective of the study was to investigate the effect of black smoke (BS) on birth weight 
as well as to examine interactions between the exposure effects and gender on birth weight. In 
order to estimate BS exposure we used routinely-collected data from 20 air pollution monitors 
situated in and around Newcastle city. We aimed to fit a spatiotemporal model to estimate BS 
exposure during pregnancy for individual women. 

Study description 
Systematic review of the interactive affects of air pollution 
We undertook a systematic literature review to examine the existing published literature on 
the evidence of interaction between air pollution and gender. We retrieved English language 
articles from major databases using a comprehensive list of keywords relating to gender, air 
pollution and perinatal outcomes published between 1966 and 2005.  

We included studies in the review if a) exposure measurements were well defined, b) 
pollutants were specified, c) effects on birth weight and duration of pregnancy were reported 
and d) effect estimates were reported by gender. Studies were excluded if they included a) 
accidental or occupational exposures and b) multiple births. We assessed the quality of the 
studies based on the guidelines for assessing quality of observational studies (Bracken, 1989) 
to understand the strength of the evidence. 
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Methodology for the exposure modelling 
We adopted a two-stage strategy for modelling BS levels, which varied both across the study 
region and over time. Firstly, we fitted a dynamic model to BS levels, averaged across the 
region, to account for the temporal variation in the data. Secondly, variables including 
chimney density (estimated from digitised aerial photographs), distance to the nearest 
industrial site, residential status of the neighbourhood, and the date when the UK Clean Air 
Act (CAA) 1956 was implemented in different Newcastle areas, were used to model the 
variation in BS levels between individual monitors. 

Analysis of interaction in the PAMPER birth record dataset 
We used linear and logistic regressions to model the effect of exposure on birth weight, and 
fractional polynomials to model non-linear relationships with the continuous exposures. We 
used stratified analysis by gender to check for an interaction. We tested model fit using the 
deciles of risk test and residual analysis. For linear regression, assumptions were checked to 
ensure that they hold good for the model.  

Results 
Review 
Our review suggests that female babies are at higher risk of LBW (AORs ranged from 1.07–
1.62) and male babies are at higher risk for PTB (AORs ranged from 1.11–1.20) from the 
adjusted logistic models. The risk of LBW, which is commonly high for female babies, was 
higher in males after accounting for interaction; however the results were not statistically 
significant. 

Exposure modelling 
BS levels, averaged across all monitoring sites, showed a clear decreasing trend over time and 
a strong seasonal pattern, with higher levels occurring during the winter months. The dynamic 
model achieved a good fit for this data series. We observed higher BS levels in residential 
areas with higher chimney densities, and the levels dropped after implementation of the CAA. 
In non-residential areas higher levels were observed in areas with lower chimney densities. 
The space–time model was used to estimate individual maternal BS exposure during 
pregnancy by integrating estimated BS levels at the mother’s residential address over the 
estimated period of pregnancy. 

Preliminary results from PAMPER dataset 
Preliminary analysis showed that birth weight increased by 2.6 g every year, which increased 
to 5.4 g after adjusting for gestational age. Male infants were heavier by 122 g (95% CI: 115–
129) than females. This difference increased to 132 g (95% CI: 126–138) after adjustment for 
gestational age, maternal age, parity, socio-economic status and birth year. The unadjusted 
risk of LBW for females was 1.17 (95% CI: 1.12–1.23) which increased to 1.40 
(95% CI: 1.31–1.49) after similar adjustment. Statistically significant interactions were 
observed between maternal age, parity and gender.  

Conclusions and discussion 
This review provides some limited evidence of an interaction between air pollution and 
gender on perinatal outcomes. The evidence suggests interaction between gender and air 
pollution for LBW when the highest and lowest exposure categories were compared 
separately for male and female babies.  
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This is one of the largest studies to date to investigate the link between particulate matter and 
birth outcomes, and the first to explore interaction between air pollution effects and gender on 
birth weight. In addition, we have demonstrated how a dynamic spatio–temporal model can 
be used to estimate individual level air pollution exposure. 
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* Presenter 

Background and objectives 
The purpose of the research described in this paper was to quantify the health effects of both 
long-term and short-term exposures to air pollutants in the same study population. Primary 
outcome measures were cause-specific mortality and morbidity, with particular attention to 
cardiovascular outcomes. The results of cohort study analyses were compared to 
corresponding estimates from time-series studies of the population from which the cohorts 
were drawn.  

Study description 
Health outcomes for 26 360 subjects in three cohorts together formed the ‘MIDSPAN’ 
survey, which began in the 1960s and in total involved nearly 30 000 people. The population 
was based on three cohorts investigated in the period between 1974 and 1998, comprising: 

• the MAIN study, conducted between 1964 and 1968, based on 13 factories 
throughout the central belt of Scotland and involving approximately 4000 people 
(aged 15 to 70); the Registrar General’s Office provided notification of mortality; 

• the Collaborative study, conducted between 1970 and 1973, based on an occupational 
cohort study of 6022 men and 1006 women of working age recruited from 27 
workplaces throughout the central belt of Scotland; and 

• the Renfrew/Paisley study on a general population of 15 402 middle-aged men and 
women (aged 45–64), resident in the large burghs of Renfrew and Paisley in the west 
of Scotland, conducted between 1972 and 1976. 

Detailed baseline risk data and the unique advantages of the Scottish Health Record Linkage 
system (including algorithmic linking of individual hospital admission and mortality records) 
enabled some novel examinations of effect magnitudes in putative susceptible population sub-
groups on a geographical basis, and coherence in medical outcomes (Figure 5.7.1). The 
potential for confounding and effect modification by both individual and aggregate-level 
factors (including smoking, deprivation, occupation, educational attainment, prior ill-health, 
physiological factors, and gaseous co-pollutants) was examined. Extensive and detailed black 
smoke pollution databases were used to develop a sophisticated multi-level model of intra-
urban variation in long-term geometric mean pollution exposures. Short-term exposure effects 
were determined for the population of Greater Glasgow, using time-series analyses of 
mortality, morbidity and pollution datasets. In addition, a novel approach was developed to 
evaluate short-term exposure effects within the existing cohort studies, which took into 
account the effects of individual level risk factors.  
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Figure 5.7.1 Geographical locations of cohort subjects and black smoke monitoring 
sites 

 

Results 
In the combined analysis of two MIDSPAN cohorts the adjusted hazard ratios for all-cause 
and cause-specific mortality showed significant effects attributable to long-term black smoke 
exposures. Using the multilevel exposure model the identified associations for an increment 
of 10 µg m-3 black smoke were (in descending order of magnitude): ischaemic heart disease 
mortality, hazard ratio (HR) = 1.07 (95% CI: 1.01–1.15); cardiovascular mortality HR = 
1.07 (1.00–1.13); and all-cause mortality HR = 1.05 (1.01–1.09), for follow-up from mid 
1970s until end of 1998 (Table 5.7.1). These results are broadly consistent with the findings 
of major epidemiological studies in North America and continental Europe.  

Other exposure models (using less sophisticated methods than the multi-level approach) gave 
dissimilar epidemiological results, highlighting the crucial importance of reliable estimation 
of exposures on a relatively fine intra-urban spatial scale to avoid potential misclassification 
problems inherent in exposure assessments. Interaction tests conducted between the multi-
level modelled black smoke exposures and subject-specific physiological (including 
cholesterol, body mass index, blood pressure); social class, educational and behavioural 
(smoking status) risk factors failed to provide compelling evidence that any of these factors 
modified the black smoke effects within the combined MIDSPAN cohort.  

An increase in geometric mean 1970–79 black smoke exposure of 10 µg m-3 was significantly 
associated with increased risk of cardiovascular hospital episode or death from cardiovascular 
causes during follow-up to 1998 (HR = 1.04, 1.00–1.09).  

Collectively the exposure modelling and survival analyses described in this paper were 
consistent with a hypothesis of increased exposure to air pollutants from residential heating in 
more densely populated areas being associated with increased risk of mortality. The multi-
level exposure model also allowed for increased exposure to emissions from motor vehicles 
depending on proximity to a major road, increased dispersion of air pollutants at higher 
altitudes, and proximity to cleaner air masses in rural areas (when examined individually, GIS 
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variables representing these quantities also followed a plausible pattern of association with 
mortality outcomes). 

Table 5.7.1 Combined cohort analyses using different exposure models. Number of 
events (N), adjusted hazard ratios per 10 µg m-3 increment of black smoke, with 
corresponding 95% CI and p-values for all cause and cause-specific mortality for 
follow-up to 1998  

Adjusted hazard ratio 

Follow-up until 1998 Exposure model Cause of 
mortality 

N HR 95% CI p 

All cause 10393 1.05 (1.01–1.09) 0.014 
CVD 4221 1.07 (1.00–1.13) 0.036 
IHD 3395 1.07 (1.01–1.15) 0.032 
Resp 814 1.11 (0.97–1.28) 0.13 
Lung 1099 1.09 (0.97–1.22) 0.15 

Multilevel BS exposure 
model (21 602 subjects) 

Others 4316 1.03 (0.97–1.10) 0.29 
All cause 10369 1.04 (1.00–1.09) 0.052 
CVD 4210 1.06 (0.99–1.13) 0.11 
IHD 3388 1.06 (0.98–1.14) 0.15 
Resp 812 1.07 (0.91–1.26) 0.40 
Lung 1095 1.12 (0.98–1.28) 0.090 

Additive BS exposure 
model (21 544 subjects) 

Others 4309 1.03 (0.96–1.10) 0.44 
All cause 7272 1.00 (0.95–1.04) 0.85 
CVD 2983 0.97 (0.90–1.03) 0.31 
IHD 2358 0.97 (0.90–1.05) 0.45 
Resp 615 0.98 (0.84–1.15) 0.83 
Lung 749 1.12 (0.99–1.28) 0.073 

Inverse distance 
weighted BS exposure 
model (14 575 subjects) 

Others 2966 0.96 (0.89–1.03) 0.24 
Results with p <0.05 are highlighted in bold. 

The time series and within-cohort conditional logistic regression approaches to evaluate the 
effects of short-term exposure to air pollution provided quite different estimates (Table 5.7.2). 
Both methods highlighted the importance of making appropriate allowance for ambient 
temperature effects during the BS lag period.  

In the Renfrew–Paisley cohort, long-term exposure effects were substantially greater than 
short-term exposure effects for all-cause, cardiovascular, and respiratory mortality (Table 
5.7.2). In the smaller Edinburgh Artery Study cohort there was evidence suggesting an 
interaction between short-term effects of black smoke air pollution and fibrinogen 
concentrations on the risk of cardiovascular events (data not shown here for brevity). 
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Table 5.7.2 Separate cohort analyses for different exposure time scales. Risk estimates 
for 10 µg m-3 increment of black smoke, with corresponding 95% CI for all-cause and 
cause-specific mortality  
Mortality cause Time interval Time series  Renfrew–Paisley 

cohort 
Collaborative 
cohort 

  BS effect BS effect* BS effect* 

  (95% CI) (95% CI) (95% CI) 

All-cause Short-term BS3** 0.5 (0.3, 0.6) 2.3 (0.8, 3.9) 1.6 (-0.8, 4.1) 
 Short-term BS6  3.0 (0.9, 5.1) 1.8 (-1.4, 5.1) 
 Short-term BS30 1.8 (1.3, 2.3) 5.8 (2.2, 9.6) 2.0 (-3.0, 7.2) 
 Short-term BS3 & Temp*** 0.2 (-0.01, 0.4) 1.8 (0.1, 3.4) 1.1 (-1.4, 3.8) 
 Short-term BS6 & Temp  2.3 (-0.01, 4.7) 1.1 (-2.3, 4.7) 
 Short-term BS30 & Temp 0.9 (0.3, 1.5) 3.4 (-0.7,7.7) 2.0 (-3.4, 7.6) 
 Long-term – 9.8 (3.6, 16.5) 3 (-3, 9) 
Cardiovascular Short-term BS3 0.5 (0.3, 0.7) 2.0 (-0.3, 4.4) -0.2 (-3.6, 3.4) 
 Short-term BS6  3.5 (0.4, 6.8) 1.0 (-3.6, 5.8) 
 Short-term BS30 1.4 (0.7, 2.2) 8.2 (2.6, 14.1) -0.3 (-7.0, 8.1) 
 Short-term BS3 & Temp 0.1 (-0.2, 0.4) 1.4 (-1.2,4.0) -0.6 (-4.3, 3.2) 
 Short-term BS6 & Temp  2.2 (-1.3, 5.8) 0.6 (-4.4, 5.9) 
 Short-term BS30 & Temp 0.3 (-0.7, 1.2) 4.1 (-2.2, 10.7) 0.4 (-7.5, 8.9) 
 Long-term – 11.1 (1.1, 22.0) 6 (-3, 16) 
Respiratory Short-term BS3 0.7 (0.2, 1.1) 2.0 (-3.6, 7.8) 2.4 (-6.1, 11.7) 
 Short-term BS6  3.0 (-4.2, 10.6) 2.5 (-8.2, 14.5) 
 Short-term BS30 4.2 (2.8, 5.5) 12.0 (-1.4, 27.4) -17.2 (-34.4, 4.6) 
 Short-term BS3 & Temp 0.3 (-0.2, 0.8) -0.4 (-6.4, 6.1) 1.1 (-7.8, 10.9) 
 Short-term BS6 & Temp  0.19 (-7.6, 8.6) 0.7 (-10.6, 13.4) 
 Short-term BS30 & Temp 3.1 (1.4, 4.9) 7.2 (-7.5, 24.2) -19.5 (-37.7, 4.0) 
 Long-term - 25.6 (1.6, 55.3) -5 (-24, 20) 
Results with p <0.05 are highlighted in bold. 

* Within cohort short-term exposure risk estimates are nested case–control model odds ratios; long-term exposure risk estimates 
are Cox model hazard ratios 
**BS3 = mean BS for preceding 3 days; BS6 = mean BS6 for preceding 6 days; BS30 = mean BS for preceding 30 days 
*** ‘& Temp’: indicates appropriate adjustment for mean ambient temperature over BS lag period 

Conclusions 
The associations between mortality/morbidity and long-term exposure to particulate air 
pollution observed in this study are broadly consistent with previous evidence and hypotheses 
of how air pollution may affect human health. This provides direct support to extant UK 
policies on regulation of long-term air quality, which until now have been largely based on 
epidemiological evidence from other countries. 

The dissimilarity in health effects based on different exposure models highlights the crucial 
importance of reliable estimation of long-term exposures on a finer spatial scale to avoid 
potential misclassification problems inherent in air pollution epidemiology studies. 

The extent of the dissimilarities noted between exposure models suggest that inadequate 
human exposure classification will continue to be the one of the most pressing issues to 
address in future environmental epidemiology research. This has important implications for 
both local government environmental health and central government air quality monitoring 
policies. 
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5.8 Modelling the health impact of the 2006 
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* Presenter 

Background and objectives 
There was a prolonged heatwave across the UK during the summer of 2006, during which 
elevated levels of ozone, particulate matter (PM10) and sulphur dioxide were measured by the 
UK national monitoring networks. The Committee on the Medical Effects of Air Pollutants 
(COMEAP) uses the term ‘deaths brought forward’ to represent the idea that an air pollutant 
is not necessarily the sole cause of a death but can bring forward the death of someone who is 
already seriously ill (Department of Health, 1998). Developing the methodology used by 
Stedman (2004) to calculate the number of deaths brought forward during the 2003 heatwave, 
we have attempted to quantitatively model the public health impact associated with elevated 
air pollution concentrations during June and July in 2006. 

Study description 
It is not possible to diagnose a ‘death brought forward’ directly, although it is possible, using 
time-series coefficients, to predict what the numbers of increased deaths brought forward 
might be expected to be, given the increase in air pollutant concentrations measured. We have 
applied dose–response coefficients (Table 5.8.1) to determine the number of deaths brought 
forward using measured concentrations of ozone, PM10 and SO2 in 2006 (against a baseline 
from 2004) from monitoring networks across the 43 zones and agglomerations defined under 
the first Daughter Directive (European Air Quality Framework Directive, 1999). 

Table 5.8.1 Dose–response coefficients and baseline death rates used 

 Ozone PM10* SO2 

Baseline death rate (per 100 000 
people per annum) 

989.7 989.7  989.7 

Concentration response function 
(% per 10 µg/m3) 

0.6 (COMEAP, 1998) 
0.3 (WHO, 2004) 

0.75 0.6 
 

* For particle concentrations measured using a tapered element oscillating microbalance (TEOM) instrument 

There have been suggestions of a specific threshold below which ozone concentrations result 
in no long-term harm. For this reason COMEAP has advised that health impact calculations 
are performed assuming no threshold and using a threshold at 100 µg m-3 (50 ppb) 
(Department of Health, 1998). A recommendation by UNECE/WHO (2004) for a 70 µg m-3 
(35 ppb) cut-off has also been made. The ozone analysis presented in this study used 
thresholds at 0 µg m-3, 70 µg m-3 and 100 µg m-3. The time-series evidence on particles and 
mortality does not suggest a threshold at the population level (Daniels et al., 2000) and the 
calculations in this work have been performed using no cut-off. 

Each day in June and July was analysed for ozone and PM10 to examine the impact over the 
entire period. Further analysis was focused on specific pollution episode periods – 27 June to 
7 July and 13 to 23 July. The Office for National Statistics (ONS) has published provisional 
daily mortality data (based on the date of occurrence) for England and Wales for two ‘hot 
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periods’ (1 to 7 July and 16 to 18 July) identified by ONS (2006). In order to compare our 
results against this ONS data we have repeated our analysis for England and Wales only for 
the hot periods defined by ONS.  

Calculations for SO2 were limited to the Greater London area and to specific days (25 June to 
6 July, 16 to 19 July and 24 to 25 July) identified using expert judgement and based on 
measured concentrations. The SO2 daily means calculated from the 15-minute data at each 
monitoring site were used to perform an inverse distance-weighted interpolation in a GIS to 
provide a 1 km raster grid of concentrations over south east England. Population data from 
the 2001 census were used to calculate population-weighted means for each 1 km grid square 
and were aggregated to the Greater London area. This method accounted for the greater 
spatial variation in SO2 concentrations. A baseline of 5 µg m-3 was used, derived from the 
mean concentration of non-episode days during July 2006. 

Results 
Tables 5.8.2 and 5.8.3 show the total number of predicted deaths brought forward as a result 
of elevated ozone and PM10 concentrations in each of the two hot periods identified by ONS. 
Using the most realistic range of deaths brought forward (based on a 0.3 coefficient and both 
a 70 µg m-3 threshold and no threshold plus PM10) the predictions for England and Wales 
range from 229 to 247 deaths brought forward. This is significantly higher than the net 
number of ONS-estimated excess deaths for the period, which was zero across all ages 
(because there were fewer excess deaths than the baseline in ages 0–74 over the period). 
Table 5.8.3 shows the results for the second hot period. 

Table 5.8.2 Predicted number of deaths brought forward due to ozone and PM10 
concentrations, 1 to 7 July, first ONS ‘hot period’ (7 days) – compared with 2004 base 
year 

Deaths brought forward 

Ozone 

Coefficient 0.6% per 10 µg m-3 Coefficient 0.3% per 10 µg m-3 

PM10 

 

  

  
Region 

No threshold 70 µg m-3 
threshold 

100 µg m-3 
threshold 

No 
threshold 

70 µg m-3 
threshold 

100 µg m-3 
threshold 

No threshold 

England and 
Wales 

331 296 171 166 148 86 81 

 

The predicted range of deaths brought forward using the most realistic criteria detailed above 
was 354 to 402 for England and Wales. This accords more closely with the 680 estimated 
excess deaths for all ages during the period estimated by ONS (52–59% of the total). Despite 
the more favourable comparison in this second hot period, the predicted air pollution deaths 
may still be inconsistent with the ONS assessment.  

The predicted number of deaths brought forward associated with SO2 concentrations in 
Greater London during identified SO2 episode days was 17. Corresponding calculations for 
PM10 resulted in 25 deaths brought forward. It is not always possible to confidently separate 
the effects of SO2 and particles, therefore the predicted number of deaths brought forward for 
SO2 may or may not be additional to those predicted for particles. It is worth noting that SO2 
and PM10 concentrations were not very highly correlated in London during the period under 
analysis. 
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Table 5.8.3 Predicted number of deaths brought forward due to ozone and PM10 

concentrations, 16 to 28 July, second ONS ‘hot period’ (13 days) – compared with 
2004 base year 

Deaths brought forward 

Ozone PM10 

  

 Region 
Coefficient 0.6% per 10 µg m-3 Coefficient 0.3% per 10 µg m-3  

 No threshold 70 µg m-3 
threshold 

100 µg m-3 
threshold 

No 
threshold 

70 µg m-3 
threshold 

100 µg m-3 
threshold 

No threshold 

England and 
Wales 

544 448 240 272 224 120 130 

 
Conclusions 
The government’s heatwave plan became operational for the first time in 2006, the successful 
implementation of which may have reduced heat-related deaths and increased the relative 
importance of air pollution effects during heatwaves. However it is hard to reconcile this 
effect with the zero excess deaths reported during the first hot period, unless the overall 
excess deaths are underestimated. An analysis of the impact of elevated SO2 concentrations 
has been carried out for Greater London and the estimated health impact of SO2 was found to 
be of the same order of magnitude as the impact of PM10 on the same days.  

Discussion 
There are many possible reasons for the inconsistency between the predicted numbers of 
excess deaths estimated by ONS and those predicted by this study. One of the most notable 
reasons is the difference in baselines used by the two approaches. The ONS estimation uses a 
baseline calculated using an average over 5 years. Using several years to provide the baseline 
has the advantage that it evens out any chance variations, however it does include high 
temperatures in equivalent periods used in the 5-year average. Where periods of high 
temperatures (and consequent higher mortality) are used in the baseline average calculation 
then the estimation of the apparent excess may be reduced. The apparent excess might also be 
reduced if the 5-year average baseline mortality is higher due to a general decline in mortality 
over time. This study used a baseline derived from corresponding days from 2004 to represent 
number of deaths expected without the heatwave. This was selected because 2004 was the 
most recent year of ratified data available for which there was no significant heatwave effect.  

While the elevated concentrations of ozone and PM10 were a direct result of the unusual 
weather conditions, the elevated concentrations of SO2 were largely due to a combination of 
unusual weather and unusual emission patterns, which were themselves associated with the 
heatwave conditions. 
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* Presenter 

Background and objectives 
The harmful effects of air pollution on respiratory health are widely documented. Based on 
this wealth of evidence, traffic interventions aiming to reduce congestion in cities have been 
sold to the public as sources of potential health improvements (Oxfordshire County Council, 
1993). However, surprisingly very few studies have examined the direct impact of such 
policies. Those that are published have been either of short-term interventions – such as that 
in Atlanta, USA, during the 1996 Summer Olympic Games (Friedman, 2001) – or are of very 
limited traffic diversions (Burr, 2004). 

Oxford has a long history of innovative transport policies and in 1991 consultants were 
commissioned to devise a policy addressing congestion in the historic city centre. The 
resulting intervention – the Oxford Transport Strategy (OTS) – was implemented in June 
1999 and involved a series of major traffic changes focused in the city centre. 

The multi-disciplinary EMITS research group was established to assess the impact of OTS on 
various aspects of life in Oxford. Here we investigate its effect on the respiratory health of 
schoolchildren. 

Study description 
We followed a dynamic cohort of 1389 children aged 6–10 years from seven Oxford first 
schools between 1998 and 2000. Schools were visited 2–3 times a year for 5-day periods. 
Visits were scheduled so that there would be approximately equal numbers of visits before 
and after the implementation of OTS.  

On each day of each visit children completed a breathing diary in which they were asked to 
answer, on an ordinal scale, questions about their respiratory symptoms on the previous day. 
Children also had their peak flows measured and their heights were measured on the first day 
of each visit. 

Information collected from the children was supplemented by questionnaires completed by 
their parents or guardians. These provided home addresses and enquired about the medical 
history of the child as well as any exposures in the home. Of the 1389 participating children, 
complete address and parental information was available for 1125 (81%). 

Exposure to traffic was determined by modelled traffic levels on the street nearest the home 
as mapped using a geographic information system. 

Results 
The results of the study are currently being prepared for submission to a peer-reviewed 
journal. 
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5.10 Using IOMLIFET to compare impacts from 
air pollution, second-hand tobacco smoke and 
motor vehicle traffic accidents  
Brian G Miller* & J Fintan Hurley 

Institute of Occupational Medicine, Edinburgh 

* Presenter 

Background and objectives 
A health impact assessments (HIA) for air pollution impacts commonly has to consider and 
estimate the effect of proposed changes in airborne pollution levels, for example 
concentrations of PM2.5, on future mortality patterns. Simple methods for doing this, for 
example by multiplying annual numbers of deaths by some impact factor, ignore the 
important fact that any change in mortality rates affects the size and age distribution of the 
population in future years. 

Standard actuarial methods based on ‘life tables’ avoid this flaw, precisely because they 
predict the expected patterns of future mortality in sequential fashion. Life tables are usually 
based on mortality hazard rates, which in turn are often calculated from official statistics on 
population sizes and records of deaths. Simple arithmetic can convert a time- and age- 
specific hazard rate to the corresponding probability of surviving a period, for example to the 
next birthday. These probabilities can then be combined over successive ages to predict the 
pattern of mortality in a cohort. Followed up for long enough, eventual extinction of any 
group is inevitable, but different sets of hazards will predict different patterns of when the 
deaths will occur, that is, different survival curves. We can compare the effects of different 
sets of hazard rates by comparing the survival curves they define. Such comparisons are at the 
heart of HIA, for example in comparing the patterns predicted under different scenarios of 
pollution reduction, or no reduction at all. 

In an air pollution context, the situation is complicated by the fact that a change affects a 
whole population, who are at different achieved ages and have different proportions of their 
lives remaining to contribute to the HIA. For this reason, it is necessary to predict the impacts 
separately for each age-specific cohort and, if desired, for future birth cohorts. 

Knowledge of hazard rates and survival curves permits the prediction of life expectancy and 
the average age at death of a group, assuming they experience a similar survival pattern to 
that of the general or reference population. Differences between the two survival curves may 
be expressed in years of life (expectancy) gained or lost, sometimes shortened to ‘life years’.  

We have developed IOMLIFET, a system of linked spreadsheets implemented in MS Excel©, 
to carry out life-table calculations across a matrix broken down by both age and calendar year, 
whose diagonals therefore predict future survival curves for individual cohorts (Miller & 
Hurley, 2003). The sheets are designed to permit maximum flexibility in input assumptions, 
and in the quantities summarised for output.  

The methods have already been adopted for use, for example by WHO in its AirQ software 
(WHO, 2000), EC (CAFE CBA), UK COMEAP, US EPA, and the University of Hong Kong. 

Following a number of HIAs for air pollution impacts with a variety of input assumptions, a 
recent project took the objective of comparing impacts for three different types of effect: 
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• air pollution; 

• second-hand smoke (SHS); 

• motor vehicle traffic accidents (MVTA). 

Complications of such comparisons include: 

• different risks at different ages; 

• risks may not be to the whole population. 

Life-table methods can accommodate all of these (Miller & Hurley, 2003 & 2006). 

Study description 
Assumptions for air pollution impacts 

• Impact of 10 µg m-3 reduction in PM2.5 (approximately all anthropogenic)  

• Impact coefficient for hazards based on ACS: Pope et al. (2002) 

• Taken to imply a 6% reduction in all-cause hazard 

• Impact has effect on mortality risks for all subjects aged 30+ 

Assumptions for MVTA impacts 
• Impact of eliminating all motor vehicle traffic accidents 

• Independent hazards are additive 

• We have separate hazard rates for MVTA (from ONS) 

• Highest in young males 

• Set these to zero for all ages 

• Combine remaining hazard rates 

• Use ‘all-but-one-cause’ mortality hazard rates in IOMLIFET 

Assumptions for SHS 
• Most complex scenario 

• Impacts of eliminating all SHS 

• Cause-specific impacts: (Jamrozik, 2005) 

• Risk of lung cancer increased × 1.25 

• Risk of IHD death increased × 1.25 

• 37% of population aged 20–64 exposed to ETS at home 

• Workforce 85% of above, 11% exposed at work 

• In population aged 65+, 13% have ETS at home 

• Total relative risk for ETS for those aged 20–64 = 1.117 

• Total relative risk for ETS for those aged 65+ = 1.032 

• Reduce lung cancer, IHD rates by these factors  

We have quantified each of the above impacts (Miller & Hurley, 2006) for: 

• single birth cohorts;  
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• compound populations, for example all alive today, future birth cohorts; 

• males and females separately. 

Results 
While the results varied by sex and depended on length of follow-up, overall the effects of 
eliminating either MVTA or SHS were around the same size, while the effects of a 10 µg m-3 
reduction in airborne PM2.5 air pollution were greater than these by a factor of around five. 

Detailed results are in a report to DoH (Miller & Hurley, 2006), and will become generally 
available in a forthcoming publication.  

Conclusions 
While all predictions of future impacts are subject to uncertainty, they show consistently that 
the effect of ambient air pollution on mortality is a public health issue of substantial 
importance, and our results here concur. We expect similar results would be obtainable in 
other countries. 

References 
Jamrozik, K (2005) Estimate of deaths attributable to passive smoking among UK adults: Database 
analysis. Brit. Med. J., 330(7495), 812 

Miller BG & Hurley JF (2003) Life table methods for quantitative impact assessments in chronic 
mortality. J. Epidemiol. Commun. H., 57, 200–206 

Miller BG & Hurley JF (2006) Comparing estimated risks for air pollution with risks for other health 
effects. Edinburgh, UK, Institute of Occupational Medicine (IOM Report TM/06/01). Available 
(October 2007) from www.iom-world.org/pubs/IOM_TM0601.pdf 

Pope CA 3rd, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thurston GD (2002) Lung cancer, 
cardiopulmonary mortality, and long-term exposure to fine particulate air pollution. J. Amer. Med. 
Assoc., 287, 132–1141 

WHO (2000) Quantification of the health effects of exposure to air pollution. Bonn, Germany, World 
Health Organization, European Centre for Environment and Health. Available (2007) from 
http://www.euro.who.int/document/e74256.pdf 

 



 

 

IEH Web Report 24, posted November 2007 at http://www.silsoe.cranfield.ac.uk/ieh/ 
84

5.11 Health impact assessments based on life-
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Background and objectives 
As part of work funded by the Department of Health air pollution research programme, the 
Institute of Occupational Medicine in Edinburgh developed a health impact assessment (HIA) 
approach using life tables, which allowed the effects of changes in particle concentrations on 
life expectancy to be predicted (Hurley et al., 2000; Miller & Hurley, 2003). The Committee 
on the Medical Effects of Air Pollutants (COMEAP) subsequently published a report 
(Department of Health, 2001) that recommended concentration–response coefficients for use 
in conjunction with such HIAs. This report has subsequently been updated (Department of 
Health, 2006). 

Predictions of the effects of changes in particle concentrations on life expectancy were first 
used in UK air quality policy development in 2001 in an assessment for a new air quality 
strategy objective for particles (Department for the Environment, Food and Rural Affairs, 
2001).  

This presentation highlights some of the key issues that arise in applying life-table methods in 
policy development. In particular, it explains which uncertainties have the largest influence on 
the results and the research needs that arise from this. These points will be illustrated using 
the most recent assessment of the health benefits of policy measures under consideration for 
the review of the Air Quality Strategy (Department for Environment, Food and Rural Affairs, 
2006). 

Study description 
The health benefits of 16 potential policy measures that involved changes in particle 
concentrations were assessed. The projected change in PM10 concentrations (Stedman et al., 
2006) was assumed to be equivalent to a change in PM2.5 concentration, as it is known that 
coarse particles are generally unaffected by the policy measures. 

The projected change in concentration in 2020 (the last year modelled) was assumed to apply 
from 2010 for 100 years to the population alive today plus new cohorts born before 2109. It 
had previously been shown (Miller & Hurley, 2003) that, for small changes and where a 
constant change applies long term, the results for different hazard rate changes scale linearly. 
A unit impact factor was therefore used based on the life years gained for an arbitrary 1% 
hazard rate reduction sustained for 100 years for the population of England and Wales using 
1999 life tables. The hazard rate reduction was applied to those aged 30 and above, assuming 
either no lag or a 40-year lag between exposure and effect. The unit impact factor was then 
scaled to the UK population using a ratio between the UK and England and Wales population 
of 1.13. 

The gain in life years for each policy measure was then calculated by scaling both the no lag 
and 40-year lag results as follows. A coefficient of 6% per 10 µg m-3 PM2.5 (0.6% per µg m-3) 
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was used from Pope et al. (2002), as recommended by COMEAP (Department of Health, 
2006). 

UK unit impact factor (for no lag or 40 year lag) × 0.6% × concentration change = life years 

Pollution changes of shorter durations can also be considered. Predicted gains in life years 
cannot be determined until the additional survivors due to a pollution reduction have actually 
died, possibly many years later. So the assessment still needs to be done over the long term. 

Results 
The 100-year sustained UK unit impact factor was about 6 742 000 life years for no lag and 
3 532 000 life years for a 40-year lag. The top four individual measures, plus results for a 
package of selected measures, are shown in Table 5.11.1. 

Neither the ‘all no lag’ nor the ‘all 40-year lag’ assumption in Table 5.11.1 is especially 
plausible, but they define a range within which a more plausible answer is likely to fall. The 
latest thinking (Department of Health, 2006) is that a greater proportion of the effect is likely 
to occur in the years soon after the change in pollution rather than later; that is, the result 
tends towards the higher number of life years gained represented by the no lag result. 

Calculations were also performed using the 95% confidence interval of 2% to 11% around the 
coefficient from Pope et al. (2002). As the results scale approximately linearly for small 
concentration changes, this gave results from a third of the size (2% coefficient) and to almost 
twice the size (11% coefficient). Further work using Monte Carlo analysis and a plausibility 
distribution across a range of coefficients defined by COMEAP is underway to illustrate more 
fully the effect of uncertainties in the value of the coefficient. 

Table 5.11.1 Predicted life years gaineda (UK) for selected policy measures  

Measure Life years gained  

(6%, no lag) 

Life years gained 

(6%, 40-year lag) 

Measure A  
Euro standards V and VI (low intensity) 

2 770 000 1 451 000 

Measure B  
Euro standard V and VI (high intensity) 

3 948 000 2 069 000 

Measure C  
Early uptake of Euro standards V and VI (low intensity) 

3 013 000 1 618 000 

Measure N  
Shipping low sulphur fuel and reduction in NOx 

2 190 000 1 147 000 

Measure Q  
Combination of Measure C, Measure E (low emission 
vehicles) and Measure L (small combustion plant measure) 

3 337 000 1 787 000 

Source: DEFRA, 2006 

a For the population alive in 2010 plus new cohorts born up to 2109, followed up until 2109 using 1999 all-cause hazard rates. 
Hazard rate reduction applied from 2010 (no lag) for those age 30 and above. 
For the 40-year lag, hazard rate reductions were applied if (i) 40 years or more had elapsed since the pollution reduction 
occurred, (ii) the age cohort was alive at the time of the pollution reduction, (iii) 40 years have elapsed since the age cohorts first 
exposure (exposure before birth does not count!), (iv) no more than 40 years has elapsed since the end of the pollution reduction 
(the 40-year lag is a maximum). 

Disaggregation of results by the contribution of primary and secondary particles was 
undertaken for Measure Q. Approximately 60% of the life years gained was as a result of 
reductions in secondary particles. Input of the 2010 and 2015 concentration reductions into a 
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life table run illustrated that the simplified approach using only the 2020 concentration from 
2010 slightly overestimated the result.  

Input of the results into cost–benefit analysis showed Measure C as the individual measure 
with the highest predicted net present value (Figure 5.11.1) (a positive net present value 
indicates net benefits). The package of measures (Measure Q) shows further improved net 
benefits. 

Figure 5.11.1 Net present values for measures assessed within the AQS review 

Source: DEFRA, 2006; Crown copyright 

Conclusions 
Of this group of measures, early implementation of improved vehicle emission standards was 
predicted to be most effective in reducing the impact of particles on life-expectancy in the 
UK. 

The results illustrate the use of life-table methods in a practical policy application. In certain 
defined circumstances, scaling of a standard result can provide a convenient approach 
provided the assumptions and approximations involved are understood. For more complex 
policy scenarios, direct input of reductions in hazard rates derived from the sequential particle 
concentration changes is more appropriate and is easily accommodated. The results are 
sensitive to assumptions regarding lags between exposure and effect, the size of the 
coefficient and whether or not secondary particles reduce life expectancy. These areas need 
further research.  
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5.12 General discussion on epidemiology and 
human health  
In an opening address, the chairman for the final sub-session, Fintan Hurley, noted that over 
the last ten years epidemiological air pollution research has expanded from a situation where 
it was difficult to study other than general associations between health effects and air quality 
using time-series data, to a position whereby it is now possible to draw together existing data 
and apply a variety of other epidemiological approaches (e.g. cohort studies, case–control 
studies and novel databases and models). In particular, there had been a noticeable shift from 
whole-population studies to focused work on specific groups such as pregnant women (as 
discussed in Section 5.6), the fetus (see Section 5.1), children (Sections 5.1, 5.3, 5.6 & 5.9), 
the elderly (Section 5.2) and cardio-respiratory patients (Section 4.1). Furthermore, interest 
into the effects of long-term as opposed to short-term exposures (e.g. Sections 5.4 & 5.7) and 
to the environmental challenges posed by rare events such as heat waves (Section 5.8) has 
also grown. Novel modelling approaches, such as those described in Sections 5.10 and 5.11 
using life table analysis, permit effects on differing age groups to be modelled to address the 
long-term consequences of air pollution and other factors, thereby directly informing and 
enabling policy development. It was also noted by various participants that it was now 
possible to conduct studies to investigate much more detailed aspects, such as factors 
influencing morbidity or mortality rates in particular population subgroups. Challenges still 
exist, however, such as how best to ensure accuracy of algorithm assignment of data, and how 
best to establish patterns of confounding.  

Examples of the various problems that could be encountered were discussed in relation to 
some of the presentations. For example, arising from studies on air pollution and children’s 
health (e.g. Sections 5.1 and 5.3), it was noted that in newborn infants the primary cause of 
death is genetic disorders. It was noted that in the UK most infant deaths occurred following a 
period of time in hospital incubators, in which the child would have been protected from 
exposure to the general atmosphere and hence outcomes were unlikely to be related to 
atmospheric pollutants. However, such deaths may not be excluded from the dataset in 
epidemiological studies. In later postnatal life it was suggested that most deaths probably are 
associated with acute respiratory illnesses, with the possible exception of sudden infant death 
syndrome (SIDS) where it could be hypothesised that there might be an effect of air pollution 
on blood coagulatability; this might be amenable to study using a case–control design, 
probably with the focus on ETS exposure. Child age is also an important factor that 
influences the results of studies on respiratory health – for example, in relation to 
measurement of peak flow, which increases with age, or wheeze, where the incidence of this 
condition declines with age irrespective of air quality.  

A further challenge identified with respect to the conduct of epidemiological studies was in 
relation to the reliability of pollutant exposure measurement. For example, it was noted that 
the lack of adequate standards for use in particle measurement may raise concerns regarding 
the reliability and performance of measuring systems, and studies could be placed in jeopardy 
through equipment failures, leading for example to the need to have back-up equipment 
available (as had been done in the study described in Section 5.4) to provide cover for 
servicing or in the event of equipment failure.  

Other confounding factors that may need consideration include diet, ethnicity, temperature, 
season, and behavioural patterns (e.g. whether there was smoking within the home during 
pregnancy). Thus, for example, in the study described in Section 5.6 it was noted that there 
was a lack of information on maternal diet; however ethnicity was known and, in this case, it 
did not appear to have had a significant influence. It was also noted that there were two 
reasons why the important risk factor of being small at birth might occur – prematurity or 
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small for age; it was suggested that factors which influenced these might vary and could 
include air pollution. In the study described in Section 5.6, for example, the study design was 
such that it should be possible to investigate the impact of considering pollutant levels in 
terms of overall average, by month or by trimester values. Variations in the composition of 
some pollutant categories over time were noted as possible sources of confounding when 
attempting to make comparisons over a long time scale. For example, with regard to the 
measure ‘black smoke’, it was noted that over the last 30 years in the UK the predominant 
contributor will have changed from coal to diesel exhaust, and the contribution of black 
smoke to PM10 measures will also have altered. 

A question arising from consideration of the study on the 2006 heatwave (Section 5.8) related 
to the problem of interactions between temperature and levels of at least some of the 
pollutants, resulting in a danger of ‘double counting’. In response, it was noted that there are 
two issues, the coefficients used (and if there is adequate control for temperature), and which 
pollutants to combine. In the case of this study, on the basis of available evidence, researchers 
had chosen to add ozone to particles. With regard to the use of life-table analysis techniques 
to inform development of policy, it was noted that there is uncertainty regarding the 
coefficients to be used, but despite this the life-table approach appears to be useful, allowing 
one to compare options. It is, of course, necessary to appreciate the techniques’ limitations 
and the consequences, for example, of uncertainty as to the magnitude of any given effect. 

Looking more generally, it was suggested that one of the fastest-growing areas of interest in 
air pollution research relates to personal exposures in homes, work places and similar local 
environments. Earlier research was more focused on single exposure events for whole 
populations (i.e. at the level of public health), but did not address the variations that occur at 
the individual level. It was suggested that modelling individual exposures aids in determining 
those at greatest risk and potentially allows fine-tuning of public health policy. However, 
others argued that personal exposure and public health considerations are at opposite ends of 
risk determination, and are not really complementary. Thus it was proposed that personal 
exposure is mechanistic in nature – demonstrating how the organism responds to air pollution 
– whilst public health research seeks to evaluate the effects of longer-term exposures on 
populations so as to inform the development of policy on mitigating strategies. 

Looking to future priority areas for research on air pollution, it was suggested that there needs 
to be further investigation of particles, especially in relation to the health effects of the 
various components. One example provided during the discussion highlighted that the toxicity 
of the various constituents of PM10 has not been established due to separation difficulties. 

In conclusion, it was generally agreed that legislation developed in response to the concerns 
raised by studies on various air pollutants had resulted in marked improvements in air quality. 
One area that has not, to date, been subject to much regulation is the indoor environment. 
Building regulations were noted to have had some impact on air quality (e.g. through 
implementation of extractor fans in bathrooms and the setting of minimum levels of 
ventilation), but it was acknowledged that the extent to which indoor air quality can be 
legislated for is limited. However, the provision of guidance to assist individuals to improve 
their environment (such as that issued by COMEAP) was to be welcomed. 
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6 Posters 
Six posters were displayed, encompassing topics including: risk of congenital anomalies and 
childhood cancer allied to ambient air pollution; the influence of tides on radon levels; 
modelling black smoke pollution; and the use of a mechanical lung to assess aerosol 
deposition. 

6.1 Ambient air pollution and risk of congenital 
anomalies in England, 1991–99 
Helen Dolk1, Ben Armstrong2, Kate Lachowycz2, Martine Vrijheid3, JudithRankin4, Lenore 
Abramksy5, Pat Boyd6 & Diana Wellesley7 

 1University of Ulster; 2London School of Hygiene & Tropical Medicine; 3International Agency for 
Research on Cancer; 4University of Newcastle and Northern Congenital Abnormality Survey; 
5North Thames West Congenital Anomalies Register; 6Oxford Congenital Anomalies Register; 
7Wessex Congenital Anomalies Register 

Objectives 
To investigate whether there is an association between risk of congenital anomaly and 
exposure to air pollution. 

Study description 
This was a geographical study using population-based data on congenital anomalies in four 
regions of the UK 1991–99 and data on all births which were linked by postcode to census 
wards. Exposure was measured as 1996 annual mean background SO2, PM10 and NO2 
concentrations and road density was based at the census ward level. Poisson regression was 
undertaken, controlling for maternal age, area deprivation and hospital catchment area.  

The relative risks of non-chromosomal and chromosomal anomalies are presented for an 
increase in pollution from the 10th to the 90th centile. 

Results 
For non-chromosomal anomalies combined, relative risks were 0.99 (95% CI: 0.93–1.05) for 
SO2, 0.97 (95% CI: 0.84–1.11) for NO2, 0.89 (95% CI: 0.75–1.07) for PM10 and 0.95 
(95% CI: 0.89–1.10) for road density. For chromosomal anomalies, relative risks were 1.06 
(95% CI: 0.98–1.15) for SO2, 1.11 (95% CI: 0.95–1.30) for NO2, 1.05 (95% CI: 0.678–1.64) 
for PM10 and 1.00 (95% CI: 0.91–1.09) for road density. There was no evidence for a raised 
risk of cardiac anomalies as a whole in relation to any of the pollutants, but a specific 
association was found between Tetralogy of Fallot and SO2 (RR = 1.38, 95% CI: 1.07–1.79), 
as well as raised risks for NO2 (RR = 1.44, 95% CI: 0.71–2.93) and PM10 (RR = 1.48, 
95% CI: 0.57–3.84).  

Conclusions 
Air pollution in the 1990s did not lead to important sustained geographical differences in birth 
defect rate in England. The specific association for Tetralogy of Fallot is interesting in the 
light of previously reported associations between this cardiac anomaly and other air 
pollutants.  



 

 

IEH Web Report 24, posted November 2007 at http://www.silsoe.cranfield.ac.uk/ieh/ 
92

6.2 Ambient air pollution and congenital heart 
diseases: First UK register-based, spatio–
temporal study (ongoing PhD research) 
 Payam Dadvand1,2, Tanja Pless-Mulloli2, Stephen Rushton1 & Judith Rankin2 

1Institute of Health and Society, Newcastle University; 2Institute for Research on Environment and 
Sustainability, Newcastle University  

Background 
The developing fetus is known to be vulnerable to environmental exposures. A growing body 
of evidence has linked stillbirth, low birth weight, preterm birth and intra-uterine growth 
retardation to maternal exposure to air pollution (Glinianaia et al., 2004; Sram et al., 2005; 
Maisonet et al., 2004). However, there is very little evidence linking this exposure to 
congenital anomalies. 

Epidemiological data from Eastern Europe in areas of high industrial pollution has suggested 
an association between exposure and congenital anomalies. (Reznik et al., 1992; Smrcka & 
Leznarova, 1998) A case–control study in Los Angeles, California, found an increase in the 
risk of ventricular septal defects with increasing carbon monoxide (CO) exposure; a three-
fold increase in risk was found comparing the lowest and highest quartile of CO exposure 
during the second month of pregnancy (Ritz et al., 2002). Valvular, aortic and conotruncal 
anomalies were associated with ozone exposure. A second US study investigated the 
association between exposure to air pollutants during Weeks 3–8 of pregnancy, and the risk of 
selected congenital heart diseases and facial clefts (Gilboa et al., 2005). Comparing the 
highest and lowest quartile of exposure, a positive association was reported between CO and 
tetralogy of Fallot, PM and isolated atrial septal defects, and sulphur dioxide and isolated 
ventricular septal defects. Although the epidemiological evidence is limited, the results are 
suggestive of a potential association between exposure to air pollution and the risk of 
congenital heart diseases. As suggested by both US studies, further studies are required to 
improve the growing body of evidence to be able to investigate causality in the association 
between maternal exposure to air pollution and occurrence of congenital anomalies. 

Study hypothesis and objectives 
Maternal exposure to ambient air pollutants is a risk factor for congenital heart diseases. 

The specific objectives are as follows.  

1. To determine the overall prevalence, geographical distribution and temporal trends in 
the prevalence of congenital heart diseases in the former Northern England health 
region for the period 1985–2003. 

2. To construct spatio–temporal models to quantify maternal exposure to the selected air 
pollutants at both enumeration district and individual levels. 

3. To create exposure estimates for weeks 1 to 40 for each pregnancy. 

4. To collate other potential explanatory variables, at scales appropriate for the analyses, 
particularly indices of social deprivation. 

5. To use both area-based spatial regression modelling approaches and individual-level 
logistic regression to quantify the relationship between the occurrence of congenital 
heart diseases and maternal exposure from airborne pollutants, and finally comparing 
the results from these two analytical approaches.  
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Methods 
Study design and setting 
A case–control study of all congenital heart diseases arising within the population of the 
former Northern England health region during the period 1 January 1985 to 31 December 
20033.  

Cases and controls: Data on all congenital heart diseases have been obtained from the 
Northern Congenital Abnormality Survey (NorCAS). NorCAS is a population-based register 
of all congenital anomalies occurring as terminations of pregnancy for fetal anomaly, late 
miscarriages (>20 weeks gestation), live- and stillbirths in those resident in the former 
Northern health region of England even if they were delivered outside the region. For those 
cases with maternal residences within Newcastle upon Tyne (15% of cases) controls will be 
obtained from an ongoing research project, the Particulate Matter and Pregnancy Events 
Research (PAMPER) study, which is a cohort study comprising all singleton births 
(110 000+) to mothers resident in Newcastle-upon-Tyne during 1961–1992. For 1992–2003, 
controls will be obtained from annual birth tapes containing maternity data for all the births 
occurring in the former Northern England health region. These births tapes are held in the 
regional Maternity Survey Office, which is a part of the North East Public Health Observatory 
(NEPHO) and keeps an account of the health outcomes for mothers and babies across the 
north of England. Controls will be matched to cases according to place of birth, year of birth, 
and outcome of pregnancy.  

Exposure data 
Air pollution data have been obtained from the UK National Air Quality Information Archive 
website (www.airquality.co.uk/archive/index.php). Data for PM10, SO2, NOx, O3 and CO are 
obtained from up to seven automatic monitoring stations and 15 to 25 non-automatic monitors 
measuring black smoke and SO2. Monitored data together with landscape characteristics and 
weather co-variables will be used to create explanatory variables describing the spatial 
distribution of pollutants across the study landscape. Statistical interpolation approaches, 
generalised linear modelling (GLM), with due allowance for spatial autocorrelation, will be 
applied to generate estimates of the level of pollutant at each maternal residence and every 
other point in the study landscape. These surfaces will be created for each day of the study. 
By overlaying the spatial coordinates of the maternal residence over the pollution surfaces the 
maternal exposure to ambient air pollution at each day of pregnancy will be abstracted. These 
will be integrated through time to create estimates of exposure to each pollutant for each 
putative trimester of pregnancy starting on any day. This will involve averaging the pollution 
estimates at any given point over all days that constitute a trimester, starting with the date of 
conception and ending at day 84 of gestation, in the case of a first trimester analysis. As a 
further step of validation, this will allow comparative analyses by trimester, the hypothesis 
being that the critical window for air pollution effects on the prevalence of congenital 
anomalies should be during trimester one, not in trimesters two and three. 

Statistical analysis 
Quintiles of pollutant averages based on all subjects (cases and controls) will be extracted. 
The first quintile will be considered as baseline (unexposed) group. The other quintiles (as 
exposed group) will be compared with the baseline group to develop logistic regression 
models to obtain odd ratios for each quintile. Besides, a trend test will be performed for the 
odd ratios of consecutive quintiles to investigate the possible dose–response relationship. 
Furthermore, the occurrence of congenital heart diseases at each enumeration district (ED) 
will be determined by the number of cases in that ED as the numerator and the number of live 
births and stillbirths as the denominator. By knowing the average of pollution level in each 
ED, we will then develop a spatial regression approach suitable for area data to model the 
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association between exposure to ambient air pollution and congenital heart disease, letting us 
quantify the increased risk. Finally the results obtained from these two methods of analysis 
will be compared to investigate the agreement between them to inform our conclusions. 
Results will be adjusted for maternal socioeconomic status, maternal diabetes (1995 onwards 
from Diabetes in Pregnancy Survey), maternal age, maternal body mass index, infant gender, 
decade of infant’s birth (1980s vs 1990s), parity (none vs one or more), birth type (single vs 
multiple), and season of conception.  

Expected value of results  
The study will establish, within a European population, whether maternal exposure to ambient 
air pollution increases the risk of congenital heart diseases. If maternal exposure to air 
pollution is associated with the occurrence of congenital heart diseases, this will lead to 
improve the understanding of the aetiology of this group of congenital anomalies and, in time, 
may ultimately increase the scope for primary prevention. The study results will also provide 
important evidence to those bodies responsible for setting air quality standards in the UK and 
internationally. Currently air quality standards are based on childhood and adult outcomes 
only and do not include reproductive health outcomes. The study will inform policy in terms 
of a potential requirement to incorporate consideration of fetal health outcomes when setting 
air quality standards.  
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6.3 Modelling spatio–temporal variation in 
black smoke pollution concentrations 
Thomas R Fanshawe1, Peter J Diggle1, Steve Rushton2, Roy Sanderson2, Peter Lurz2, Svetlana 
Glinianaia3, Judith Rankin3, Rakesh Ghosh3, Mark Pearce4, Louise Parker5, Martin Charlton6 
&Tanja Pless-Mulloli3 

1Department of Medicine, Lancaster University; 2Institute for Research on Environment and 
Sustainability, Newcastle University; 3Institute of Health and Society, Newcastle University; 4School 
of Clinical Medical Sciences, Child Health, Newcastle University; 5Community Health and 
Epidemiology/Pediatrics, Dalhousie University, Halifax, Canada; 6National Centre for 
Geocomputation, National University of Ireland, Ireland 

Background and objectives 
There is growing evidence that increased levels of exposure to particulate air pollution during 
pregnancy are associated with an inflated risk of an adverse pregnancy outcome such as low 
birth weight and pre-term birth (Glinianaia et al., 2004). In order to test this hypothesis using 
observational data, it is necessary to estimate the level of black smoke (BS) to which each 
mother is exposed during the period of pregnancy. Using data from the UK PAMPER 
(Particulate Matter and Pregnancy Events Research) study (Ghosh et al., 2007), we 
demonstrate statistical methods for modelling BS levels in order to take account of the way in 
which they vary both over time and between different geographical regions. The modelling 
strategy undertaken is as follows: 

• first model the region-wide, purely temporal trend in BS levels; 

• subsequently account for differences in BS levels at individual sites where BS was 
recorded using appropriate spatial and temporal covariates. 

Estimates of BS exposure for each mother derived from this model can be used in conjunction 
with pregnancy outcome data in order to test the original hypothesis. 

Study description 
The UK PAMPER Study 
The UK PAMPER study is an historical cohort study to investigate the relationship between 
adverse pregnancy outcomes and a range of socio–economic, meteorological and pollution 
measures. Pregnancy outcome data were collected for all 109 202 singleton births that 
occurred in Newcastle-upon-Tyne (the ‘study region’) between October 1961 and December 
1992 (the ‘study period’). Date of birth, estimated date of conception and mother’s residential 
postcode were also available. 

Data 
Pollution levels in Newcastle-upon-Tyne, a city once abundant with heavy industry and dense 
areas of housing, have been steadily reduced in recent years, the change having been brought 
about by industrial decline, subsequent urban regeneration, and the phased implementation of 
the 1956 Clean Air Act (CAA). Between 1961 and 1992, weekly BS pollution levels were 
routinely, although spasmodically, recorded at 20 air pollution monitoring sites within the 
study region. These data are available online2. Weekly averaged values for local minimum 

                                                 
2 UK Air Quality Archive, AEA Energy & Environment, on behalf of the UK Department for 
Environment, Food & Rural Affairs and the Devolved Administrations, at 
http://www.airquality.co.uk/archive/data_and_statistics_home.php 
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daily temperature were also recorded. Other covariates available throughout the study region 
include: 

• chimney density within 500 metres (recorded from digitised aerial photographs); 

• distance to the nearest area of industry; 

• indicator of residential area; 

• indicator of whether the CAA had been implemented. 

Results 
BS levels, averaged across all monitoring sites, showed a clear decreasing trend over time, 
and a strong seasonal pattern, higher levels occurring during the winter. A simple linear 
regression model on log-BS values, allowing for both the seasonal effect and minimum 
temperature, did not fit the data well, perhaps owing to the subtly differing timing and impact 
of the seasons in different years. A first-order dynamic regression model (West & Harrison, 
1997), which allowed the seasonal effect to gradually vary from year to year, provided an 
improvement (Figure 6.3.1). 

After removing the temporal trend estimated using the first model, we used data from 
individual monitors to investigate the spatial pattern of BS levels. We found lower BS levels 
for sites in residential areas, and levels decreased as distance from industry increased. 
Chimney density was positively associated with BS levels in residential areas, but there was a 
negative association in non-residential areas (Figure 6.3.2). BS levels tended to drop after the 
implementation of the CAA. This model allowed minimum least squares error predictions, 
with prediction variances, to be calculated throughout the study region and study period, and 
these were integrated over relevant pregnancy periods for mothers’ residential locations in 
order to provide estimates of BS exposure during pregnancy. 

Conclusions 
We have demonstrated how a two-stage modelling strategy can be used in order to model 
spatio–temporal environmental data. In the first stage, dynamic models can be used to capture 
trends that change slowly over time; in the second stage, appropriate temporally and spatially 
referenced covariates can be used in linear models in order to account for the spatial 
correlation between data locations. The application of this modelling strategy to the PAMPER 
data suggested that the CAA has played a part in the reduction of BS levels in Newcastle-
upon-Tyne since 1961. BS levels were highest in residential areas with high chimney 
densities, and also in non-residential areas with low chimney densities, perhaps indicative of 
industrial areas that contained larger single pollution sources. 

Discussion 
There is no consensus on the most appropriate way in which to model spatio–temporal 
environmental data. Our analysis demonstrates a pragmatic two-stage strategy; other authors 
have preferred a one-stage strategy in which a single joint spatio–temporal correlation 
structure is specified in advance (Kyriakidis & Journel, 1999). Observed air pollution and 
other environmental measurements necessarily vary across both time and space. The choice of 
an appropriate statistical model enables a fuller interpretation of trends in these measures to 
be made; the two-stage modelling strategy for modelling data of this type is useful if 
appropriate covariates can be found to explain the spatial variation between measurement 
sites. 
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Figure 6.3.1 Comparison of static and dynamic models for log-weekly BS levels, 1984–
1990  

 

 

 

Figure 6.3.2 Relationship between chimney density and BS levels in residential and 
non-residential areas  
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6.4 Short versus long-term domestic radon 
testing and the influence of tides in the UK 
Gavin K Gillmor1, RobinCrockett2, Paul Phillips2, Antony Denman3, CJ Groves-Kirkby3  

1Centre for Earth and Environmental Sciences Research, Kingston University, Kingston-upon-
Thames; 2SITA Centre, University of Northampton, Northampton; 3Northampton General Hospital 
NHS Trust, Department of Medical Physics, Northampton 

Background and objectives 
Radon is a naturally occurring radioactive noble gas that has variable distribution in the 
geological environment, and is a decay product of uranium (and radium) that occurs in a wide 
range of rocks and soils. Indoor radon has been linked to 1000–2000 radon-induced lung 
cancer deaths in the UK each year (Darby et al., 2005). This project builds on previous work 
published by the authors (see Phillips et al., 2004; Groves-Kirkby et al., 2006) on long-term 
versus short-term radon testing in UK domestic properties for DEFRA (Phillips et al., 2004). 
This work was initiated in order to establish if short-term testing (for example, using 7-day 
activated charcoal detectors as advocated by the Radon Council in the UK) could be a way 
forward for the UK housing market (in other words, testing at time of conveyancing) or 
whether the established methodology recommended by the NRPB (now the HPA) of a 
minimum of three month testing using track-etch methods (and subsequent estimations of a 
year’s dose again using current protocols) was still appropriate.  

Study description 
Further to this work, during long-term real-time (hourly sampled as opposed to averaged 
testing using the above methods) measurement, cycles were noted in the data. These datasets 
were obtained via three radon monitors in three locations in and around Northampton, UK, 
during the period of May 2002 to September 2005. The datasets from these detectors, together 
with data gathered from the Building Research Establishment at a house in Devon (May 
1994–October 1996) have been subjected to a number of new and established analytical 
techniques. 

The indoor radon concentrations in the sites investigated demonstrated cyclic variation with a 
period of around 14–15 days. This is equivalent to the spring-tide interval, and lags the 
corresponding new and full moons. Interestingly, the tide/radon lag interval is greater in 
Devon than in Northampton. This may be a result of site location relative to the coastline as 
the south-west of England is known to experience greater tidal loading than the Midlands 
regions. Tidal loading and unloading can create a ‘pump-like’ effect on the underlying 
geology, changing rock/soil water levels and opening and closing faults and micro-faults. 

Results 
Figure 6.4.1 shows typical radon concentration time-series data. The plot shows significant 
time variability, with evidence of cyclical behaviour with periodicity of the order of multiples 
of weeks. The lunar phase is superimposed as a continuous sinusoidal curve for reference. 

Figure 6.4.2 shows a cross-correlation of the time-series data summarised in Figure 6.4.1, 
demonstrating periodic components at approximately 14 and 29 days, corresponding to the 
lunisolar fortnight (that is, tidal strength) and lunar month cycles, respectively, and 
confirming observations from Figure 6.4.1.  
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Figure 6.4.1 Daily radon concentrations: Site D2, July–November 2002 

 

 

Figure 6.4.2 Cross-correlation of radon time series: Site D2, July–September 2002.  

 

Conclusions 
Short-term radon testing is used extensively in the USA at the point of house sale. In the UK, 
such measurements have been discouraged by the likes of the NRPB (Cliff, pers. comm. 
2006), although the DEFRA report (Phillips et al., 2004) demonstrated that seven-day 
charcoal testing can be precise in its radon assessment. However, in the light of the data 
gathered for this study and its analysis we have been able to demonstrate that, depending on 
its position within the 14–15 day tidally induced radon cycle, an individual 7-day radon 
measurement may yield an erroneous estimate of longer-term average radon concentrations. 
This may be as great as 46% higher or lower than the average concentration for a reported 
dataset. This means that if a building had a mean radon concentration below the action level 
(in the UK this is currently 200 Bq m-3), and it was measured around the tidal cyclic radon 
maximum, it could appear to be ‘unsafe’ and vice-versa. Thus, a minimum radon 
measurement period of 14–15 days is advisable to reduce the impact of tidal periods on 
indoor concentration assessments (see Crockett et al., 2006).  

Discussion 
Tides are the direct consequence of gravitational attractions between the Sun, the Earth and 
the Moon, and the associated balance of forces, the most readily observable being ocean tides. 
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Tide-producing forces cause tides both within the solid Earth (often called Earth tides) and 
the oceans. Both have an influence on the underlying geology. Barnet et al. (1997) noted that 
Earth tides can influence radon concentrations by causing deformations in the Earth’s crust, 
which can be of the order of 200–300 mm in the UK (Bruyinx & Yseboodt, 2000) and may be 
responsible for the periodic ejection of radon, partly through the pumping of ground water in 
response to aquifer compression and crustal displacement (Bredehoft, 1967), but also due to 
changes in permeability caused by tectonic strain (Hartmann, 2005). In addition to Earth 
tides, surface loading by ocean tides can cause deformation of the crust, providing both 
vertical and horizontal displacement. Ocean tidal loading may be more significant in coastal 
regions (Lambert et al., 1998) hence the difference between results for Devon and 
Northampton. In Cornwall, vertical displacement has a peak during spring tides of around 
120 mm (King et al., 2003). 
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6.5 Air pollution and childhood cancer 
Julie J Close, Denis L Henshaw, Paul A Keitch, Matthew D Wright & Alison J Buckley 

University of Bristol, HH Wills Physics Laboratory, Tyndall Avenue, Bristol 

Background and objectives 
The purpose of this poster is to summarise the growing evidence of a link between air 
pollution and childhood leukaemia. 

Direct epidemiological studies 
A number of epidemiological studies have investigated air pollution as a possible factor in 
childhood leukaemia or childhood cancer incidence. These have tended to follow a 
conventional case–control design in which exposure was estimated close to the homes of 
cases and compared with their controls. Raaschou-Nielson & Reynolds (2006) have reviewed 
these studies and have concluded that there is equivocal evidence relating air pollution to 
childhood leukaemia risk.  

The case–control approach as used in most of the currently published studies may be flawed. 
It is well known in the air pollution field that modern cars with catalytic converters emit so-
called ultrafine aerosols (or nano-aerosols) which travel large distances from source. 
Therefore, studies which assess exposure within, say, one or two hundred metres of major 
roads, and compare this with controls, say, above two hundred metres away, fail to separate 
adequately exposure between cases and controls. 

In the past year or so, some studies on air pollution and childhood leukaemia/cancer have 
been published which circumvent the conventional case–control design. Three papers by 
Emeritus Professor George Knox have reported a series of positive odds ratios in relation to 
exposure, together with dose–response effects (Knox 2005a, b, & 2006). Knox found a 
specific association with a key product of petrochemical burning, 1,3-butadiene. Knox’s 
methodology relies on comparing the birth and diagnosis addresses of cases of childhood 
cancer. Specifically, he looks at those children with cancer who were born within, say, 1 km 
of a pollution hazard site (such as a bus station or major road) and who moved outside this 
1 km zone prior to diagnosis. For no association with the pollution site no net migration 
between birth and diagnosis, either to or away from the site would be expected. An excess of 
children with cancer moving away from the site between birth and diagnosis indicates an 
association between birth address and proximity to that pollution site.  

Separately, Walker et al. (2007) have reported an association between air pollutants and 
childhood cancer in the vicinity of the Houston Ship Canal. They observed an association 
among children living within two miles of the Houston Ship Canal and higher rates of acute 
lymphoblastic leukaemia (ALL) (adjusted RR = 1.56; p = 0.01) compared with those living 
greater than 10 miles away. Further, higher 1,3-butadiene levels (above 1.15 ppb relative to 
<0.27 ppb) were associated with ALL, acute myeloid leukaemia (AML) and all leukaemia in 
children. While this study does have a conventional case–control design, the distances from 
the purported sources are such that exposure categories are well separated. 

The particular association with 1,3-butadiene is interesting because it is a known carcinogen 
and, unlike benzene, the product of the burning of fossil fuels such as petroleum.  
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Related epidemiological/mechanistic studies 
Some studies have reported an association between paternal exposure to air pollutants in the 
pre- or peri-conceptional period, and increased risk of leukaemia/cancer in their offspring. 
The UKCCS study by McKinney et al. (2003) found some evidence of associations between 
childhood leukaemia and paternal occupational exposure to exhaust fumes, driving and/or 
inhaled particulate hydrocarbons at periconception. Bu-Tian Ji et al. (1997) reported 
statistically significant associations between paternal cigarette smoking prior to conception 
and increased risk of lymphoma and brain tumours, and for all cancers combined in their 
children. Chang et al. (2006) report an association between paternal preconception smoking 
and increased risk of ALL (OR = 3.84, 95% CI: 1.04–14.17) and the suggested increased risk 
for ALL (OR = 1.32, 95% CI: 0.86–2.84). 

Somers et al. (2002) noted previous findings that herring gulls in the Canadian Great Lakes 
demonstrated elevated DNA mutation rates near steel mills compared with a rural location 
30 km away. To address these issues experimentally, the authors exposed laboratory mice in 
situ to ambient air in a polluted industrial area near steel mills. Heritable mutation frequency 
at tandem-repeat DNA loci in mice exposed 1 km downwind from two integrated steel mills 
was elevated 1.5 to 2.0–fold compared with those at their reference site 30 km away. This 
statistically significant elevation was due primarily to an increase in mutations inherited 
through the paternal germline. 

Somers (2004) investigated these findings further to try to understand the relative importance 
of airborne particulate matter versus gas-phase substances in causing these genetic effects 
under ambient conditions. In a new experiment in which particulate air pollution was 
carefully measured (specifically 26 PAHs, including the seven carcinogens identified by the 
US Environmental Protection Agency), the authors showed that high-efficiency particulate-air 
filtration of ambient air significantly reduced heritable mutation rates at repetitive DNA loci 
in laboratory mice housed outdoors near a major highway and two integrated steel mills. 
These findings implicate exposure to airborne particulate matter as a principal factor 
contributing to elevated mutation rates in sentinel mice and add to accumulating evidence that 
air pollution may pose genetic risks to humans and wildlife. 

Conclusions and suggestion for further research 
We conclude that research into air pollution as a potential major causal factor in the incidence 
of childhood leukaemia in particular, and childhood cancer in general, is warranted. Further 
epidemiological studies using methodology similar to that described by Knox should be 
encouraged, with emphasis on thorough evaluation of components of air pollution in terms of 
aerosol size and chemical composition. Similarly, laboratory experiments could be used to 
study the effects of specific chemicals such as, for example, 1,3-butadiene on haemopoietic 
cells in culture. The role of in utero exposure to such chemicals in relation to pre-leukaemic 
changes in the haemopoietic system should also be studied. 
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6.6 Deposition of indoor and outdoor aerosols in 
a mechanical model lung 
Paul A Keitch, Matthew D Wright, Alison J Buckley & Denis L Henshaw 

Department of Physics, University of Bristol, Tyndall Avenue, Bristol 

Background and objectives 
There is currently much concern over the role of ultrafine particles (UFPs) and nano-aerosols 
in promoting adverse human respiratory and cardiovascular health effects upon inhalation 
(Seaton 1995; Oberdörster et al., 2005). These particles penetrate deeply into the lung and are 
readily translocated from lung to blood (Nemmar et al., 2001). This could have implications 
for diseases in other organs, including the cardiovascular system, and possibly lead to in utero 
exposure via transplacental transfer of UFPs. Knox (2005) found that the incidence of 
childhood cancers is strongly associated with prenatal or early postnatal exposure to oil-based 
combustion products, and previously Savitz and Fiengold (1989) found an association 
between childhood leukaemia and road traffic density. Smaller particles also have a higher 
specific surface area (surface area per unit mass) than larger particles, which increasingly is 
thought to be the dominant metric for determining the health implications of airborne 
pollutants. 

The main sources of outdoor pollution in the UK are motor vehicle exhausts, manufacturing 
industry and non-nuclear power generation, although there may be small contributions from 
domestic heating, agriculture and bonfires. Indoor (domestic) pollution tends to come from 
combustion sources such as cooking, heating, smoking, candles, and also cleaning, in addition 
to a contribution from outdoor sources dependent on the air infiltration rate to the home. 

Lung deposition of inhaled particles is described by the International Commission on 
Radiological Protection (ICRP) Publication 66 (1994). In ambient atmospheric conditions 
total deposition efficiency of inhaled particles varies with particle size, and is a minimum at 
around 200 nm where approximately 30% are deposited, the remainder being exhaled. There 
are several factors which may influence deposition efficiency, such as particle charge, 
ambient humidity and particle hygroscopicity, and particle number and size distribution. 

To attempt to address these issues a mechanical model lung was developed and measurements 
undertaken in various exposure environments. The mechanical model lung is based on the 
symmetric adult lung model of Weibel (1963). The first four branches of the bronchial tree 
are made of metal piping at the correct size and branching angle. The lower generations are 
represented by wire meshes. A highly idealised mouth–throat has been added to represent the 
extrathoracic region. 

The aim of the study was to investigate potential differences in deposition efficiency for a 
range of particle diameters (deposition profile) in typical indoor and outdoor exposure 
situations and to calculate an estimated particle dose to the lung for these situations. 

Study description 
One of the main problems with measuring atmospheric aerosols is the considerable short-term 
variation in concentration. To overcome this, comparative measurements through the lung and 
a control tube are made alternately over a short period by using computer-controlled 
switching valves. Particles from either 'lung' or 'control' are measured using a Grimm 5.400 
Sequential Mobility Particle Sizer + Classifier (SMPS+C, Grimm Aerosol Technik GmbH) 
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which has a size measurement capability of 10–1100 nm. The controlled total airflow can be 
set to 4–18 L min-1. A schematic diagram of the apparatus is shown in Figure 6.6.1. 

Figure 6.6.1 Schematic diagram of model lung set-up  

 

Experiments were carried out in a number of locations in and around Bristol. Indoor 
measurements were taken in a fourth-floor laboratory in central Bristol, and the lounge and 
kitchen of a suburban dwelling during normal domestic activities. Further investigation of 
indoor particle residence times was undertaken by varying ventilation (opening and closing 
doors) during identical cooking events on a gas hob. Outdoor measurements included 
roadside sites of varying traffic volume within Bristol and a rural site 20 km from the city. 

Results 
Preliminary results are presented (Figures 6.6.2 and 6.6.3) showing lung deposition profiles in 
different environments compared with that predicted by ICRP (1994). Table 6.6.1 shows total 
deposition efficiency for each measurement averaged over the size distribution, average 
particle number concentration and diameter and the estimated number dose per minute.  

Higher total deposition of sub-micron particles in both urban and suburban roadside 
environments is observed when compared with the respective indoor 'background' situations. 
However, the mean particle diameters and the shape of the size distributions are similar in 
each case. This suggests a mechanism for enhanced deposition beyond the expected 
relationship with particle size (ICRP, 1994). This may be a result of fluctuations in particle 
production at a range of sizes, as vehicles of various types were held in traffic queues. The 
standard deviation of particle diameter during the urban roadside measurements is very high, 
likely for this reason. Any additional charge on the particles may also increase deposition 
efficiency due to electrical image effects. 



 

 

IEH Web Report 24, posted November 2007 at http://www.silsoe.cranfield.ac.uk/ieh/ 
107

Figure 6.6.2 Lung deposition profiles in various indoor and outdoor (roadside) 
environments  

 

Figure 6.6.3 Lung deposition profiles in and around a suburban dwelling  

 
Table 6.6.1 Total lung deposition in various outdoor environments 

Location/event Traffic 
density 
(no. h-1) 

Total dep. 
(%) 

Concn 
(no. cm-3) 

Geom. mean 
diam. (nm) 

Number 
dosage 
(part. min-1) 

Urban road 1200 65.4 ± 24.4  53900 ± 58500 45.0 ± 17.3 7.0 × 108 

Suburban road     18 46.3 ± 6.4 10700 ± 2800 64.1 ± 5.4 9.9 × 107 

4th floor lab. – 48.1 ± 4.9  6250 ± 2800 46.2 ± 5.7 6.0 × 107 

Suburban house – 41.0 ± 3.6 6080 ± 800 66.8 ± 5.3 5.0 × 107 

Cooking – 40.5 ± 17.2  84300 ± 68600 48.8 ± 9.6 6.8 × 108 

Errors quoted are one standard deviation of the relevant data. 
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As shown in Figures 6.6.2 and 6.6.3, for particular sizes, deposition efficiency both at 
roadside and while cooking appears to be increased compared with the 'background' indoor 
measurements. This effect is mainly observed in the size range 60–120 nm, and an increase 
for smaller particles (<30 nm) is seen in Figure 6.6.2 for roadside measurements. The 
difference in the characteristics of this apparent size-specific deposition enhancement 
between suburban (peaks at 60 nm and 120 nm) and urban (peak at 120 nm only) roadside 
measurements may be attributable to vehicles starting journeys with 'cold' engines and no 
stationary traffic at the suburban site. The effects appear to be due to very short-lived but 
intense increases in particle concentration at these sizes, therefore they are likely due to 
individual vehicles passing. The response of the mechanical lung to this type of particle 
production requires further investigation before any deposition enhancement factors can be 
confirmed. 

The received dose to the lung of sub-micron particles, calculated for a breathing rate of 
20 L min-1 using observed particle-size distributions and deposition efficiencies, is greatly 
increased (>10-fold) at the busiest roadside location and during cooking indoors. A more 
modest enhancement, around a doubling of received dose, is seen for suburban roadside when 
compared with indoors at the suburban location. The relative toxicity of the particles 
produced by vehicle exhausts and from cooking is unclear, although both have previously 
been linked with adverse human health outcomes. 

Figure 6.6.4 shows aerosol and deposition characteristics over a 40-hour period in the 
suburban dwelling. The only significant source of particles in this time was during cooking 
events (labelled). The first event (11/04/07, 8:45 pm) produced a large number of small 
particles which reduced the mean particle size, resulting in an increase in total deposition. 
Later during cooking, larger particles were produced which had little effect on overall 
deposition efficiency although they would significantly increase the received dose. For the 
last event (12/04/07, 9:00 pm) the lounge door was closed and the impact of increased particle 
concentrations and changes in total deposition efficiency were radically reduced. When the 
mechanical lung was located in the kitchen, opening the outside door to allow ventilation 
resulted in a much quicker decay time in particle concentration and decrease in deposition 
efficiency. With the outer door closed, increased concentration and deposition efficiency, and 
decreased mean particle size persist for several hours after cooking is stopped. This has 
implications for potential health effects in poorly ventilated kitchens. 

Conclusions 
Total deposition of sub-micron particles in both urban and suburban roadside environments is 
elevated compared with that observed in the respective indoor ‘background’ situations, 
despite similar mean particle diameters in each case. This could provide evidence for the 
action of a deposition mechanism acting in conjunction with the expected deposition 
efficiency relationship with particle size. Indoor cooking events increased the particle 
concentration, reduced the mean particle size and increased total deposition efficiency. These 
effects persisted for much longer if the room was not ventilated. In all the above exposure 
situations, the potential for an increased dose of sub-micron particulate matter to the lungs is 
readily demonstrated. 
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Figure 6.6.4 Mean aerosol concentration & diameter and deposition efficiency over 
time in a suburban domestic setting 

 
Note: The mechanical lung was located in the lounge, except in the shaded region where the lung was located in the kitchen. 
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Annex II: Programme∗ 
TENTH ANNUAL UK REVIEW MEETING ON OUTDOOR 
AND INDOOR AIR POLLUTION RESEARCH 

At CMDC, Cranfield University, 1–2 May 2007 
Institute of Environment and Health, Cranfield University  
Tuesday 1 May 
09.00–10.00  Registration 

10.00–10.05 Welcome and Introduction – Paul Harrison & Bob Maynard 

10.05–11.20 Keynote Addresses (Chair: Paul Harrison) 

  1 Ten years of progress in air pollution and health research – Bob Maynard 
  2 A strategic forward look – Tim Williamson 
  3 On Buncefield – Richard Mohan 
 
11.20–11.40 Refreshments and posters 
 
11.40–13.00 Chemistry, Exposure Measurement and Modelling (Chair: Bob Maynard) 

  4 Modelling exposure – Mike Ashmore 
  5 Insights into indoor air pollution – Nicola Carslaw 
  6 Assessment of risk from inhalation exposure to benzene: A case study – 
      Derrick Crump 
  7 The MATCH project – Juana Maria Delgado Saborit 
 
13.00–14.00  Lunch and posters 

14.00–14.40 Chemistry, Exposure Measurement and Modelling (Chair: Bob Maynard) 

  8 Monitoring airborne arsenic in Cornwall – Jo Barnes 

General Discussion on Chemistry, Exposure Measurement and Modelling 

14.40 –15.10  Refreshments and posters 

15.10–17.00 Toxicity and Mechanisms (Chair: Peter Rombout) 
  9 Air pollution and cardiovascular disease – Anthony Seaton 
   10 Overview of current UK concerns on nanoparticles – Vicki Stone 
  11 Inter-omics of particulate air pollution – Kelly BéruBé 
  12 The chemical senses – Michael Abraham 

General Discussion on Toxicity and Mechanisms  

                                                 
∗ Please note that the titles of presentations given in the Programme are those provided by the authors prior 
to the meeting and may not exactly match those used by the authors at the workshop or in this report. 
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Wednesday 2 May 
09.45–10.45 Epidemiology and Human Health (Chair: Jon Ayres) 

  13 Air pollution and children – Dafydd Walters 
  14 APHEA 2 – Klea Katsouyanni 
  15 Outdoor air pollution and infant mortality – Ben Armstrong 
 
10.45–11.15 Refreshments and posters 
 
11.15–1215 Epidemiology and Human Health (Chair: David Strachan) 

  16 Links between urban ambient particulate matter and health – Gary Fuller 
  17 Air pollution epidemiology database – H Ross Anderson  
  18 Interactive effects of black smoke and birth weight – Rakesh Ghosh 
 
12.15–13.40 Lunch and posters 

13.40–14.40  Epidemiology and Human Health (Chair: Ross Anderson) 

  19 Long-term effects of air pollution – Iain Beverland 
  20 Modelling the health impact of the 2006 heatwave – Andrew Kent 
  21 The Oxford Transport Strategy – Stephanie MacNeill 
 
14.40–15.10 Refreshments and posters 

15.10–16.15 Epidemiology & Human Health (Chair: Fintan Hurley) 

  22 Life tables analysis – Brian Miller 
  23 Use of life tables analysis in policy development – Heather Walton 

 
General Discussion on Epidemiology and Human Health 

16.15   Close of Meeting – Paul Harrison 
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