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 ABSTRACT  

The few published worldwide studies all indicate a significant health burden 
caused by long-term exposure air pollution. Such studies need to be conducted 
in a variety of populations to answer detailed questions about the nature of the 
pollution responsible for the health effects, as well as the characteristics of 
susceptible population groups. These would also help to inform policies to 
reduce health risk due to air pollution. Accurate assessment of long-term 
exposure of study subjects is a critical element in such studies, and is the 
aspect that poses the most challenges to investigators. This workshop, 
convened by WHO in collaboration with the Health Effects Institute, reviewed 
the exposure assessment in long-term studies and formulated 
recommendations addressed to the investigators as well as to the research 
funding agencies, with the aim of optimizing future research. The 
recommendations relate to epidemiological objectives and design, studied 
outcomes, the use of ambient air monitoring data as well as the use of 
exposure models, spatial modelling, personal monitoring and other methods. 
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Background 

The effects on public health of long-term exposure to outdoor air pollution may well be 
profound. Recent epidemiological studies in the United States have followed large cohorts for 
extended periods and observed increased mortality from cardiovascular and respiratory disease 
associated with long-term average concentrations of particulate air pollution (Dockery 1993, 
Pope 2002, Abbey 1999). A WHO Working Group recently developed guidelines on 
“Quantification of health effects of exposure to air pollution” (WHO 2001) and concluded 
that these studies currently provide the best basis for estimating the burden of mortality due to air 
pollution. When the results of these studies have been extrapolated to populations in North 
America and Europe the results suggest that long-term exposure may cause significant 
reductions in average survival (Brunekreef 1998) and may contribute importantly to reductions 
in life expectancy on a world scale (WHO 2002).  
 
Some, however, have been wary of generalizing the results of US studies to estimate health 
impacts in Europe (COMEAP 1998). They acknowledge the value of the US studies, but are 
concerned that European conditions may differ in important ways such as the nature of the air 
pollution itself and the activities that determine exposure. Moreover, even after careful re-
analysis of two US studies, which supported the original findings (Krewski et al. 2000), critical 
questions concerning the effects of long-term exposure to outdoor air pollution remain 
unanswered. For example, when, over a lifetime of exposure, does air pollution act to increase 
mortality? Does long-term exposure also increase the incidence of respiratory, and, especially, 
cardiovascular disease? Nonetheless, the current and future, “WHO Air Quality Guidelines,” 
(WHO 2000) and European Community legislation on air quality (EC 1999), depends on the 
results from such studies. To date, one small European cohort study has recently been published 
which provides estimates of the effects of long-term exposure on mortality from cardiovascular 
and respiratory disease (Hoek 2002), but additional long-term studies, in Europe and elsewhere, 
are necessary to both advance scientific understanding and support risk assessment. Fortunately, 
several larger efforts are currently planned, or are being carried out in Europe, based on existing 
cohorts.  
 
Accurate assessment of long-term exposure of study subjects is perhaps the most critical element 
in such studies and the aspect that poses the most challenges to investigators. This task is made 
all the more difficult when historical exposure must be estimated, as is often the case when 
cohorts of adults are followed either retrospectively or prospectively. Indeed, some of the most 
important uncertainties in the existing studies concern both nature (e.g. pollutants and their 
sources) and the length of time of past exposure (Krewski et al. 2000). Investigators are using 
various methods to characterize the long-term exposure of study subjects, ranging from simply 
assigning them the long-term average concentration of pollutants in their city of residence (e.g. 
Dockery 1993, Pope 2002), to estimating exposure with elaborate statistical models that may 
incorporate data from personal and central-site monitors, time-activity diaries and Geographical 
Information Systems (GIS) (e.g. Abbey, 1991; Künzli, Lurman et al. 1997, Gauderman 2002, 
Bellander 2001). Biomarkers of exposure have also been employed to a limited extent, largely in 
studies of cancer and reproductive outcomes (Vineis & Perera 2000).  
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Scope and Purpose 

WHO European Centre for Environment and Health, Bonn Office, and the Health Effects 
Institute organized this meeting to review the approaches to estimating long-term exposure to air 
pollution that have been used by US and European investigators, and to develop 
recommendations for making such estimates in future studies in Europe.  
 
Core funding for this meeting, was provided to the WHO European Centre for Environment and 
Health by the German Ministry of the Environment. The US Environmental Protection Agency 
has contributed to a part of the meeting costs. This funding is gratefully acknowledged.  

Process 

The two-day workshop brought together US and European researchers who had conducted 
earlier studies of long-term exposure as well as those who were currently conducting, or 
planning, such studies. The resulting Working Group comprised researchers involved in 
exposure assessment as well as in designing and conducting epidemiological studies (See Annex 
1: List of Participants).  
 
Drs Klea Katsouyanni and Petros Koutrakis co-chaired the workshop. Dr Aaron Cohen served as 
Rapporteur. 
 
The workshop began with discussion of the current state of knowledge on the chronic effects of 
long-term exposure and the particular problems posed by the need to estimate long-term 
exposure (See Annex 2: Workshop Programme). In advance of the meeting, several experts had 
been invited to prepare short overviews on the state-of-the-art of the epidemiological research on 
health effects of air pollution and on relevant methods of exposure assessment. The outlines of 
the presentations were made available to participants before the workshop to help focus the 
discussion on the strengths and weaknesses of current exposure assessment methods.  
 
Following the presentations the Working Group identified the issues that they would address, 
and divided themselves into three sub-working groups, each with a specific focus: 

WG1:  Epidemiological objectives, outcomes and design: aspects impinging on exposure 
estimation (Chair: HE. Wichmann, Rapporteur: B. Armstrong); 

WG2:  Use of ambient air quality monitoring data for exposure assessment in long-term health 
effect studies (Chair: N. Künzli, Rapporteur: G. Thurston); 

WG3: Beyond measurements of ambient air pollution concentrations: other methods and data 
sources (Chair: D. Briggs, Rapporteur: H. Bloemen). 

Each sub-group produced a brief report of their discussions, including recommendations for the 
design and conduct of exposure assessments for epidemiological studies of chronic effects of 
long-term exposure. These were discussed in plenary session and the recommendations approved 
by the Working Group.  
 
A summary of the first day’s presentations and discussion, the sub-group reports, and the 
recommendations of the Working Group comprise the body of this report. The WG chairmen and 
rapporteurs reviewed preliminary versions of the report and their comments were used to prepare 
this final document.  
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Summary of Discussion 

Summary of invited presentations and discussion 

The purpose of the invited presentations was to provide efficient summaries of: 1) the state of 
knowledge about the effects of long-term exposure to air pollution; 2) the retrospective 
estimation of long-term exposure to air pollution and other environmental agents; 3) the 
European experience in and data resources for, estimating long-term exposure; 4) US and 
European cohort studies, completed, ongoing and planned. These presentations were intended to 
elicit ideas about the design and conduct of exposure assessments that would stimulate the 
discussion of research needs and the development of recommendations. 
 
Dr Jordi Sunyer summarized the current state of knowledge on the chronic effects of air 
pollution, focusing largely on chronic obstructive pulmonary diseases (COPD), whose incidence 
and attributable mortality, he noted, were increasing and were expected to contribute importantly 
to the burden of disease in the next 20 years. In reviewing the US and European cross-sectional 
and cohort studies of lung function, which provide some evidence of chronic effects, he noted 
that air pollution effect estimates varied, due perhaps to methodological problems that include 
the inability to accurately measure past exposure and individual (as opposed to aggregate-level) 
exposure. He identified effects of exposure on symptom incidence, severity and duration; growth 
and decline in lung function and survival as areas in need of future research. Discussion leaders: 
Douglas Dockery and Richard Burnett stressed the need for future studies to include a large 
number of areas and an adequate follow-up period, and the need to estimate individual air 
pollution exposure histories. They pointed out that within a study, variation in exposure should 
be maximized and attention should be paid to the potential for spatial auto-correlation of 
exposure and health patterns in multi-city studies. Paul Borm commented on the need for new 
exposure markers such as cytokines, which could potentially shed light on mechanisms and the 
need to consider factors that might confer differences in susceptibility. 
 
Dr Ira Tager discussed criteria to assess the validity and feasibility of retrospective estimation of 
long-term exposure to air pollution. Drawing on a study of long-term exposure to ozone 
conducted among college students in California (Tager 1998a), he noted that for pollutants with 
wide spatial distribution the relative ranking of past exposures is moderately robust to the choice 
of exposure metric and that the inclusion of detailed (retrospective) time-activity data is likely to 
decrease the reliability of an estimate because such data may not be reported precisely. However, 
he also noted that inclusion of time-activity information may decrease precision of the exposure 
estimates and can lead to greater variability between subjects within a given area, a valuable 
design asset. Discussion leaders: Drs Mark Raizenne and Isabelle Romieu noted that given the 
lack of a “gold standard” measure of long-term exposure, the comparison of results using 
different retrospective exposure estimates was suggested as a tool for assessing their validity and 
stressed the need for approaches that allowed the identification of critical “time windows” of 
exposure with regard to chronic effects.  
 
Dr Daniel Stram reviewed the experience of radiation epidemiology with regard to the estimation 
of past exposure. He compared this experience with air pollution epidemiology, where the 
current possibilities for individual-level dosimetry (e.g. molecular-level dosimeters employed in 
the Atomic Bomb Survivors Studies) are considerably more limited. He stressed the importance 
of paying particular attention to biases that arise in aggregate-level (or “ecological”) analyses 
and to the errors in imputed individual exposure estimates. With regard to air pollution exposure 
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assessment, he advocated the application of a multi-level modelling approach (within-persons, 
between persons within-regions and between regions), as employed in the on-going California 
Children’s Health Study. In her discussion, Dr Lianne Sheppard emphasized the need to develop 
detailed and explicit exposure-effect models to guide the development of exposure protocols and 
noted that these models need to consider between subject variability in exposure to outdoor air 
pollution and the possible role of non-ambient air pollution sources. In his discussion Paolo 
Vineis focused on the potential for molecular dosimetry to contribute to estimating within-person 
variability in effects, drawing on the on-going GEN-AIR study of air pollution and lung cancer 
in non-smokers. 
 
Dr John Stedman discussed approaches to estimating past exposures where presented, 
advocating a creative combination of various approaches, using current as well as historic 
databases (e.g. historic land use surveys). He demonstrated the feasibility of retrospective 
estimation of air pollution concentrations, using historical data from the UK to estimate 1970’s 
annual averages of primary, secondary and coarse particles. Discussion leaders (Drs Tanya 
Pless-Mulloli and Matti Jantunen) pointed out the need for reliable historic emission inventories, 
knowledge of the impact of major changes in local sources of air pollution and validation of 
dispersion models with available measurements (past and current). All may contribute to 
accurate and robust estimates of past exposures. Dr Jantunen noted further that the relationships 
among ambient levels, micro-environmental (indoor) levels and personal exposures may be quite 
different for fine particles from different sources and urged that this be taken into account.  
 
Drs Gerard Hoek and David Briggs reviewed the availability and comparability of European air 
pollution concentration and road traffic databases, both of which could be used to develop 
models for estimating long-term exposure. Dr Hoek noted that substantial methodological 
differences exist among monitoring networks across Europe (e.g. approach to site selection) and 
commented that the lack of an appropriate central database of air pollution data posed obstacles 
for consistent air pollution exposure assessment across Europe. Similar problems were identified 
regarding traffic data for Geographic Information Systems (GIS) applications, which, when 
available, are compiled on a local rather than a national level. Nevertheless, exposure assessment 
in European studies was considered feasible, though challenging and labour intensive. Dr Briggs 
suggested that it might be possible to improve exposure assessment by including more novel data 
sources such as satellite-based monitoring, application of mixed models that combine spatial 
interpolation, dispersion modelling and time-activity data.  
 
Drs Joachim Heinrich, Tony Fletcher and Henk Bloemen discussed the possible impacts of 
temporal changes of emissions on population exposures in Europe. Temporal patterns of ambient 
monitoring data throughout the 1990s in East Germany (Heinrich) and Eastern European 
countries (Fletcher) were shown to be consistent with changes of energy- and traffic-related 
combustion sources, which had occurred after the political changes in Central and Eastern 
Europe in the last decade of the 20th century. Analyses of data from Erfurt in Eastern Germany 
showed that within a few years after German re-unification, a strong decline of SO2 and particle 
mass concentrations had been observed, while the number concentrations of ultrafine particles 
had increased (Wichmann et al. 2000 and Pitz et al. 2001). Speakers hypothesised that similar 
changes may have occurred in Western countries over a much longer time period, beginning in 
the mid 1960s. The discussion stressed that consistent monitoring data over time is needed for 
assessing temporal changes in population exposures.  
 
Several European and US investigators presented brief discussions of the strengths and 
weaknesses of exposure assessment approaches in recent studies. 
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�� Dr George Thurston discussed the US multi-city prospective cohort studies: the American 
Cancer Society (ACS) and Harvard 6-Cities studies (Pope 1995, Pope 2002, Dockery 
1993). Both used a single long-term average pollution concentration for each city to 
characterize the exposure of study subjects. Though this approach had been state-of-the-art 
when these studies were designed, Dr Thurston recommended attempting further 
sensitivity analysis with individual level-exposure data.  

�� Dr Bert Brunekreef presented the design of an on-going Netherlands cohort study of air 
pollution and mortality (Hoek 2002). In this study, investigators are assessing long-term 
exposure to traffic-related air pollutants by means of a model that estimates the separate 
contributions to exposure at the home address from regional and urban background 
sources, and local traffic. They estimate the regional background concentration using 
concentration data from a routine monitoring network. A regression model relating degree 
of urbanization to air pollution was applied to allow for differences between different 
towns/neighbourhoods of cities. Distance to major roads was calculated to characterize 
local traffic contributions, using a GIS. This approach yielded substantial inter-individual 
contrasts in estimated exposure to Black Smoke (BS) and NO2 in the study population, 
with beneficial effects on study power.  

�� Dr Tom Bellander presented the design of the LUCAS study, a population based case-
control study on lung cancer in Stockholm, which used a combination of emissions data, 
dispersion models and geographic information systems (GIS) to estimate individual, 
source-specific exposures.(Bellander 2001, Nyberg 2000) Long-term (30+ years) time-
varying residential exposures were calculated based on yearly estimates of NO2 (indicating 
traffic) and SO2 (indicating home heating). This approach enabled investigators to estimate 
lung cancer relative risks for various induction times.  

�� Dr Nino Kuenzli presented the European Community Respiratory Health Study II (ECRHS 
II) in which 24 participating cities in 11 countries are providing historical air pollution 
data. Although pertinent data could be obtained from all ECRHS centres, it was recognized 
that the validity and comparability of the data are not consistent. To obtain comparable 
annual averages of current fine particle levels, ECRHS investigators, according to a 
standardised protocol, measured PM2.5. Elemental analysis of PM2.5 filters is expected to 
provide source-specific exposure estimates, while passive sampling of NO2 is being used 
to evaluate within–city variability of ambient concentrations. 

 
In a discussion of these studies Dr Francesco Forastiere emphasized the need to consider the 
temporal variation in exposure due to the migration of study participants; the relevant time 
window of exposure; time trends of ambient air pollution (levels and relative composition) and 
the spatial distribution of different compounds. It was noted that in new studies particular 
attention should be paid to the potential for risk factors that vary over time as well as space, to 
confound air pollution effect estimates.  

Issues in the design of exposure assessment protocols 

If we hope to understand the health effects of long-term cumulative exposure to outdoor air 
pollution, we must compare subjects whose exposures to air pollution are different in incidence 
or course of measurable health outcomes (e.g. onset of new disease, mortality or life expectancy, 
lung function change, etc.). The preceding discussion, however, makes it clear that creating 
informative contrasts in long-term exposure presents major challenges, including obtaining 
accurate historical pollution data and consistent exposure information for each population under 
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investigation (e.g. from city to city, or across a city). The incorporation of information on 
activity patterns on different time scales (short-term variability due to e.g. commuting within a 
day) and migration (change of residences over the long-term) poses additional challenges.  
 
Based on the foregoing discussions the Working Group developed a list of issues that should be 
considered when designing protocols for estimation of long-term exposure. 

�� How should/can protocols be tailored to suit the specific study hypothesis and 
epidemiological design, i.e. how do the epidemiological objectives fit the design of 
exposure protocols? 

�� How can epidemiologists and exposure assessors design cost-effective studies? What 
design criteria should they use to balance feasibility versus validity and reliability in 
collecting exposure data? What is the role of detailed exposure validation sub-studies as 
part of a larger study?  

�� How should protocols take into account specific pollutants, pollutant sources and air 
pollution patterns? 

�� How should protocols take into account specific characteristics of location, including 
spatial and temporal pollutant patterns within a geographical area, and their effect on study 
accuracy and precision? 

�� What are the most effective methods for retrospective exposure assessment (GIS, activity 
patterns, pollution models, exposure surrogates, biomarkers, etc) and how can they be 
validated? 

�� Given our current knowledge about the chronic effects of long-term exposure, can we 
specify the appropriate exposure epochs or “time windows” to consider when designing the 
study (e.g. early life, old age and their length, weighted exposure, cumulative exposure, 
mobility)? How does exposure measurement error increase as we extend estimates in both 
time and space? 

�� What are the data quality objectives (e.g. level of precision) and how should these be 
incorporated and considered in the study design? 

�� How should exposures to non-ambient sources, e.g. PM, air toxics, or NO2 from indoor 
sources be treated? Should we consider exposures to micro-environmental sources, 
apportion contributions from outdoor and indoor sources, and investigate their effects 
separately?  

�� How can we maximize exposure gradients in the design of the exposure assessment 
(spatial patterns, population mobility, etc.)? How should variation in these gradients by 
pollutant and geographical area be addressed/exploited? 

�� How can changes in source emission characteristics and atmospheric reactivity over time 
be used in exposure assessment? 

�� What is the availability in Europe of exposure data, exposure models, time activity patterns 
emission inventories and exposure surrogates? 

 
The sub-working groups were each asked to consider these issues further from their respective 
vantage points. As a result, their reports, which follow below and specifically their suggestions 
for conducting exposure assessments, overlap in some respects. 
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WG1 Report: Epidemiological objectives, outcomes and design: aspects 
impinging on exposure estimation. 

Exposure assessment objectives and methods should be developed as an integral part of the 
design of an epidemiological study and the design of the exposure assessment should reflect the 
epidemiological needs and objectives. This approach may seem obvious, but if it is followed in 
the design stage it can avoid misapplication of scarce resources and ensure that the ultimate 
results will have the desired epidemiological interpretation. Clearly, from the inception of the 
design phase onwards, epidemiologists, exposure measurement experts and statisticians should 
work in close collaboration.  
 
Knowledge of the effects of long-term exposure to air pollution will be more secure if a wide 
range of designs are implemented, including those for exposure assessment. Current knowledge 
has benefited from studies in which air pollution exposure was measured on the aggregate-level 
in carefully selected locations, as in the 6-Cities Study (Dockery 1993) and from studies such as 
the LUCAS study (Bellander 2001) and the California Children’s Health Study (Gauderman 
2002) where exposure was estimated for each subject. It would not be useful for all studies to 
follow the same design, even if an optimal design could be identified. Nonetheless, several 
general recommendations can be made. 

�� The design of exposure assessments should maximize inter-subject variation in exposure. It 
is well appreciated that study power and precision and the robustness of study results to 
many types of measurement error is improved by increasing the variation of the exposure 
of interest across the study units (Rothman and Greenland 1998). In the recent and ongoing 
Netherlands cohort study (Hoek 2002) careful design of the exposure contrast resulted in 
two-fold and greater differences among study subjects in long-term average exposure to 
traffic-related air pollution. 

�� The design of exposure assessments should maximize homogeneity of exposure within 
geographical units. Many study designs contrast exposure across groups of subjects living 
in different areas (cities, districts, or neighbourhoods). Where studies use such designs, the 
geographically-defined groups should be as homogeneous as possible with respect to the 
exposure of interest, both to maximize power and to avoid ecological bias in relative risk 
estimates that may result from within-group heterogeneity in non-linear models (Greenland 
and Robins 1994, Sheppard and Prentice 1995) Such aggregate-level bias can also be 
corrected if the distribution of exposure within groups is assessed in a sub-sample of 
subjects (Sheppard et al. 1996). If dense monitoring networks are available, a particularly 
efficient approach to disrupt aggregate level bias may consist in sampling individuals 
without restriction to communities, e.g. selecting from a roster of all students coming from 
communities throughout large regions or states (Tager et al, 1998). 

�� Although it may not be feasible to obtain individual-level measures of air pollution, such 
as personal samples, on all study subjects and such measures might not be optimal even if 
they were obtained (for example, a contemporary measurement of personal exposure, 
though accurate, might not provide the best estimate of long-term historical exposure), it is 
desirable to obtain information on factors influencing individual exposure and on 
measurements of individual exposure on a sample of the study population. This 
information can be combined with aggregate-level information (including measurements of 
ambient concentrations) to improve the accuracy of exposure estimation (Navidi et al. 
1994).  
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�� Obtaining individual-level information for all subjects on potential confounders and effect 

modifiers is highly desirable (Robins and Greenland 1994, Morgenstern 1998). For 
covariates for which this is not possible, such information obtained on a sub-sample can be 
used to improve control of these confounders. 

�� Even if all important individual-level confounders are obtained for each subject, area level 
“contextual” variables may additionally confound or modify effects. For example, living in 
a deprived area may carry risk beyond individual deprivation (Morgenstern 1998). 

�� Migrants, in particular subjects who have moved from high to low exposure and vice-
versa, provide challenges to study validity but also opportunities for more informative 
analysis. In aggregate-level studies, migration can be a source of bias (Pollissar L 1980 ), 
but can also provide the basis for exposure contrasts, as in studies of cancer rates in 
migrant populations (Speizer and Samet 1994) and in recent studies of respiratory health in 
California children (Avol et al., 2001). Lifetime exposure for subjects who migrate can 
only be reconstructed if residential histories and information on exposure in previous 
residences is available. If information on residential history can be obtained, migrants can 
provide information not otherwise obtainable: 

– Contrasts of patterns of exposure over time are maximized, allowing inference on 
induction time; 

– For repeated measures of outcome over time in individuals, “cross-over” inference 
gives a more secure basis from which to infer whether a causal relationship exists; 

– Vulnerability to group-level confounding is reduced. 

�� Study protocols should include methods to assess the distribution of error in exposure 
estimates with respect to the study hypothesis and objectives, usually through validity, 
reliability, or calibration sub-studies. Such an approach has been applied in the design and 
analysis of the California Children’s Health Study (Navidi et al., 1994; Navidi et al, 1995): 

– Methods and definition of true exposure will vary according to objectives, outcomes 
and design; 

– Validity, reliability, or calibration studies may not be necessary for every study, but 
several such studies are needed; 

– Modelling measurement error: 

- Models for measurement error (e.g. for correction of regression coefficient) may 
have implications for the exposure measurement required; 

- Risk assessment may have specific error-control requirements. 
 
In principle, exposure assessment is required only for that period of time over which air pollution 
is hypothesized to act to increase disease risk. However, rarely is there enough knowledge to 
exclude any period as clearly irrelevant. For example, the Barker hypothesis posits the 
importance on outcomes in late adult hood of exposures in utero and in early life. (Barker 1998, 
1999). In studies of chronic effects in adults there is rarely enough knowledge to exclude any 
period and it is difficult to assign greater priority to exposure in one particular period on firm 
pathophysiological grounds. The inability accurately to measure exposures in all relevant time 
periods suggests that all studies will be subject to some degree of measurement error in exposure 
(Rothman and Greenland 1998). Studies of chronic effects of long-term exposure in children 
require exposure estimates for relatively shorter periods than studies of chronic effects in adults, 
usually the period from conception onwards. For studies of pregnancy outcome this period is 
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particularly short. The shorter period of relevant exposure may afford the opportunity to measure 
exposure in more detail, including peaks, composition of particles etc, or to use biomarkers of 
exposure. 
 
Nevertheless, investigators must focus their exposure estimation efforts, guided by the best 
available information. For example in the development of asthma and allergies, exposure during 
pregnancy and the first six months of life might be important. While it cannot be assumed that 
later periods are unimportant, more detailed exposure information might be collected for this 
time. Studies of incidence of and mortality from lung cancer and other chronic cardiovascular 
and respiratory diseases require that exposures be estimated for preceding decades, given current 
knowledge on their natural history. However, early markers of chronic disease, e.g. decline in 
lung function or hypertension, may allow exposure to be evaluated for shorter periods.  
 
The effects of short-term exposure to air pollution on daily mortality and acute morbidity are 
well-established. The total health impacts of air pollution in a population will reflect these effects 
as well as those of long-term exposure. If possible, investigators should consider short-term as 
well as long-term exposure. For example, for childhood asthma, long-term and short-term 
effects, and their interaction, might be studied, perhaps by using changes in lung function over a 
one to twelve month period to discriminate between the effects of long- and short-term exposure. 
 
Ambient air pollution is a complex mixture with many constituents contributed by diverse 
sources and health effects researchers have frequently debated whether in epidemiological 
analyses of PM, for example, specific pollutants such as ozone or CO should be treated as 
confounders or effect measure modifiers or both. Moreover, in the Western developed countries, 
indoor exposure to pollutants that are generated outdoors contributes significantly to exposure in 
urban settings. Indoor air pollution contains pollutants derived from indoor sources as well as 
pollutants generated out of doors. If the investigator’s primary interest is in estimating exposure 
to pollution from outdoor sources, it should be noted that the composition of a pollutant 
generated indoors may well be different, as in the case of particles and specific pollutants may be 
markers of different mixtures, as in e.g. NO2. Therefore indoor pollutants should be considered 
as confounders or effect modifiers, i.e. as distinct and different exposures. Assessment of total 
exposure to a pollutant generated both in and out of doors, such as particles or NO2, is not useful 
unless the assumption is made that the mixture indicated by the pollutant under study is the same 
from indoor and outdoor sources. This implies the need to characterize exposure to indoor air 
pollution sufficiently to control confounding and assess effect modification. The control of 
confounding and the description of effect modification will, of course, require some degree of 
independence between co-pollutants and study units should be selected accordingly. 
 
Case-control studies have been under-utilized in the study of the effects of long-term exposure to 
air pollution, with recent notable exceptions (e.g. Nyberg 2000, on-going GEN-AIR study). 
Their efficiency is well-suited to air pollution epidemiology where outcomes are rare and the 
costs for exposure assessment can be great. Studies suggest that reconstruction of residential 
history is reliable also in retrospect (Künzli1997; Bellander 2001). Careful attention will need to 
be paid to control selection to ensure adequate exposure variation and confounder control. 
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WG 2 Report: Use of ambient air quality monitoring data for exposure 
assessment in long-term health effect studies 

The sub-working group considered the following issues with regard to the assessment of long-
term exposures based on ambient monitoring data: 1) characteristics of ambient air pollution; 2) 
the spatial scale of the exposure contrast; 3) how well ambient levels represent individual 
exposures to outdoor air pollution; and 4) defining the temporal scale of ‘long-term’ exposures. 
We also present recommendations regarding potential ways that future epidemiological studies 
and/or governmental policies might address these issues.  
 
Characteristics of ambient air pollution. Ambient air pollution is a mixture of different 
pollutants. Its composition in an area, is mainly determined by the contributing source mixture 
(local, area or regional sources) but also by meteorological, climatic and topographical factors. 
Different compounds vary on different spatial and temporal scales. For example, local primary 
particles show more pronounced spatial variability within a city (with elevated levels close to 
sources such as traffic) than secondary, long-range transport particles. The latter are generally 
quite homogeneously distributed across rather large areas. The temporal scale encompasses long-
term trends, seasonality, day-to-day variation as well as diurnal variations of pollution levels. It 
is unlikely that variation at all these levels is of equal importance for long-term exposure 
assessment.  
 
In exposure assessment for health effects studies, an adequate description of the air pollution 
mixture is crucial. Characteristics of air pollution sources as well as the composition of fine 
particles are expected to affect the toxicity of the pollution mixture. It will be necessary to open 
the “black box” that particulate air pollution represents and to look at its constituents to 
disentangle the relative contribution to health effects of particles from different sources. It is 
unlikely that particulate mass alone, even if size fractionated, sufficiently represents source-
specific exposures. On the other hand, it is not possible to measure every component of the air 
pollution mixture. Therefore, epidemiology works with the indicator concept. This means that 
the concentration of a pollutant which reflects the spatial and temporal patterns of pollutants 
emitted from a specific source, may serve as an exposure surrogate to assess source-specific 
impacts (e.g. CO or NO2 or ultra fines for mobile sources, or elemental carbon for diesel 
combustion). 

�� There is a clear need to determine PM components: constituents and source-specific. 
Components might include: carbon, sulphates, trace elements, ultrafines, etc. This may be 
more feasible for prospective studies, but measurements will be needed that go beyond 
regulated parameters.  

�� The development of exposure ‘mega-sites’ would provide much needed information on 
these components in the future. For heterogeneous components more than one site in a 
region would be needed. ‘Satellite’ sites could help to assess the representative nature of 
the site.  

�� Retrospective modelling for major source categories such as traffic, heating, industry, e.g. 
based on historic emission inventories, should be considered.  

�� The evaluation of the relative importance of sources may help to focus regulatory action. 
 
Spatial scale of exposure contrast. As noted above, different components of air pollution vary 
spatially on different scales. This has major implications regarding adequate exposure 
assessment approaches, because differences in spatial variation of air pollution components drive 
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the power of a study to detect health effects. As discussed above, the presence of an exposure 
gradient across the subjects or groups of subjects considered in the study is a key parameter in 
our ability to use epidemiology to detect the potential effects of air pollution on health. Our 
interest is in how to use measurements of ambient concentration to create that gradient. 
 
We can envisage two different exposure distributions for multiple cities in a given study: one in 
which the pollutant concentration is fairly homogeneous across each city’s population and one in 
which the pollutant concentration varies widely within each city. In the first case, the between-
city variability of the pollution concentrations is larger than the within-city variability; in the 
second case the between-city variability is smaller than the within-city variability.  
 
Examples of the first case with a “tight” distribution would be mostly pollutants of a secondary 
nature that are slowly formed in the atmosphere from precursor pollutants (such as sulphates, 
which have few primary sources). For these pollutants the gradient is not sufficient for within-
city inter-comparison of long-term exposure, but they can more readily be studied by comparison 
of subjects or groups of subjects living in different cities, provided that the distributions do not 
overlap. For these pollutants fewer sites are needed to obtain an estimate of average population 
exposure, however more cities need to be included in the analysis, covering a broad range of 
levels. For example, central site sulphate measurements generally represent average population 
exposures to outdoor sulphates and estimates are rather robust regarding monitor placement 
within a region. For between-city analysis, however, there is a need for comparable monitors in 
all the cities. This problem has been more pronounced in Europe than in the United States. The 
US EPA has implemented standardized monitoring programmes that provide the researcher with 
comparable data across different regions. In Europe, however, there is a diversity of monitoring 
methods and site location protocols across the continent. For example, some sites are chosen to 
monitor “hot spots” of air pollution for compliance with air quality guidelines, rather than to 
characterise the exposure of populations. This must be considered when using routine monitoring 
data. The problem is most pronounced for data prior to the 1980s and has begun to be addressed 
over the last decade.  
 
The second, wider distribution would be a pollutant that is due to very localised sources (such as 
CO or NO2 from vehicles). These pollutants with inhomogeneous spatial distributions are more 
difficult to compare from city to city if their distributions have significant overlap. In this case, 
population exposure is not as well characterized by the mean (resulting in more measurement 
errors of exposures). This situation may be more efficiently studied by within – city analysis, 
because of the strong spatial gradients within cities. In this case, data from only a few cities are 
needed. However, the location of the monitors is crucial. The larger the spatial variation the 
more sites in a region are needed to characterize population exposure. Dispersion and time-
activity modelling may improve within-city exposure estimation. However, if spatial variability 
is high, mapping efforts may not resolve or reduce the key problem of long-term exposure 
assignment to mobile subjects, moving in space and time. Thus, efforts to create highly precise 
small-scale maps must be weighed against the value of other measures of spatially heterogeneous 
aspects of exposure. 
 
It could be a between-city analysis reveals an observed association with sulphur, but not with an 
indicator for primary traffic related compounds, because in the latter case assigning estimates 
from a fixed site monitor for these spatially heterogeneous compounds leads to more 
measurement error. Thus, estimating the effects of components of air pollution with differing 
exposure distributions may require different study design structures and/or exposure assessment 
approaches to detect the respective health effects. 
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These observations suggest that: 

�� Investigators should use monitoring data from locations that represent population 
exposures. If time-activity data are also available, population –time-weighted averages can 
be estimated; 

�� Passive sampler studies should be used to assess spatial variability of the pollution; 

�� It is important to achieve compatibility of air pollution monitoring across Europe; 

�� Progress in harmonizing new regulatory networks should be kept under review; 

�� Consideration should be given to funding a consistent network of “mega-sites” specifically 
designed to enable the chemical composition and physical properties of air pollution to be 
identified in detail across Europe; 

�� Quality Assurance/Quality Control (QA/QC) procedures and site characteristics should be 
critically evaluated to maximize inter-city comparability; 

�� Measurements of sulphur and/or sulphates should be obtained from fixed site data or large-
scale models. For heterogeneous compounds more refined models will be needed. 
However, it should be considered that “imprecise” measures on individual level may 
introduce more error; 

�� Routine monitoring data can be used in more sophisticated mapping methods, but 
interactions with local agencies and input from other data sources, e.g. traffic density, will 
be needed; 

�� Studies are needed to validate model-based estimates of pollutant concentrations. 
 
Validity of ambient levels as estimates of personal exposure to outdoor air pollution. The 
adequacy of exposure assignment based on ambient monitoring data must be evaluated in the 
light of the specific research question to be addressed. For example, if the purpose of the 
investigation is an assessment of health effects of the total personal burden of fine particles, 
irrespective of their source, outdoor monitoring data may clearly lack precision and must be 
considered a very poor measure of true personal long-term exposure, given the contribution and 
variability of PM from a variety of sources, including those from indoors. However, if the goal is 
to address the effects of ambient PM from outdoor origin, then personally assigned exposure 
values should reflect as well as possible the personal long-term exposure to outdoor particles 
rather than the total load of PM. Nevertheless, as noted above, confounding exposures adding to 
total personal load need to be assessed too and separated from the exposure of interest.  
 
There is empirical evidence that estimates based on ambient levels are valid in the context of 
time series studies, assessing short-term effects of air pollution (Zeger et al. 2000; Janssen et al. 
1998). There can, however, be no direct empirical evidence that long-term measures of personal 
exposure are well represented by fixed site monitors. Nevertheless, short-term cross-sectional 
personal exposure studies indicate that the validity of ambient levels as exposure surrogate 
depends on the nature of ambient air pollution (e.g. primary emissions from traffic, particles 
formed by secondary reactions in the atmosphere, or crustal particles) (Oglesby 2000). Short-
term personal exposures to homogenous compounds (e.g. secondary particles) have been found 
to be highly correlated with ambient levels and extrapolation of this evidence from short-term to 
long-term exposure seems reasonable. On the other hand, short-term personal exposures to 
heterogeneous compounds (e.g. primary traffic-related particles) have been found to be less well 
captured by levels measured at outdoor monitors. Therefore, extrapolation to long-term 
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exposures is more tentative. (Although the use of source-specific surrogates may be helpful: for 
example, there is a high correlation between indoor and outdoor lead levels where lead is used in 
gasoline (Mathys et al., 1999)). For pollutants such as PM2.5, which may have both indoor and 
outdoor sources, exposure metrics based on ambient monitoring data may provide more valid 
estimates of population average exposure to outdoor air pollution than measurements of 
exposure based on personal samples that provide estimates of “total exposure” to PM2.5 
regardless of source. The degree of precision of an exposure estimate based on outdoor 
measurements will mostly depend on the penetration efficiency from outdoor to indoor, the 
spatial variability of air pollutants and time-activity patterns of study populations.  
 
These observations suggest the need for validation studies of how representative central-site 
measurements of long-term exposure are, personally and spatially. These validations need to be 
evaluated for the study population considered (e.g. children vs. young adults vs. older adults).  
 
The temporal scale of long-term exposure. The temporal scale poses a particular challenge for 
long-term exposure assessment. Characteristics of both health outcome and exposure have 
implications for choosing the appropriate temporal resolution of an exposure metric.  
 
With regard to the health outcome, the relevant time window for susceptibility and the induction 
time, as well as possible interactions between acute and chronic exposures, all need to be 
considered. Current knowledge rarely allows excluding any period of life a priority. This implies 
that ideal exposure information would cover the entire life span of participants, or as far back as 
possible. Based on this, cumulative exposures or averages for different time windows might be 
calculated. Though information on annual average concentrations is probably sufficient, effects 
of peak concentrations or seasonal variations may be missed.  
 
A major issue regarding the adequacy of long-term exposures metrics is changes over time 
(long-term trends). The following changes need to be evaluated: 

�� Changes of air pollution characteristics, including: 

– Changes of the contributing sources (e.g. transition from coal to diesel) 

– Changes of air pollution levels 

– Changes of pollutant distributions (spatial, diurnal, seasonal variations)  

– Changes of the composition of the mixture (e.g. particle size-distribution with increase 
of ratio ultrafine/coarse; 

�� Changes of monitoring methods (e.g. change from gravimetric methods such as Harvard 
Impactor/High Volume Sampler to continuous measurements of particles with TEOM); 

�� Migration of participants (e.g. change of residence). 
 
Changes of the source mixture and changes of monitoring methods may give metrics of 
particulate matter different meanings at different times (e.g. Black Smoke due to the transition 
from coal combustion to diesel powered vehicles, or TSP). Such changes may have implications 
for policy decisions when the technologies and practices that are current targets of regulation are 
different from those evaluated in the epidemiological studies. Changes of spatial distributions 
over time are difficult to assess, but should be considered in within-city analysis. A potential 
difficulty for between-city analysis is that different cities may have similar long-term means of 
pollutants (e.g. annual average), but different time-courses of levels (long-term trend, 
seasonality, pattern of peak concentrations).  
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These observations suggest: 

�� Investigators should obtain all available monitoring data for retrospective assessment. This 
implies, however, that method comparability is evaluated. Before eliminating old methods, 
inter-comparison data should be collected across all seasons of the year. Black Smoke 
measurements of carbon should be maintained for PM characterization and for historical 
reference/estimation of exposures. 

�� Opportunistic studies (using available data) may be useful to address urgent issues. 

�� The minimum requirement for long-term studies is the annual mean. Investigators, 
however, should consider both mean and peak distributions of air pollution in evaluating 
exposures. In addition to the mean, studies should consider alternative measurements of 
variability of pollutants (e.g. occasions when regulatory standard limits were exceeded, as 
in Abbey 1999), when possible.  

�� Changes of the source mix over time should be evaluated. Variations in pollution sources 
and composition need to be evaluated and considered in historical exposure estimation. 

�� Different windows of exposure should be evaluated whenever possible to enable analysis 
of induction time.  

�� Investigators should consider designs that incorporate short-term exposure and long-term 
cumulative exposure to better understand and disentangle acute and chronic effects.  

�� Migrations: need to obtain residential history and calculate time-weighted averages. 

WG3 Report: Beyond measurements of ambient air pollution concentrations: 
other methods and data sources 

A wide range of methods is available, based on non-routine data sources,i.e. those sources that 
are not maintained and updated on a regular basis by a competent authority such as a national 
ministry, environment agency or official monitoring network. These methods include: 

�� exposure monitoring techniques (e.g. biomarkers, personal exposure monitoring, micro-
environment monitoring); 

�� modelling techniques (e.g. air pollution modelling, receptor modelling, time-activity/life-
course modelling); 

�� spatial modelling (e.g. kriging, co-kriging, moving window methods); 

�� statistical methods (e.g. Bayesian hierarchical modelling used to estimate concentrations 
and exposures at unsampled locations, or to fill in gaps in available data sets, on the basis 
of data from surrounding sites); and  

�� use of exposure indicators (e.g. source-activity indicators, locational indicators). 
 
These vary greatly in their applicability. Important considerations include their feasibility (cost, 
data availability etc), accuracy (level of exposure misclassification), pollutant-specificity, 
source-specificity, temporal resolution (averaging time), spatial resolution and the range of 
pollutants for which they are available.  
 
Sources of error differ in the various methods and data sources. Important sources of error in 
monitoring techniques include measurement errors and sampling errors (e.g. sample group not 
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representative). Important errors in modelling methods include errors in model specification and, 
in particular, data inputs. Errors in model specification mean that it can be dangerous to transfer 
models to new areas, without recalibration and revalidation.  
 
It is essential to understand the sources of error in dispersion and other spatial models and to 
model error propagation during the exposure assessment process. These errors may be locational, 
e.g. misrepresentation of the position of the measurement sites or places of residence; 
attributional errors, e.g. measurement errors in the monitoring data or covariate data; or 
generalisation errors, e.g. due to aggregation of data from one area/time to another. Sensitivity 
analysis should be carried out at different stages in the modelling sequence, in order to quantify 
the contributions to modelling errors from each step in the sequence. The models should be 
recalibrated at each of these steps where errors are considered unacceptable. Model development 
is therefore a reiterative process of development, testing and recalibration. 
 
Errors in input data are often the major source of uncertainty. All input data therefore need to be 
checked in terms of their overall quality and with specific reference to their genealogy. By this is 
meant the original source of the data and everything that has happened to them from then until 
they were used, e.g. as a result of any statistical analysis, modelling, aggregation, 
reclassification. Many environmental data are passed through several cycles of analysis and 
processing before they become available for use. Monitored data, for example, may be re-
calibrated to adjust them for assumed instrument drift, filtered to remove outliers, aggregated 
from minutes to hours, converted from ppm to µg/m3 and then translated into means or 
percentiles – all very innocent, but potential sources of error that may lead to inconsistencies 
among data sets. Other data sources, e.g. satellite data – will have been digitally processed, 
classified, re-projected, spatially registered, re-sampled and filtered. (Briggs 1995). Access to 
metadata (i.e., data about the data) is crucial in this context: Two types of metadata are usually 
identified: discovery metadata that help people to find the data (what data sets exist, what 
information they contain, how they were compiled) and access metadata (how to obtain them). It 
is important to encourage data providers to apply good standards of metadata. Equally good 
metadata need to be provided for all the methods used and results generated, during exposure 
assessment, in order to facilitate comparisons between studies.  
 
Reliable emissions data are essential for air pollution modelling. Although emissions data are not 
always readily accessible, rich sources of data often exist in the relevant agencies. It is often 
worthwhile to pursue these data sources, as part of retrospective studies, but in the longer term 
the agencies need to be encouraged to make their information more readily accessible in an 
appropriate form. Where emissions data are not available, estimates may often be made using 
established emission factors (e.g. CORINAIR: the EU-wide inventory of atmospheric emissions, 
maintained by the European Environment Agency. Information available through the EEA web 
site: www.eea.eu.int) and information on source activity (e.g. production statistics, road traffic 
statistics). For reconstruction of historical emissions, the emission factors need to be adjusted to 
take account of changing emission technologies and regulations.  
 
To model exposures at the individual level requires information on where people spend their 
time (i.e. time activity or life-course data). Data on life-courses can be obtained in a variety of 
ways, including interview techniques and – where available – use of residence history data (e.g. 
using the personal identifiers available in Scandinavian countries). Well-designed interview 
surveys can provide reliable information on life courses even over long recall periods.  
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Geographical information systems (GIS) provide a useful framework within which to integrate 
the different data sets, to intersect and overlay the data for the purpose of exposure estimation 
(e.g. by overlaying population data onto air pollution maps) and to link different models.  
 
Key criteria for selecting methods are their ability to: 

�� reduce exposure misclassification 

�� reduce confounding 

�� provide internal validation 

�� provide insight into biological interactions between and synergistic effects of, different 
pollutants. 

 
Different methods and data sources offer different contributions to exposure assessment and are 
applicable in different situations. No single measure or method is likely to provide optimal 
estimates of exposure in long-term studies. In most cases, therefore, all the relevant and available 
sources and methods should be used (subject to quality assessment).  
 
In all studies, it is important explicitly to specify not only the pollutants of interest, but also their 
emission sources and exposure pathways when defining exposure measures. In designing studies, 
indicators and modelling techniques can be used to predict broad exposure patterns and thus to 
select areas and populations that maximize exposure contrasts. The design of the exposure 
assessment also needs to take into account: 

�� the strength of association with health outcome 

�� the frequency of the health outcome event 

�� the exposure duration and latency. 
 
A wide range of different types of expertise is therefore needed in exposure assessment, 
including environmental modelling, monitoring, GIS and statistics. In designing epidemiological 
studies of air pollution and health it is essential to involve people with the full range of this 
expertise early in the study design process.  
 
Different approaches are possible (and necessary) for prospective and retrospective studies to 
meet these criteria. 
 
Retrospective studies should use a combination of dispersion modelling, lifecourse data and 
indicators. Together, these provide the capability to: 

�� reduce exposure misclassification 

�� reduce confounding 

�� measure time-varying exposures in both the short and long-term 

�� deal with specific pollutants. 
 
It is important in these studies to validate exposure estimates derived by these methods. This can 
be done using data from fixed-site monitoring stations, or other independent observational data 
for which the quality is known and satisfactory. Validation needs to be undertaken for different 
time windows within the study period to test the consistency of the assumptions in the model and 
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the quality and character of the input data and to allow for possible variations in the source 
characteristics and composition of the pollutant of interest.  
 
Where appropriate, nested models should be applied to provide additional information on 
temporal and spatial variability. For example, coarse-scale models might be applied across the 
whole study area, to provide estimates of general pollution patterns; finer-grained modelling may 
then be undertaken for a subset of areas to estimate local variability. A similar combination of 
coarse- and fine-resolution models might also be used to analyse temporal variability. 
 
Interpreting time trends in single pollutants and their association with health outcome over the 
long-term is often problematic, because of potential confounding and effect modification by 
other, unmeasured pollutants. When describing trends in air pollutant concentrations, it is 
therefore important to take account of changes in source characteristics and emissions of other 
pollutants.  
 
Prospective studies offer much greater opportunity to optimize exposure assessment. It is 
recommended to apply a mix of methodologies for exposure assessment, within a nested 
framework. Air pollution modelling, together with life-course data, should be used to obtain 
exposure estimates for all individuals in the study group. Modelling should endeavour to take 
account of and partition, contributions from both ambient and indoor sources. These estimates 
should be validated and recalibrated against monitored data, either using routine monitoring sites 
(for outdoor ambient exposures), or by purpose-designed monitoring campaigns. The latter 
should use a combination of micro-environmental and personal monitoring in a range of 
exposure environments in order to validate the model across the entire range of exposure 
conditions.  
 
Where available, biomarkers should be used to complement the modelling and monitoring data, 
and to quantify the biological dose arising from these exposures. This is important to strengthen 
the biological plausibility of the assumed association with health effect. However, the range of 
well-validated biomarkers is currently limited and further development of biomarkers would be 
beneficial. 

Recommendations 

The following recommendations were distilled from the reports of the 3 sub-working groups. 
They are intended to be used both by investigators for study planning and design, and by funding 
agencies when seeking new research. They are intended to convey and illustrate certain general 
principles and their application, rather than to serve as a check-list of things that must be done. 
The most successful efforts to-date have had in common the creative and innovative application 
and extension of available methods. 

Design of exposure assessment 

Design should reflect the epidemiological hypothesis to be studied. It should be specific for the 
study population, health outcome and pollutant to be studied. Certain pollutants (e.g. nitrogen 
dioxide and PM) are generated by different sources in different environments, and, therefore, 
their role (e.g. exposure of interest vs. effect-measure modifier and/or confounder) should be 
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clearly specified. Also, the presumed induction time for the effect of exposure should be 
specified. 
 
Conceptual model of long-term exposure should be made explicit. Estimation of exposure for 
study subjects always presumes a model for long-term exposure. This model might consist solely 
of a long-term average of ambient concentration of subject’s place of residence (e.g. Dockery 
1993), or may include a number of components describing the exposure situation. Depending on 
this conceptual model, the necessary data sources may vary. 
 
Multiple designs will be useful. Knowledge on the effects of long-term exposure to air pollution 
will be more secure if a wide range of designs, including for exposure assessment, are 
implemented. It would not be useful for all studies to follow the same design, even if an optimal 
design could be identified. Different methods and data sources offer different contributions to 
exposure assessment and are applicable in different situations.  
 
In designing studies, indicators and modelling techniques can be used to predict broad exposure 
patterns and thus to select areas and populations that maximise exposure contrasts.  
 
Different approaches are possible (and necessary) for prospective and retrospective studies. 

�� Retrospective studies may use a combination of dispersion modelling, life-course data and 
indicators. Together, these provide the capability to: 

– reduce exposure misclassification 

– reduce confounding 

– measure time-varying exposures in both the short and long-term 

– deal with specific pollutants. 

�� Prospective studies offer much greater opportunity to optimise exposure assessment. It is 
recommended to apply a mix of methodologies for exposure assessment, within a nested 
framework. Air pollution modelling, together with life course data, may be used to obtain 
exposure estimates for all individuals in the study group. 

 
The study design should maximise variation of exposure in time and space. Study power and 
precision, and the robustness of study results to many types of measurement error, are improved 
by increasing the variation of the exposure of interest across the study units. Thus selection of 
study units should maximize this variation. Studies of migrants can provide important 
information. 
 
Obtain information on individual subjects. Although individual level measures of air pollution 
are rarely feasible (and might not be optimal even if they were) it is generally advantageous to 
obtain information on factors influencing individual exposure. Individual level information on 
confounders is highly desirable for all subjects. For confounders for which this is not possible, 
such information obtained on a sub-sample can be used to improve control of these confounders. 
 
Maximise homogeneity of exposure when only group exposure measure is available. Many study 
designs contrast exposure across groups of subjects. Where studies use such groups, these should 
be as homogeneous as possible with respect to the of interest exposure. 
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Use of ambient air quality monitoring data for exposure assessment 

Characterize the specific components and sources of air pollution. There is a clear need to 
determine PM components by chemical composition and source. Components might include: 
carbon, sulphates, trace elements, ultrafines, etc. This seems more feasible for prospective 
studies, but measurements will be needed that go beyond regulated parameters. 
 
Use monitoring data from sites representative of population exposures. This data, combined with 
information on Time Activity Patterns and migration can be used to develop estimates of 
population-time-weighted average exposures.  
 
International harmonization of national ambient air quality monitoring networks will be 
important for multi-country studies. Consideration should also be given to funding a consistent 
‘mega-site’ network specifically designed to enable population exposure to be further 
characterized and compared across different cities. Methods, QA/QC procedures and site 
characteristics should be critically evaluated to maximize inter-city comparability.  
 
Air quality monitoring databases should allow investigators to design estimates of various 
temporal patterns of exposure, e.g. long-term average or repetition of peaks over long period. 
Disentangling of short and long-term effects would require both long-term and short-term 
exposure values (i.e. exposure before event occurred). 
 
The usefulness of ambient air quality measurements should be validated. This may require 
validation studies of how representative central-site measurements of long-term pollution levels 
are as indices of personal and area-wide exposure. These validations need to be evaluated for the 
study population considered (e.g. children vs. young adults vs. older adults).  
 
Use all available data for retrospective assessment. Historical measures of ambient 
concentrations may be essential for retrospective exposure assessment even if the exposure 
metrics is outdated. However, in the case of some pollutants (such as PM), changes of the source 
mixture and changes of monitoring methods, may complicate the interpretation of temporal 
changes. 

Beyond measurements of ambient air pollution concentrations:  
other methods and data sources 

Estimating long-term exposure is likely to require the creative application of a combination of 
methods. These might include exposure monitoring techniques (e.g. personal monitoring) and 
modelling of time-activity patterns, etc. These vary greatly in their applicability. Important 
considerations include their feasibility (cost, data availability etc), accuracy (level of exposure 
misclassification), pollutant-specificity, source-specificity, temporal resolution (averaging time), 
spatial resolution and the range of pollutants for which they are available. 
 
Assess exposure measurement error. Study protocols should include methods to assess the 
distribution of error in exposure estimates with respect to the study hypothesis and objectives, 
usually through validity, reliability, or calibration sub-studies. 
 
It is essential to understand the sources of error and to model error propagation during the 
exposure assessment process. Sensitivity analysis should be carried out at different stages in the 
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modelling sequence, in order to quantify the contributions to modelling errors from each step in 
the sequence.  
 
Errors in input data are often the major source of uncertainty. All input data therefore need to be 
checked in terms of their quality and genealogy. Access to metadata is crucial in this context: it 
is important to encourage data providers to apply good standards of metadata.  
 
Area-level variables. Even if all important individual-level confounders are obtained for each 
subject, area level “contextual” variables may additionally confound or modify effects. For 
example, living in a deprived area may carry risk beyond individual deprivation. 
 
Practicalities. A wide range of different types of expertise is therefore needed in exposure 
assessment, including environmental modelling, monitoring, GIS and statistics. In designing 
epidemiological studies of air pollution and health it is essential to involve people with the full 
range of this expertise early in the study design process.  
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