
 report no. 4/11 
 
 
 
 
 
 
 
 

 I

 

 

A comprehensive 
review of European 
epidemiological studies 
on particulate matter 
exposure and health 
Prepared for CONCAWE’s Special Task Force on Health Effects of Air Pollution 
(H/STF-27) by:  

E. Negri  
S. Gallus 
Department of Epidemiology, Mario Negri Institute, Milan, Italy 
 

P. Boffetta 
International Agency for Research on Cancer, Lyon, France 
 

J.K. McLaughlin 
International Epidemiology Institute, Rockville, MD, USA 
 

C. La Vecchia 
Department of Epidemiology, Mario Negri Institute, Milan, Italy 
Institute of Medical Statistics and Biometry, University of Milan, Italy  
 
 
H/STF-27: 
 

R. Taalman (Chairman) 
M. Banton 
J. Brown 
J.-P. Gennart 
D. King 
C. Money 
P. Roberts 
K. Rose 
E. Rushton 
G. Minsavage (Technical Coordinator)  
 
 
 
 
 
 
Reproduction permitted with due acknowledgement 
 
 CONCAWE 
Brussels 
June 2011 



 report no. 4/11 
 
 
 
 
 
 
 
 

 II

ABSTRACT  

In 2006/2007 CONCAWE’s Health Management Group (through H/STF-27) 
commissioned a literature survey and review with the primary aim of summarising 
the current state of science on particulate matter in ambient air and its possible 
effects on health. The survey and review were undertaken by the Department of 
Epidemiology, Mario Negri Institute, Milan, Italy1, the International Agency for 
Research on Cancer, Lyon, France2, the International Epidemiology Institute, 
Rockville, MD, USA3 and the Institute of Medical Statistics and Biometry, University 
of Milan, Italy4. The authors of the study are Eva Negri1, Silvano Gallus1, Paolo 
Boffetta2, Joseph K. McLaughlin3 and Carlo La Vecchia1,4 

The body of this report consists of a brief overview of the findings written by H/STF-
27, followed by the detailed information in Appendix developed by the mentioned 
experts. 
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SUMMARY  

There are a limited number of papers on the long term effect of air pollution on 
morbidity and mortality in Europe, particularly with reference to small particles with 
aerodynamic diameters less than 2.5 microns (PM2.5). Most information comes from 
US cohort studies, including the American Cancer Society Cancer Prevention Study 
II, the Harvard Six Cities Study, the Adventists’ Health Study of Smog, and the 
Veterans’ Cohort Mortality Study. 

Ambient levels of several relevant pollutants are more variable within Europe than in 
the USA, and are in several areas comparably high. Selected European cohort 
studies, including the Netherlands Cohort Study on Diet and Cancer and the 
European Prospective Investigation on Cancer and Nutrition study found some 
association between indicators of air pollution such as PM10 or NO2 and lung cancer 
risk, but the results were inconsistent and inadequate to address the health effects 
of exposure to PM2.5. 

In addition to the effect on mortality, there are open issues on the potential impact of 
air pollution on childhood asthma, allergy and airway disease. In consideration of 
the difficulties in estimating the prevalence of the conditions in various populations, 
these issues require additional focus. 

In order to provide an indication on possible further analyses of existing European 
datasets, and on future new studies, a critical review of existing literature (with a 
focus on European data) was performed.  

The project resulted in a detailed report (see Appendix 1) and in a paper published 
in the European Journal of Cancer Prevention [1]. 
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1. INTRODUCTION  

A comprehensive review of European epidemiological studies published between 
1996 and 2006 was conducted.  

A search string was defined to select relevant scientific literature. The results of 
these searches were screened by two independent reviewers and only original 
studies conducted in Europe with some direct measure of ambient particulate matter 
(PM) exposure were selected for this review. Studies investigating the effect of long-
term exposure on cardiovascular disease (CVD) were included. Cancer studies that 
provided proxies of PM exposure (e.g. distance of the residence from a major road) 
were also included. Approximately 150 studies met the inclusion criteria.  
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2. EUROPEAN STUDIES ON SHORT-TERM PM EXPOSURE  

The outcomes considered were mortality (total and by cause), hospital admissions 
for cardiovascular and respiratory diseases, and physician visits for respiratory 
diseases. 

Several studies have investigated the association between day-to-day variations in 
PM concentrations and mortality or emergency hospital admissions. Many of these 
studies, however, had limitations, either because they were based on small 
populations or had problems in the statistical approach used, which in several 
instances tended to artefactually maximise the investigated association. Different 
and non-comparable measures of PM (PM with diameter <10 µm (PM10), Black 
Smoke (BS), Total Suspended Particulate (TSP) etc.) were used in various studies.  

Most of the European studies found a direct association between mortality and 
various indicators of PM levels. The multicentric APHEA2 study provided the best 
estimate of the relation between PM and day-to-day mortality in Europe.  

The interpretation of studies on CVD admissions and PM exposure is complicated 
by the use of different lag times and the combination of emergency and elective 
hospital admissions (as well as other variations in the definition of outcome) in some 
of the studies. Despite these limitations, the evidence from European studies 
supports the hypothesis of an association between air pollution and hospital 
admissions for CVD. The results on respiratory admissions provided some support 
for an association between daily variations in air pollution and hospitalization for 
respiratory disease, although the specificity of the association with PM was not 
clarified. 

Information on the separate effects of coarse, fine and ultrafine PM is limited. Given 
that more and more areas within Europe have, in recent years, started measuring 
fine and/or ultrafine PM, it is likely that in the next few years studies will investigate 
the effects of coarse, fine and ultrafine PM separately. Investigations aimed at 
separating the effects of PM of different diameters will have to deal with the thorny 
statistical and interpretational problems of the analysis of highly correlated variables, 
a problem which has also arisen in the investigation of several correlated pollutants, 
e.g. PM, NO2, CO and SO2. 

Very few results are available from Central and Eastern European countries. 
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3. EUROPEAN STUDIES ON LONG-TERM PM EXPOSURE  

Few European studies have investigated the long-term effects of PM exposure on 
health. Ecological studies are suggestive of a link and are generating hypotheses, 
but, given the potential biases inherent in their design, they cannot provide a solid 
base for inference. 

Record linkage studies include a large number of cases, but the lack of individual 
variables, particularly smoking data, renders this type of study difficult to interpret.  

Only a limited number of analytic studies have been conducted so far. Many of 
these were based on cohorts designed for other purposes but have exploited the 
availability of PM concentration data in the area under study. This has led to studies 
that were often based on small population size, often with exclusions of parts of the 
study population for which exposure data could not be retrieved or were not 
available. 

In almost all long term studies conducted so far, the exposure to ambient PM has 
been estimated only on the base of the subjects’ home address. No additional 
information was available on characteristics of the home (e.g. floor of residence) or 
of the subject’s individual exposure pattern. Misclassification of exposure is likely to 
occur and to affect results. 

Mortality was associated with various measures of long-term exposure to air 
pollution in cohort studies from the Netherlands, Germany and France, and in a 
record linkage study from Norway. The excesses were mainly attributed to 
cardiovascular and respiratory causes. 

The evidence on long-term PM exposure and CVD morbidity is limited and difficult 
to interpret.  

A few studies suggested associations between long-term PM exposure and asthma, 
lung function and various respiratory symptoms in children, although results were 
often not significant and not consistent. For adults, no clear evidence emerged for 
chronic bronchitis or asthma. Studies on air pollution and lung function, on the other 
hand, reported possible associations. 

No clear indication of association emerged from the few studies investigating the 
relationship between long-term air pollution and lung or other cancers. Overall, the 
evidence is limited and inconsistent for this association. Limitations in the design of 
several studies conducted so far hinder any definite conclusion regarding cancer 
and long-term exposure to air pollution. 
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4. CONCLUSIONS 

4.1. RECOMMENDATIONS FOR FUTURE RESEARCH ON HEALTH 
EFFECTS OF PM IN EUROPE 

Previous studies on short-term effects of PM in Europe allow a general 
quantification of the risks. However, information on the possible confounding or 
modifying effect of covariables, and, in particular, data on course, fine and ultrafine 
particles are limited. Still, with the exception of Central and Eastern Europe where 
few data are available, further research on short-term effects of air pollution should 
not be given high priority. 

Only a limited number of analytic studies have been conducted in Europe on long-
term effects of air pollution, and these were mainly cohorts designed for different 
purposes. Their ability to provide valid results was limited by sub-optimal strategies 
for exposure assessment leading to misclassification, low statistical power, and 
heterogeneity of approaches. While it is possible that additional exposure data can 
be retrieved for these and other existing longitudinal studies, it is uncertain whether 
this approach would lead to major advances in our knowledge of health effects. In 
any case, priority should be given to the co-ordination and harmonization of 
exposure data in existing cohorts. 

The establishment of new ad hoc studies represents the preferred strategy to 
provide new insights on long-term effects of air pollution. In areas where estimation 
of long-term PM exposure could be reconstructed, a case-control design should be 
considered. The design and implementation of new cohort studies would provide, in 
the long-term, the most reliable information, but would require great effort in terms of 
time and resources. Such new studies would rely on uniform methods to measure 
air pollutants, and be based on an increased number of new measuring stations. 
Participants should be periodically re-contacted and, in addition to information on 
possible outcomes, new exposure information based on a uniform methodology 
should be collected. Such new cohorts should give priority to the inclusion of 
populations from Central and Eastern Europe, and in particular, areas where air 
pollution might be higher and adverse health effects may be detected sooner than in 
less polluted areas of Europe. 
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5. GLOSSARY 

ACS American Cancer Society 

ACS-CPS II American Cancer Society – Cancer Prevention Study II 

AHSMOG Adventists Health Study of Smog 

AIC Akaike Information Criterion 

AMI Acute Myocardial Infarction 

APHEA Air Pollution and Heath: a European Approach 

BMI Body Mass Index 

BS Black Smoke 

CI Confidence Interval 

CO Carbon Oxide 

COPD Chronic Obstructive Pulmonary Disease 

CV Cardiovascular 

CVD Cardiovascular Disease 

ECRHS I European Community Respiratory Health Study I 

EPA Environmental Protection Agency (US) 

EPIC European Prospective Investigation on Cancer and Nutrition 

FEF25-75 Forced Expiratory Flow between 25th and 75th percent of the FVC 

FEV1 Forced Expiratory Volume in one second 

FVC Forced Vital Capacity 

GAM Generalized Additive Model 

GLM Generalized Linear Model 

HEAPSS Health Effects of Air Pollution among Susceptible Sub-population 

HEI Health Effects Institute 

HR Hazard Ratio 

ICD International Classification of Diseases 

IHD Ischemic Heart Disease 
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IQR Inter-Quartile Range 

Lag x xth day Lag 

Lag x-y average x-y days Lag 

LCL Lower Confidence Limit 

MC Mass Concentration 

MEF25-75 Midexpiratory flow between 25 and 75th percent of the FVC 

MeSH Medical Subject Headings 

NC Number Concentration 

NMMAPS National Morbidity, Mortality and Air Pollution Study 

NO Nitrogen oxide 

NO2 Nitrogen dioxide 

NO3 Nitrate 

NOx Oxides of nitrogen 

NS Not Significant 

OLS Ordinary Least Squares 

OR Odds Ratio 

O3 Ozone 

PAARC Pollution Atmosphérique et Affections Respiratoires 

PM Particulate Matter 

PM10 PM with diameter <10 µm 

PMx PM less than x μm in aerodynamic diameter 

PNC Particle Number Concentration 

RH Relative humidity 

RR Relative Risk 

SAPALDIA Study on Air Pollution and Lung Diseases in Adults 

SES Socioeconomic status 

SO2 Sulphur dioxide 
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SO4 Sulfate 

TSP Total Suspended Particles 

UCL Upper Confidence Limit 
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SUMMARY  

The US Environmental Protection Agency (EPA) reviewed data from studies on 
particulate air pollution (particulate matter, PM) and health published between 1996 
and 2002 (US EPA, 2004). Herein, we have conducted a comprehensive review of 
the European epidemiological studies published between 1996 and 2006.  

By means of Medline literature searches, we identified a number of studies, which 
were then screened by two independent reviewers for inclusion. We selected 
original studies conducted in Europe with some direct measure of ambient 
particulate matter (PM) exposure. For studies investigating the effect of long-term 
exposure on cardiovascular disease (CVD) and cancer, we included also studies 
providing proxies of PM exposure (e.g. distance of the residence from a major road). 
Approximately, 150 studies met the inclusion criteria. Studies published before 
1996, and included in the EPA report are presented in an appendix, but are not 
commented on in the text. 

1) Studies on short-term PM exposure  

The outcomes considered were mortality (total and by cause), hospital admissions 
for cardiovascular and respiratory diseases, and physician visits for respiratory 
diseases. 

Several studies have investigated the association between day-to-day variations in 
PM concentrations and mortality or emergency hospital admissions. Many of these 
studies, however, had limitations, either because they were based on small 
populations or had problems in the statistical approach used, which in several 
instances tended to artefactually maximise the investigated association. Different 
and non-comparable measures of PM (PM with diameter <10 µm (PM10), Black 
Smoke (BS), Total Suspended Particulate (TSP) etc.) were used in various studies.  

Most of the European studies found a direct association between mortality and 
various indicators of PM levels. The multicentric APHEA2 study provided the best 
estimate of the relation between PM and day-to-day mortality in Europe. The 
APHEA2 study was based on a large population derived from several different areas 
in Europe, and the study data have been thoroughly re-analyzed to evaluate the 
influence of different statistical models, different time lags (up to 40 days), and the 
modification effects of some city characteristics, such as temperature or humidity, 
but also the percentage of people aged >65 years and of smokers. In the APHEA2 
study, the estimated increase in total number of deaths associated with an increase 
of 50 µg/m3 of PM10 (lag 0-1 days) ranged from 2.1% to 3.3%, according to the 
statistical model used. For an increase in BS of 50 µg/m3 the estimated increase 
ranged from 1.4% to 2.8%. The associations of PM indicators with mortality 
approximately halved after adjustment for NO2. Medium-term (40 days) analyses 
showed that the observed effect is likely not due to mortality displacement, i.e., a 
mere anticipation of time of deaths of a few days. On the contrary, medium-term 
effect estimates tended to be two times higher than short-term ones, indicating a 
possible underestimation of the global effect of PM when only a few days are 
considered. This problem appeared more pronounced for respiratory than for CVD 
deaths.  

The interpretation of studies on CVD admissions and PM exposure is complicated 
by the use of different lag times and the combination of emergency and elective 
hospital admissions (as well as other variations in the definition of outcome) in some 
of the studies. Despite these limitations, the evidence from European studies 
supports the hypothesis of an association between air pollution and hospital 
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admissions for CVD. The results on respiratory admissions provided some support 
for an association between daily variations in air pollution and hospitalization for 
respiratory disease, although the specificity of the association with PM was not 
clarified. 

Although age at death is, with sex, the only individual characteristic readily available 
from death certification data, the modifying effect of age on the relation between 
short-term PM exposure and mortality/morbidity has not been fully explored. The 
data from the APHEA2 study suggest that the effect of air pollution is greater at 
older ages.  

Confounding by individual characteristics is not a major issue, since in time series 
comparisons are made from one day to another, using the same background 
populations. In the few studies that have analyzed data using a case-crossover 
design in addition to a time series approach, the results were comparable.  

Limited or inadequate information is available in Europe on modification of the 
effects of air pollution exerted by individual variables (other than age and sex), e.g. 
socioeconomic status (SES), lifestyle habits (e.g. smoking), underlying medical 
conditions (e.g. COPD (chronic obstructive pulmonary disease), coronary disease, 
diabetes), occupational exposures, etc.   

Information on the separate effects of coarse, fine and ultrafine PM is limited. Given 
that more and more areas within Europe have, in recent years, started measuring 
fine and/or ultrafine PM, it is likely that in the next several years studies will 
investigate the effects of coarse, fine and ultrafine PM separately. Investigations 
aimed at separating the effects of PM of different diameters will have to deal with 
the thorny statistical and interpretational problems of the analysis of highly 
correlated variables, a problem which has also arisen in the investigation of several 
correlated pollutants, e.g. PM, NO2, CO and SO2. 

Presently, very few results are available from Central and Eastern European 
countries. 

2) Studies on long-term exposure  

Few European studies have investigated the long-term effects of PM exposure on 
health. Ecologic studies are suggestive and hypothesis generating, but, given the 
potential biases inherent in their design, they cannot provide a solid base for 
inference.  

Record linkage studies include a large number of cases, but the lack of individual 
variables, particularly smoking data, renders this type of study difficult to interpret.  

Only a limited number of analytic studies have been conducted so far. Many of 
these were based on cohorts designed for different purposes, which have exploited 
the availability of PM concentration data in the area under study. This has led to 
studies that were often based on small population size, often with exclusions of 
parts of the study population for which exposure data could not be retrieved or were 
not available. 

In short-term time series, comparisons are ideally made between different days 
within individuals, and adjustment for day of week and holidays is often performed. 
In contrast, studies of long-term exposure are necessarily based on comparisons 
between individuals, and on cumulative exposure assessment. Misclassification of 
exposure is likely to occur and to affect results. In almost all studies conducted so 
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far, the exposure to ambient PM has been estimated only on the basis of the  home 
address of the subjects. No additional information was available on characteristics 
of the home (e.g. type of dwelling) or of the subject’s individual exposure pattern.  

Mortality was associated with various measures of long-term exposure to air 
pollution in cohort studies from the Netherlands, Germany and France, and in a 
record linkage study from Norway. The excesses were mainly attributed to 
cardiovascular and respiratory causes. 

The evidence on long-term PM exposure and CVD morbidity is scant and difficult to 
interpret.  

A few studies suggested associations between long-term PM exposure and asthma, 
lung function and various respiratory symptoms in children, although results were 
often not significant and not consistent. For adults, no clear evidence emerged for 
chronic bronchitis or asthma. Studies on air pollution and lung function, on the other 
hand, reported positive results. 

No clear indication of association emerged from the few studies investigating the 
relation between long-term air pollution and lung or other cancers. Overall, the 
evidence is scant and inconsistent for this association. Limitations in the design of 
several studies conducted so far hinder any definite conclusion regarding cancer 
and long-term exposure to air pollution. 

3) Recommendations for future research on health effects of air pollution 
in Europe 

Previous studies on short-term effects of air pollution in Europe allow a general 
quantification of the risks. However, information on the possible confounding or 
modifying effect of covariates, and mainly data on coarse, fine and ultrafine particles 
are limited. Still, with the exception of Central and Eastern Europe, where few data 
are available, further research on short-term effects of air pollution should not be 
given high priority. 

Only a limited number of analytic studies have been conducted in Europe on long-
term effects of air pollution, and these were mainly cohorts designed for different 
purposes. Their ability to provide valid results was limited by sub-optimal strategies 
for exposure assessment leading to misclassification, low statistical power, and 
heterogeneity of approaches. While it is possible that additional exposure data can 
be retrieved for these and other existing longitudinal studies, it is uncertain whether 
this approach would lead to major advances in knowledge of health effects. In any 
case, priority should be given to the co-ordination and harmonization of exposure 
data in existing cohorts. 

The establishment of ad hoc studies represents the preferred strategy to provide 
new insights on long-term effects of air pollution. In areas where estimation of long-
term PM exposure could be reconstructed, the case-control design should be 
considered. The design and implementation of new cohort studies would provide, in 
the long-term, the most reliable information, but would require great effort in terms of 
time and resources. Such new studies would rely on uniform methods to measure 
air pollutants, and be based on an increased number of new measuring stations. 
Participants should be periodically re-contacted and in addition to information on 
possible outcomes, new exposure information based on a uniform methodology 
should be collected. Such new cohorts should give priority to the inclusion of 
populations from Central and Eastern Europe, where air pollution is higher and 
adverse health effects may be detected sooner than in less polluted areas of 
Europe. 
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1. INTRODUCTION  

Although most epidemiological research on health effects of air pollution has 
focused on short-term exposure, a few studies have considered long-term exposure. 
The US Environmental Protection Agency (EPA) reviewed data of studies on 
particulate air pollution (particulate matter, PM) and health published between 1996 
and 2002 (US EPA, 2004).  

There is relatively little published on the long-term effect of air pollution on morbidity 
and mortality in Europe, particularly with reference to small aerodynamic particles 
with diameters less than 2.5 microns (PM2.5). Most information comes from US 
cohort studies, including the American Cancer Society - Cancer Prevention Study II 
(ACS-CPS II), the Harvard Six Cities Study, the Adventists Health Study of Smog 
(AHSMOG), and the Veterans’ Cohort Mortality Study. 

Ambient levels of several relevant pollutants are more variable within Europe than in 
the USA, and are, in several areas, comparably high. Selected European cohort 
studies, including the Netherlands Cohort Study on Diet and Cancer and the 
European Prospective Investigation on Cancer and Nutrition (EPIC) study found 
some association between indicators of air pollution such as PM10 or NO2 and lung 
cancer risk, but the results were inconsistent and inadequate to address the health 
effects of exposure to PM2.5. 

In addition to the effect on mortality, there are open issues on the potential impact of 
air pollution on childhood asthma, allergy and airway disease. In consideration of 
the difficulties in estimating the prevalence of these conditions in various 
populations, these issues require additional focus. 

In order to provide indication on possible further analyses of existing European 
datasets, and on future new studies, we performed a critical review of existing 
literature (with focus on European data). This leads to recommendations on the 
design of future epidemiological studies on health effects of air pollution in Europe. 

We have therefore updated the literature from Europe up to 2006, and conducted a 
comprehensive review of the European epidemiological studies published between 
1996 and 2006. 

Most of the original studies considered the association between short-term exposure 
to ambient pollutants (including PM) and morbidity/mortality. Several components 
and measures of air pollution were analysed with reference to incidence or mortality 
from cardiovascular disease (CVD), hospital admissions for respiratory disease, 
incidence of asthma and other respiratory conditions, and decreased pulmonary 
function. However, the results were not consistent across studies, and precise 
quantification of risks remains unattainable.  

Only a few studies provided data on long-term exposure to PM and 
morbidity/mortality in adults.  

The main results of these studies are summarised in the present report. 
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2. METHODS 

2.1. RETRIEVAL OF DATA 

We retrieved from PubMed the abstracts of all the journal articles on European 
epidemiologic studies (96 papers) included in the EPA report. We identified the 
Medical Subject Headings (MeSH) terms common to all the 96 papers, and defined 
a search string to select the scientific literature for the period 2002-2006 as follows:  

("air pollutants" [MeSH] OR "air pollution" [MeSH]) AND humans [MeSH] AND 
("cardiovascular diseases" [MeSH] OR neoplasms [MeSH] OR "respiratory tract 
diseases" [MeSH] OR hospitalization [MeSH]).  

Using PubMed, on November 1, 2006 we retrieved 3,168 papers, which were then 
included in an electronic database using Endnote (version 9). 

On the basis of title, abstract (when available), and keywords (MeSH terms), two 
independent reviewers (Eva Negri and Silvano Gallus) independently classified all 
the 3,168 papers, in order to identify studies of high interest using a 1-5 score: 

1. Paper not pertinent or of limited interest (eliminate) 
2. Probably not pertinent or of limited interest (eliminate if the other reviewer 

also scores 1 or 2) 
3. Not possible to evaluate on the basis of title/abstract/keywords only 
4. Of high interest (important review or methodologic papers or original studies 

out of Europe) 
5. Original study from Europe 

From the first selection, 2,383 papers were eliminated (both reviewers’ score <3). 

Among the other 785 papers, approximately 100 papers were scored 5 by both 
reviewers. To these 785 papers we added 532 papers not yet “indexed for 
MEDLINE” (“in process”, therefore without MeSH terms), using on November 25, 
2006, the following search string: 

(air [tiab] OR pollut* [tiab] OR "particulate matter" [tiab] OR ambient [tiab]) AND 
(particulate* [tiab] OR PM [tiab] OR PM10 [tiab] OR PM2.5 [tiab] OR PM5 [tiab]) 
NOT(medline[sb]). 

On the basis of title, abstract (when available), and keywords (MeSH terms), Eva 
Negri and Silvano Gallus performed a second independent double classification of 
the 1,317 papers using a score from 1 to 10: 

1. Paper of limited interest (eliminate) 
2. Methodologic study of limited interest 
3. Original study not conducted in Europe of limited interest 
4. Review of limited interest 
5. Not possible to evaluate on the basis of title/abstract/keywords, only 
6. Original study not conducted in Europe of high interest 
7. Methodologic study of high interest 
8. Review of high interest 
9. Original European study on co-pollutants only 
10. Original European study on PM. 
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From the second selection we eliminated (both reviewers’ score <5 OR (one 
reviewer’s score=5 AND the other’s <5) 738 papers. Among the other 579 papers, 
144 were considered original European studies by both reviewers. Most of these 
studies evaluated the association with short-term exposure to ambient pollutants 
including PM. 

Other searches targeting cancer were performed, using a specific search string on 
PubMed. Furthermore, all the publications from the most important international 
studies (e.g., APHEA and HEAPSS) were searched. Finally, reference lists of a 
number of published papers (original articles and reviews) were examined. 

For all the 579 papers remaining in the database, the PDF of the original article was 
retrieved. All papers scored 9 or 10 by at least one reviewer were examined and 
classified according to outcome. 

2.2. PRESENTATION OF FINDINGS 

We used the tables on short-term PM exposure of the EPA 2004 report as basis 
(US EPA, 2004), and updated them with the new studies not included in the EPA 
2004 report. From the original EPA tables we have abstracted only studies 
conducted in Europe. In the tables, the studies already present in the EPA 2004 
report are shown on a grey background, while the new studies have a white 
background. The EPA 2004 report did not include tables summarizing findings from 
studies on long-term PM exposure and mortality, and CVD and cancer morbidity. 
We summarized papers published from 1996 also for these outcomes in a similar 
way. 

The EPA 2004 report also included the re-analyses of some studies published in a 
HEI report (HEI, 2003). This report originated from the fact that problems were 
found in the statistical software S-Plus routine used in many studies to fit 
generalized additive models (GAM): the default convergence criteria used in the S-
Plus GAM function resulted in biased estimates and under some circumstances the 
standard errors of the estimates were underestimated (Dominici et al, 2002). The 
authors were invited to reanalyze their data using more stringent convergence 
criteria. The corrected analyses were published in the HEI report and compared with 
the original ones. Fully parametric models (GLM with natural or penalized splines) 
were also explored as alternative ways of estimation in the re-analyses in the HEI 
report. 

We have modified the order in which the studies appeared in the EPA tables, since 
we have grouped them in the following categories: 1) Large international multicity 
studies 2) Nationwide studies 3) Sub-national studies, grouped by country and 
geographic area (Northern, Central, Southern, Eastern Europe) 4) Studies on 
selected populations.  

In the Appendix we reported the description of European epidemiologic studies 
published before 1996, and cited in the EPA 1997 report (US EPA, 1997) 
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2.3. STUDIES CONSIDERED 

For the present revision of the literature we considered the following studies: 

I. Studies on short-term PM exposure and mortality, including all the studies 
providing estimates for PM. 

II. Studies on short-term PM exposure and CVD hospital admission including all 
the studies providing estimates for PM. 

III. Studies on short-term PM exposure and respiratory hospital admission 
including all the studies providing estimates for PM. 

IV. Studies on short-term PM exposure and respiratory medical visits including all 
the studies providing estimates for PM. 

V. Studies on long-term PM exposure and mortality, including all the studies 
providing estimates for PM. 

VI. Ecologic studies on long-term PM exposure and mortality, including all the 
studies providing estimates for PM. 

VII. Studies on long-term PM exposure and CVD morbidity, including all the 
studies providing estimates for PM, or proxies of PM, as those studies having 
as outcome the distance between a major road and the residence. 

VIII. Studies on long-term PM exposure and respiratory morbidity or symptoms, 
including all the studies providing estimates for PM. 

IX. Studies on long-term PM exposure and cancer, including all the studies 
providing estimates for PM, other co-pollutants or proxies of PM, as those 
studies having as outcome the distance between a major road and the 
residence. 

We have not considered studies on short-term PM exposure and pulmonary function 
tests or other symptoms in asthmatics or non-asthmatics.  

2.4. KEY ABBREVIATIONS AND OTHER TERMS 

AIC Akaike Information Criterion 
AMI Acute Myocardial Infarction 
APHEA Air Pollution and Heath: a European Approach 
BMI Body Mass Index 
BS Black Smoke 
CI Confidence Interval 
CO Carbon Oxide 
COPD Chronic Obstructive Pulmonary Disease 
CVD Cardiovascular Disease 
EPA Environmental Protection Agency (US) 
FEF25-75 Forced Expiratory Flow between 25th and 75th percent of the FVC 
FEV1 Forced Expiratory Volume in one second 
FVC Forced Vital Capacity 
GAM Generalized Additive Model 
GLM Generalized Linear Model 
HR Hazard Ratio 
ICD International Classification of Diseases 
IQR Inter-Quartile Range 
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IHD Ischemic Heart Disease 
Lag x xth day Lag 
Lag x-y average x-y days Lag 
LCL Lower Confidence Limit 
MEF25-75 Midexpiratory flow between 25 and 75th percent of the FVC 
NO Nitrogen oxide 
NO2 Nitrogen dioxide 
NOx Oxides of nitrogen 
NS Not Significant 
OLS Ordinary Least Squares 
OR Odds Ratio 
O3 Ozone 
RH Relative humidity 
PM Particulate Matter 
PMx PM less than x μm in aerodynamic diameter 
PNC Particle Number Concentration 
RR Relative Risk 
SO2 Sulphur dioxide 
TSP Total Suspended Particles 
UCL Upper Confidence Limit 
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3. SHORT-TERM PARTICULATE MATTER (PM) EXPOSURE AND 
MORTALITY 

Table I (modified and updated from EPA 2004 Table 8A-1) presents the studies 
conducted in Europe that have considered the association between short term 
exposure to PM and mortality. The APHEA studies I and II were the only large 
international multicity studies on short-term effects of PM on mortality in Europe. For 
this reason, a brief description of the APHEA studies is given below, and particular 
prominence is given to the results of the APHEA2 study throughout this chapter.  

3.1. THE APHEA STUDIES 1 AND 2 

The APHEA1 study ended before the EPA 2004 report, and its main results were 
included there (Katsouyanni et al, 1997; Samoli et al, 2001; Samoli et al, 2003).  

The APHEA1 study was conducted in 12 European cities over the period 1975-
1992. However, BS indicators were available for 8 cities and PM10 for 6 cities only.  
In a first publication there was a significant heterogeneity between European areas, 
with a positive association between BS and PM10, and total mortality in western 
European cities and no effect in central/eastern European ones (Katsouyanni et al, 
1997). Two subsequent re-analyses of the data using different statistical models 
(GAM models with smoothing terms for seasonal trends and weather) considerably 
reduced heterogeneity between the two areas (Samoli et al, 2001; Samoli et al, 
2003).  In those re-analyses, BS and PM10 were positively associated to mortality 
overall and in the two areas separately, although the size of the effect depended on 
the statistical model used, and particularly on the method used to adjust for 
meteorological variables and other confounders. 

Several publications concerning the APHEA2 study were already included in the 
EPA 2004 report (Touloumi et al, 1997; Katsouyanni et al, 2001; Katsouyanni et al, 
2003; Zanobetti and Schwartz, 2003), and new publications have appeared 
thereafter (Aga et al, 2003; Zanobetti et al, 2003; Touloumi et al, 2005; Analitis et al, 
2006). Moreover, we have added to Table I the data concerning a publication 
(Zanobetti et al, 2002)  that should have been included in the EPA 2004 report, but 
was not listed there. In fact, in Table 8A-1 of the EPA 2004 report, the article by 
Zanobetti and Schwartz 2003, which was one of the re-analyses conducted within 
the HEI project, was indicated as “reanalysis of the above study”, but that study 
(Zanobetti et al, 2002) was missing from the table. 

The APHEA2 study used data over the period 1990-1997 (most cities had data for 
at least 5 years) and included 29 European cities for a total population of over 43 
million.  

Data on BS were available for 14 cities, and PM10 data for 21 cities. 

The estimated effects of BS and PM10 on total non accidental mortality, reanalyzed 
using more stringent convergence criteria, were presented in the HEI report 
(Katsouyanni et al, 2003).  The APHEA2 study found a direct association between 
mortality and the average level of PM10 on the same day and on the day before. The 
total mortality excess risk per 50 µg/m3 of PM10 varied between 2.1% (95% CI 1.2-
3.0) and 3.3% (95% CI 2.7-3.9), according to the statistical model considered. 
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The new analyses of the APHEA2 study not included in the EPA 2004 report have 
concerned the comparison of short and medium-term effects of exposure to PM10 on 
mortality (Zanobetti et al, 2003), the effects of BS and PM10 exposure on 
cardiovascular and respiratory mortality (Analitis et al, 2006), the effect of PM on 
mortality in the elderly (Aga et al, 2003) and the effect of different modeling 
techniques of influenza epidemics on the association between PM10 and total and 
cardiovascular mortality (Touloumi et al, 2005). 

3.2. LOCATION OF THE STUDIES 

Besides the APHEA studies, which were based on several cities located throughout 
Europe, there were one nationwide study, conducted in the Netherlands (Hoek et al, 
2000; Hoek et al, 2001; Hoek, 2003, Fisher, 2003 #726) and a number of studies 
conducted in one or more cities/areas, from the UK, Ireland, Finland, the 
Netherlands, Germany, the Czech Republic, France, Italy and Spain.  

3.3. STUDY DESIGNS 

Almost all studies were time series correlating daily mortality with particulate levels 
on one or more days. Only a study in the general population and a study in patients 
with COPD adopted a crossover design. 

3.4. INDEX OF EXPOSURE TO PARTICULATE MATTER 

Several different PM measures were used, including Total Suspended Particulate 
(TSP), Black Smoke (BS), PM10, PM7, PM13, PM15, PM2.5, PM2.5-10, Number 
Concentration (NC) and Mass Concentration (MC) of ultrafine (0.01-0.1 µm) and fine 
(0.1-2.5 µm) PM. A few studies also estimated associations with SO4

2- and NO3
-. 

In the APHEA1 study the indicators of PM exposure used were BS, available for 8 
cities, and PM10, estimated for 6 cities and computed as follows: 0.55*TSP (3 cities), 
PM13 (2 cities) and PM7 (1 city). 

In the APHEA2 study data on BS were available for 14 cities, and PM10 was 
estimated for 21 cities as follows: measured directly as PM10 (11 cities), by 
regression to BS (2 cities) or TSP (2 cities), or as % of TSP (6 cities).  

3.5. STATISTICAL MODELS USED 

Different statistical models for time series analyses were used in various studies. 
The GAM has been the favored method in recent years. The HEI report (HEI, 2003) 
provides a comprehensive assessment of the impact of different statistic 
approaches, and in particular several ways of adjusting for time-related factors, such 
as long term trends in pollution levels and mortality. 

The APHEA2 study has been analyzed using different statistical approaches, and 
was re-analyzed in the HEI report (Katsouyanni et al, 2003). Shortly, overall 
estimates were obtained using a two stage model. In the first stage an estimate of 
the association between either PM10 or BS was obtained for each city using the 
same statistical model. In the second stage city-specific effect estimates were 
regressed on city-specific covariates to obtain an overall estimate and to explore 
confounding, using both fixed and random effects models. The single city models 



 report no. 4/11 
 
 
 
 
 
 
 
 

  23

were adjusted for seasonality, long-term trends, temperature, humidity, influenza, 
day of the week, holidays and unusual events if necessary. The lag was set a priori 
to the average of days 0 and 1. 

The results of the effects on daily total number of deaths of PM10 are reproduced 
below (Table 1 from Katsouyanni et al, 2003). As compared to the original 
estimates, based on the default convergence criteria, the use of more strict 
convergence criteria did not materially modify the estimated betas (-4%). The use of 
a parametric approach by means of natural splines led to increased standard errors 
and a 30-40% reduction in the estimated betas, and to a 10-15% reduction when 
penalized splines were used. Although the size of the effect was reduced using 
alternative statistical methods, this reanalysis confirmed the findings of the original 
investigation (Katsouyanni et al, 2001), i.e. that there is a positive association 
between daily number of deaths and PM10 levels. 

Significant heterogeneity between cities was found for all models considered. 
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3.6. LAG TIME 

The definition of the lag time, i.e. the time interval between exposure (as determined 
by ambient levels of particulate) and outcome, remains still a controversial issue.  

On one hand, there is the need to investigate which is the “correct” time to be used 
in the model. Moreover, the interval between exposure and effect may differ 
according to cause of death considered, reflecting different mechanisms of action. 
Rossi and colleagues (Rossi et al, 1999) in their analysis of the effects of ambient 
TSP levels on mortality in Milan, Italy, focused on the difference in lag times on 
cause-specific mortality. They reported a significant association on the concurrent 
day for deaths from respiratory infection and from heart-failure, while an association 
with myocardial infarction and COPD were found for the means of 3 to 4 days prior 
to death. In the APHEA2 study, the extension of the lag time from 2 to 6 days led to 
an increase of 20-30% of the estimated effect for CVD deaths, while the increase 
was more marked (75-90%) for respiratory deaths (Analitis et al, 2006). 

On the other hand, many investigators tried a number of different single day and 
cumulative day lag times, and chose to present the results with the strongest 
association. The authors generally did not apply statistical methods (e.g. to alter 
statistical significance levels according to the number of tests performed) to allow for 
the multiple testing. This is, from a statistical point of view, questionable. 

The APHEA1 study was also affected by this problem, since the “best” individual 
day models (days 0, 1, 2, 3) and the “best” average of 2-4 consecutive days was 
selected for each centre (Katsouyanni et al, 1997). The lag time used was also 
allowed to vary across centres.  

Conversely, in the APHEA2 study the lag time was set a priori to the average of 
days 0 and 1 (except for analyses on medium term and harvesting effects). Thus the 
results of the APHEA2 study are unaffected by the problem of multiple comparison 
due to the use of several different lag times. 

A few studies presented a table showing how the estimated beta varies according to 
the chosen lag time. 



 report no. 4/11 
 
 
 
 
 
 
 
 

  25

 

For example, Figure 2 from Bremner (Bremner et al, 1999) above shows the 
estimated effects on total mortality of individual day lags 0, 1, 2 and 3 of cumulative 
lags mean 0-1, 0-2, and 0-3 for PM10 and BS (and gaseous pollutants). In this case, 
the estimated effects are all positive albeit non significant, although the point 
estimates varied. In other cases, however, the direction of the effect and the 
statistical significance vary according to the chosen lag (Ponka et al, 1998). 

For the reasons explained above, we prioritize studies in which the lag time has 
been set a priori over those in which several lag times have been considered.  

Most of the studies reported the association between daily deaths and pollution 
concentration on the same day or 1-2 days before. However, a few European 
studies investigated the medium-term effects of air pollution levels considering lag 
times up to 40 days (Zanobetti et al, 2002). The findings of these studies are 
reported in section 10 of the present chapter. 
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3.7. CO-POLLUTANTS 

Many studies measured other pollutants besides PM. The ones reported in most 
studies were SO2, NO2, O3 and CO. However, relatively few studies investigated the 
confounding effect of other pollutants on the relation between PM and mortality. 

The APHEA1 study collected data on levels of SO2, but they did not introduce SO2 
in the model because it was too strongly correlated to BS and PM10. 

The APHEA2 study measured SO2, O3 and NO2, besides BS and PM10, and 
presented two-pollutant models in Table 2 of the paper by Katsouyanni et al, 2001 
(see below). 

 

For both PM10 and BS, adjustment for O3 resulted in an increase in the estimated 
coefficients, particularly for BS (+9% for PM10 and +40% for BS), adjustment for SO2 
resulted in a slight decrease of the association (-13% for PM10 and -18% for BS), 
while the association with mortality halved after adjustment for NO2 (-49% for PM10 
and -49% for BS). In all two-pollutant models, however, the associations between 
PM10 and BS with total mortality remained statistically significant.  

Katsouyanni and colleagues (Katsouyanni et al, 2001) also fitted multivariate 
second stage regression models with the estimated effect parameters of PM and 
NO2 for each city as dependent variables and average long-term NO2 
concentrations as a potential effect modifier. That analysis showed that, after 
adjustment for confounding of the daily fluctuations of NO2 on the PM effect 
parameters, NO2 continued to act as an effect modifier: the estimated increase in 
total daily mortality for an increase of 10 µg/m3 of PM10 was 0.19% in a city with low 
average NO2 concentration, and 0.80% in a city with high average NO2 
concentration. Corresponding estimates for BS were 0.26% and 0.73%. Also the 
ratio of PM10 to NO2 was an effect modifier. 

These estimates were affected by the problems due to the use of incorrect 
convergence criteria pointed out by Dominici and colleagues (Dominici et al, 2002). 
In the reanalysis presented in the HEI report (Katsouyanni et al, 2003), 
corresponding results were not shown. The authors however stated that exploration 
of the pattern of effect modification using parametric methods (natural and penalized 
splines) preserved exactly the same pattern of effect modification as the original 
analysis. 

Hoek and colleagues (Hoek et al, 2000; Hoek, 2003), in their nationwide study in the 
Netherlands also extensively investigated the confounding effect of several 



 report no. 4/11 
 
 
 
 
 
 
 
 

  27

co-pollutants (O3, SO2, NO2, CO) on the relation between total mortality and PM10 
and BS levels. They also measured fine particle component sulfate (SO4

2-) and 
nitrate (NO3

-).  

The Table 2 of the paper by Hoek (Hoek, 2003) below reproduces part of the results 
from the reanalysis in HEI report.  We will comment on the results for the “GAM 
strict” model. For natural splines results were similar.  

 

In the one pollutant models (lag 0-6 days) all pollutants considered were significantly 
and positively associated with mortality, with the exception of SO4

2- for which the 
positive association was not significant. The point estimates were 1.023 for an 
increase of 100 µg/m3 PM10, 1.026 for 50 µg/m3 of BS, 1.022 for 25 µg/m3 of SO4

2-, 
and 1.030 for 50 µg/m3 of NO3

-.  

Table 5 from Hoek (Hoek, 2003) (see below) presents results for two pollutant 
models. 

The RR for all 4 indicators of particulate increased after adjustment for O3 or CO. 
Conversely, after adjusting for SO2 or NO2, the RR for PM10 was below 1, and that 
of BS was more than halved (1.012) and no longer statistically significant.  
Adjustment for SO2 or NO2 did not substantially change the estimated effects of 
SO4

2- (1.019 and 1.022, respectively) and NO3
- (1.027 and 1.029), although the 

standard error of the parameters increased with the introduction of the other 
pollutant. 
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It is also important to notice that the effect of SO2 and NO2 tended to remain 
positively and significantly associated with total mortality after adjustment for PM 
indicators.  
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In conclusion, these data suggest that PM10 is not the only pollutant of concern, and 
the PM10-effect should be carefully adjusted for co-pollutant effects. 

3.8. CONFOUNDING/MODIFICATION EFFECT OF OTHER ENVIRONMENTAL 
VARIABLES 

In most studies the authors adopted various methods to adjust for seasonality and 
long-term trends in air pollutants and daily mortality, while investigating the day to 
day association. Most studies also adjusted for meteorological variables like 
temperature at various lags and humidity. Other confounders often considered were 
day of the week, holydays and influenza epidemics. 

One study conducted a sensitivity analysis examining the effect of different methods 
of modeling influenza epidemics on the estimated association between BS and total 
mortality in Barcelona, Spain (Tobias and Campbell, 1999). It found that the 
coefficient for BS decreased and became not statistically significant, when influenza 
was modeled by the daily number of cases, instead that by dummy variables 
identifying epidemic periods. Conversely, a reanalysis of the APHEA2 data 
controlling for influenzas by ten different methods found that the significant and 
positive association between PM10 and daily number of deaths remained and even 
increased after controlling for influenza, regardless of the method used for control 
(Touloumi et al, 2005).  

In the APHEA2 study, the effect of PM was larger in warmer and drier cities, 
although temperature was a more important effect modifier than humidity 
(Katsouyanni et al, 2001). The HEI reanalysis (Katsouyanni et al, 2003) confirmed 
the same pattern of effect modification. When the authors investigated cause-
specific mortality, average annual temperature and humidity were effect modifiers 
for CV death, but not for respiratory causes (Analitis et al, 2006)  

In the Netherlands study, the effects of PM were stronger in summer than in winter 
(Hoek et al, 2000; Hoek, 2003). A stronger association in warmer periods was also 
reported in a few other studies (Anderson et al, 1996; Michelozzi et al, 1998; 
Anderson et al, 2001).   

3.9. CAUSE-SPECIFIC MORTALITY 

In the majority of studies, the endpoint considered was total non accidental mortality 
(ICD9 codes 1-799). A number of studies also considered CVD (ICD9 codes 390-
459) and respiratory non cancer mortality (ICD9 codes 460-519) separately. In 
general, CVD deaths account for roughly half of total non accidental deaths, and 
often results for total and CVD mortality are similar. Conversely, respiratory mortality 
accounts for a much smaller proportion of total mortality. Thus, the results for 
respiratory mortality are much more affected by random variation, particularly in 
smaller studies. 

Analitis and colleagues (Analitis et al, 2006) analyzed the effects of BS and PM10 
separately for CVD and respiratory mortality in the APHEA2 study.  

In Table 1 of their paper (below), they summarized the main results. 
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The results for the two causes were, in proportional terms, remarkably similar. For 
example, under the random effect model, the estimated % increase in daily number 
of deaths for an increase of 10 µg/m3 of PM10 was 0.76% (0.47, 1.05) for CVD 
causes and 0.71% (0.22, 1.20) for respiratory causes. Corresponding values for BS 
were 0.62% and 0.84%. Estimates under the fixed effect model were lower, but still 
statistically significant for both causes of death. Their analysis suggested that the 
major impact of PM on CVD mortality occurs in the first two days (lags 0, 1), while 
the effects on respiratory mortality persist for several days. 

Several other smaller studies considered CVD and respiratory mortality separately, 
but results were not always easy to interpret, given the smaller numbers of deaths, 
and hence the greater random variation in cause-specific mortality analyses. In the 
study based on 9 French cities (5 of which had data on BS) the excess RR (lag 0-1) 
associated with an increase of 50 µg/m3 was 2.9% (1.3, 4.4) for total, 3.1% (0.5, 5.5) 
for CVD and 2.7% (-2.6, 8.3) for respiratory mortality (Le Tertre et al, 2002b).  

In the Netherlands study, Hoek and colleagues (Hoek et al, 2001) analyzed 
associations with specific CVD causes of death. They found that deaths due to heart 
failure (ICD9 428), arrhythmia (ICD9 427), cerebrovascular causes (ICD9 430-436) 
and thrombocytic causes (ICD9 415.1, 433-4, 444, 452-3) were more strongly 
associated with PM (as well as with gaseous pollutants) than other CVD causes of 
death, including ischaemic heart diseases. This was confirmed in the HEI reanalysis 
(Hoek, 2003). 

Cause-specific mortality was also considered in a study from Milan, Italy (Rossi et 
al, 1999). The authors found that respiratory infections and heart failure deaths were 
best predicted by TSP on the concurrent day, while, for deaths from myocardial 
infarction and COPD, lag 3-4 was the best predictor. The estimated RRs, however, 
were similar for heart failure (7% for 100 µg/m3 TSP) and myocardial infarction 
(10%). 

3.10. MORTALITY DISPLACEMENT AND MEDIUM-TERM EFFECTS OF PM 

Although several time series found a direct relation between levels of PM and 
mortality, it has been questioned whether these excess deaths occur in those who 
would have died in a few days anyway (harvesting effect). If this is true, one would 
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expect an increase in mortality in the few days following a day with high levels of 
PM, followed by a decrease in the medium term. Zanobetti and colleagues 
(Zanobetti et al, 2002) analyzed the issue using the APHEA2 data. Due to time and 
resource constraints, it was decided a priori to limit the analysis of mortality 
displacement to the ten largest cities from different countries. Using the usual two 
stage methodology of the APHEA studies, different lag modes were fitted to the 
data. First a model for lag 0-1 was fitted, in order to estimate short-term effects. 
Then, different models for lag 0-40, measuring the cumulative PM10 exposure of the 
onset day and the previous 40 days, were fitted: an unconstrained distributed lag 
model, where one parameter for each day was used, and polynomial distributed 
lags of the third and fourth degree.  

Estimated PM10 effect per 10 µg/m3 are given below, for the original analysis 
(Zanobetti et al, 2002) and for the HEI reanalysis (Zanobetti and Schwartz, 2003) 
using more strict convergence criteria and penalized splines. 

 Beta (SE) 

Lag, model Original GAM Strict GAM Penalized Splines 

0-1 0.70 (0.14) 0.67 (0.14) 0.57 (0.15) 

0-40, unconstrained 1.61 (0.39) Not given Not given 

0-40, cubic 1.57 (0.67) Not given Not given 

0,40 4th degree 1.61 (0.30) 1.45 (0.30) 1.08 (0.40) 

 
Since the estimated effect of PM on mortality more than doubles when lag 0-40 
days is used, instead of lag 0-1, the authors concluded that i) the effects observed in 
daily time series are not due primarily to short-term mortality displacement, and ii) 
the short-term risk assessment based on lag 0-1 associations likely underestimates 
the PM effect on mortality. The HEI reanalysis did confirm the same results, 
although all estimates were reduced for penalized splines. Similar results were 
reported in studies conducted in Milan, Italy (Zanobetti et al, 2000) and Dublin, 
Ireland (Goodman et al, 2004). 

Zanobetti and colleagues (Zanobetti et al, 2000) also examined mortality 
displacement separately for cardiovascular and respiratory disease. In Table 2 of 
their paper (below), they found that the effect size more than doubled for CVD 
deaths, and increased 5-fold for respiratory deaths, when they used lag 0-40 instead 
than lag 0-1.  
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They also found a different pattern of mortality risk over time for CVD and 
respiratory deaths, with the elevation in risk of death after exposure declining more 
slowly over time for respiratory rather than CVD mortality. 

3.11. ULTRAFINE, FINE AND COARSE PM 

Only a few studies specifically considered fine or coarse PM separately. 

Anderson and colleagues (Anderson et al, 2001) considered the association 
between PM10, BS, PM2.5, PM2.5-10 and SO4

2- on daily mortality in a study conducted 
between 1994-1996 in the west Midland conurbation of the UK. To compare 
estimates, they used as measurement unit for each pollutant the difference between 
the 10th and the 90th percentiles. The relative risk estimates at lag 0-1 were not 
significant for any of the PM indicators considered in the all season analysis (see 
Table 3 of their article below). 

 

The authors noted, however, that all measures of PM except PM2.5-10 showed 
significant positive effects in the warm season (figure 1 below). 

Although not significant, the estimates for coarse PM were not substantially different 
from those of other PM indicators, particularly for the warm season. Moreover, the 
correlation between PM10 and PM2.5 was 0.92, thus the effects of the two measures 
were difficult to distinguish.  
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A study from Erfurt, Germany, conducted between 1995 and 1997 assessed the 
association and role of particles of different size with respect to mortality in an urban 
setting (Wichmann et al, 2000). One specific aim was to compare the role of 
ultrafine (aerodynamic diameter <0.1 µm) and fine (0.1-2.5 µm) PM on mortality. 

Number concentration (NC) was measured for each particle size range, while mass 
concentration (MC) was calculated for each particle size range from the NC 
assuming sphericity of particles and constant density.  

In Table 18 of their report (see below) the authors show the estimated effect for the 
best fitting single day model and for polynomial distributed lag models over 5 or 6 
days. 
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The authors concluded that fine and ultrafine particles had direct effects on mortality 
which were comparable in strength, and the effect was stronger if the contributions 
of all size classes were added up, mainly for respiratory diseases, followed by CVD 
diseases. When they considered two-pollutant models, they concluded that “the 
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observed correlations of gaseous pollutants and mortality were explained by 
colinearity of the gases to particles rather than by an independent causal effect”.  

The authors also stated that there were indications from their data that the effects of 
fine particles occur more immediately (lag 0-1) and the effects of ultrafine particles 
more delayed (lag 4-5). The HEI Review Committee agreed with the authors’ 
conclusion that fine and ultrafine particles were associated with mortality, but did not 
agree with the authors’ suggestion of a different lag effect (immediate vs delayed) 
for the two particle size. The Committee also did not agree with the authors’ 
interpretation that the association of SO2 with mortality was an artifact due to 
confounding by PM.  

The Committee also pointed out that the study had strengths like the use of a more 
precise PM metric, but also had concerns regarding the statistical analysis and 
interpretation, mainly linked to the problems of multiple comparisons, the sensitivity 
of the overall estimates to confounders like influenza, and to the definition of lag.  

The HEI reanalysis using more strict convergence criteria for GAM and fully 
parametric methods (GLM) confirmed the major interpretations and conclusions of 
the original study (Stölzel et al, 2003). 

An extension of the study to the period 1995-2001 currently published online ahead 
of print (Stolzel et al, 2006), found associations between ultrafine particles NC and 
total (RR=1.029, 95% CI 1.003, 1.055 for an increase of 9748 cm-3) and cardio-
respiratory (RR=1.031, 95% CI 1.003, 1.060) mortality.  No association between fine 
particle MC and mortality was found. 

Particle  number concentration (PNC) - as a proxy for ultrafine particles - was also 
considered in a case-crossover study conducted between 1998 and 2000 in Rome 
on out-of-hospital coronary deaths (Forastiere et al, 2005). The study found a direct 
association between out-of-hospital fatalities and PNC, PM10 and CO. However, 
PNC were measured for the period April 2001-Jun 2002 and estimated 
retrospectively for the study period by means of a regression model with PNC as the 
dependent variable and other pollutants (PM10, CO, NO2 and O3) and meteorological 
readings as explanatory variables. Moreover, given that the correlation between 
measured and estimated PNC was 0.90, and that between CO and PNC was 0.89, 
estimated PNCs were not a better proxy of “true” PNC than CO. Nevertheless, the 
same study was re-analyzed as a time series and yielded similar results (Stafoggia 
et al, 2005). 

A study from the coal basin of the Czech Republic (Peters et al, 2000) found a 
significant association between PM10 and mortality only at lag 1 (RR=1.098, 95% CI 
1.07, 1.197 for 100 µg/m3 increase). For each given lag, estimates for a 100 µg/m3 
increase of PM2.5 were lower than for a corresponding increase in PM10 (RR=1.059, 
95% CI 0.980, 1.144 at lag 1). 

3.12. SEX DIFFERENCES 

Only a few studies considered sex differences in the association between PM and 
mortality. Although one study from Northern Bohemia, Czech Republic (Kotesovec 
et al, 2000), found different results in men and women (significant associations only 
for men below age 65 years, and for women only above age 65 years) these 
differences may be due to random variation in subgroup analysis. Another study 
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from Rome found similar associations between PM10 and fatal out-of-hospital 
coronary events for the two sexes (Forastiere et al, 2005). 

3.13. AGE DIFFERENCES 

In the APHEA2 study, the proportion of elderly in various cities was an effect 
modifier of the relation between PM10 and mortality, and the mortality excess risk for 
a 10 µg/m3 increase in PM10 was 0.54% (0.38, 0.69) in a city at the 25th percentile of 
the distribution of  proportion of elderly, and 0.76% (0.63, 0.90) in a city at the 75th 
percentile (Katsouyanni et al, 2001). Corresponding estimates for BS were 0.48% 
(0.34, 0.62) and 0.70% (0.51, 0.90).  

When the analyses were carried out separately for CVD and respiratory mortality, 
the modifying effect was stronger for respiratory mortality (Analitis et al, 2006). For 
BS, the proportion of elderly explained less than 10% of the heterogeneity between 
cities for CVD mortality, while for respiratory mortality the effect at the 25th percentile 
was 0.44% (-0.01, 0.88) and at the 75th percentile was 1.57% (0.99, 2.16). 

When analysis of the APHEA2 data was limited to the population aged 65 years or 
more (Aga et al, 2003) larger effects of PM10 and BS were found than in the all age 
analysis (see Table 1 from their article below). 

 

The increases in estimates when analysis was restricted to the elderly population 
were around 10% for PM10 and around 20% for BS.  

In the analysis restricted to the elderly, the same pattern of effect modification as in 
the overall analysis was reported, with larger PM effects in cities with higher NO2 
levels, higher temperature, lower humidity, higher age-standardized annual mortality 
rate, higher proportion of individuals ≥65 years and from Northwestern and Southern 
Europe. 

An issue that still remains unclear is the quantification of the effect of PM on 
mortality in the population younger than 65 years. In the cities included in the 



 report no. 4/11 
 
 
 
 
 
 
 
 

  37

APHEA2 study the proportion of deaths occurring in the elderly ranged between 
67% and 88% (Aga et al, 2003). Since the majority of deaths occurred in the elderly, 
mortality at all ages and in the elderly are highly correlated. Restricting mortality at 
younger ages may result in substantially different PM effect estimates, which 
however are clearly affected by larger random variation.  

The APHEA2 analysis of the medium-term effects of PM (Zanobetti et al, 2003) 
found no association between PM10 and total mortality at age 15-64 years, but 
significant associations at ages 65-74 years and ≥75 years. 

The association between PM10 and BS levels on the one hand and daily mortality on 
the other by age group was considered also in the Netherlands study (Fischer et al, 
2003). Separate estimates were provided for the age groups <45, 45-64, 65-74 and 
≥75 years for total mortality and for deaths due to CVD, COPD and pneumonia (see 
below figure 1 of Fisher et al., 2003). The RRs were calculated for a difference 
between the 1st and 99th percentiles (i.e., 80 µg/m3 for PM10 and 40 µg/m3 for BS). 

 

From Fig 1 of Fischer et al., 2003. The successive age groups are <45, 45-64, 65-
74 and ≥75 years. 

When they analyzed specific causes of deaths, the pattern for CVD deaths was 
similar to overall mortality. Large random variation affected the estimates for COPD 
and pneumonia. However, for pneumonia, estimates appeared higher below age 65 
years for PM10, where the estimates in subsequent age categories were 1.43, 1.71*, 
1.24 and 1.12* (the asterisk indicated that the CI does not include 1). No clear 
pattern across age groups for pneumonia mortality emerged for BS (RRs=0.74, 
1.26, 0.95 and 1.12*, respectively). 

The few smaller studies investigating the effect in different age groups were affected 
by substantial random variation, and yielded conflicting results: some found 
indications that the effect of PM was larger or limited to elderly people (Michelozzi et 
al, 1998; Goodman et al, 2004; Forastiere et al, 2005) some to younger people 
(Ponka et al, 1998; Bremner et al, 1999; Wichmann et al, 2000) and some did not 
find noticeable differences between age groups (Hoek et al, 1997; Prescott et al, 
1998). 
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3.14. SOCIOECONOMIC DIFFERENCES 

One case-crossover study investigated the effect of PM10 on daily mortality by 
socioeconomic status (SES) among residents in Rome aged over 35 years between 
1998 and 2001 (Forastiere et al, 2005). For each death from natural causes, the day 
on which the death occurred was the “case” day, and the same days of the week 
within the same month were chosen as control days. Hospital discharge data for the 
2 years before deaths were used to estimate history of selected diseases requiring 
hospitalization, including diabetes, hypertension, heart failure and COPD. As a 
surrogate for individual SES, two area-based indicators were used, i.e. the median 
per capita income and the average SES index of the census block of residence 
(Rome is divided in 5,736 census blocks, with an average of 480 inhabitants). The 
SES index was based on several characteristics of the census block, like 
educational level, occupational category, unemployment rate, family size, crowding 
and proportion of rented/owned dwellings. The two SES indexes were than divided 
in four groups by the 20th, 50th and 80th percentiles. 

In the population of Rome the percentage of people living in areas with high levels 
of PM10, CO, NOx and benzene increased with increasing SES indicator, particularly 
for SES index: 9% of those with low SES, and 12%, 21% and 40% in those with 
mid-low, mid-high and high SES, respectively. This was due to the fact that people 
with high SES tended to live nearer to the more polluted city centre.    

There was a monotonous inverse relation between both SES indicators and 
hospitalization rates for many chronic conditions - including malignant neoplasms, 
several cerebrovascular diseases, COPD and diabetes - two years to 29 days 
before deaths.  

Figure 2 of the article presents the estimated % increase in daily mortality by SES:  
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The effects of ambient PM10 on mortality were similar for the first three SES 
categories, but there was no association in the high SES category. 

The authors concluded that the effect of PM was stronger in lower social classes. 
Given the observed pattern of exposure and of history of hospitalization for several 
severe conditions, they argued that the different effect of PM in SES groups was 
likely due to the differential burden of chronic health conditions conferring a greater 
susceptibility to lower SES groups. 

However, as the authors pointed out, the monotonous increase in comorbidity 
across SES strata is not mirrored by a corresponding increase in PM effect, which 
appears, if anything, dichotomic.  

3.15. STUDIES IN PATIENTS WITH SELECTED DISEASES (COPD) 

Three articles (Garcia-Aymerich et al, 2000; Sunyer et al, 2000; Sunyer and 
Basagana, 2001) investigated the relation between ambient PM and mortality in a 
cohort of patients with COPD from Barcelona, Spain. 

All patients aged 35 years or more attending the emergency room services in 
Barcelona for COPD between 1985 and 1989 were recruited (9,987 people).  

In a time series analysis on the 3,245 patients who died in the period 1985-1889 
(Garcia-Aymerich et al, 2000) the estimated percent increase in total mortality 
associated with an increase of 20 µg/m3 in the patients in the cohort was 2.3% (-0.8, 
15) and was, if anything, lower that the one estimated in the general population 
(5.6%, 95% CI 2.7, 8.7). Given the higher mortality rates in patients with COPD, in 
absolute terms, the effect may be higher than in the general population. 

A case-crossover study (Sunyer et al, 2000) was conducted in patients from the 
cohort who died in the period 1990-1995 (2,305 patients). PM levels on the day of 
death were compared to those one week before and one week after. The estimated 
percent increase in mortality for an increase in BS of 20 µg/m3 was 11.2% (1.7, 
21.5) for all causes of deaths, 7.7% (1.3, 26.4) for CV mortality, and 18.2% (2.5, 
36.5) for respiratory deaths. 

When the same design was used to estimate PM10 effects (Sunyer and Basagana, 
2001), the percent increase in total mortality for a 27 µg/m3 (IQR) increase was 
11.4% (0, 24). Although adjustment for other pollutants (NO2, O3, CO) resulted in 
larger SE of the parameters, the point estimates were not substantially modified and 
ranged from 10% to 13%. 

However, it is important to notice that subjects with COPD are less likely to be 
exposed to outdoor air levels of pollutants because they spend more time indoors. 

3.16. REGIONAL DIFFERENCES 

Regional differences were investigated within the APHEA Project in eight western 
and five central-eastern European countries, using different statistical models 
(Samoli et al, 2001). Using sinusoidal terms for seasonal control and polynomial 
terms for meterologic variables, the effects of air pollution on daily mortality  were 
lower in central-eastern European cities (Katsouyanni et al, 1996; Katsouyanni et al, 
1997). Data were re-analysed using generalized additive models (GAM), in order to 
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smooth differences in risk estimates across various countries. Thus, when excluding 
days with pollutant levels above 150 µg/m3, an increase in BS by 50 ug/m3 was 
associated with a 3.1% (2.6, 3.6) increase in mortality overall, a 3.1% (2.3, 3.9) 
increase in western countries, and a 2.9% (1.8, 4.1) increase in central-eastern 
countries (Samoli et al, 2001).  

The APHEA2 study, including 29 European cities, has provided the best framework 
to investigate regional variation of PM effect in Europe. The median levels of PM10 
concentration among the 21 cities providing data ranged between 14 to 166 ug/m3. 
For BS median concentrations ranged between 9 and 64 ug/m3 among the 14 cities 
providing data. The estimated increase in mortality for an increase of 10 µg/m3 
ranged from -0.6% to 1.5%, and there was significant heterogeneity between the 
single city estimates. Several city-specific factors acted as effect modifiers of the 
relation between PM10 and mortality, the effects being greater in cities with high 
average NO2 levels, high mean temperature and low standardized mortality. Most of 
the heterogeneity between cities was explained by the inclusion of these three 
factors in the model (Katsouyanni et al, 2001). 

3.17. THRESHOLDS AND DOSE-RISK RELATION 

Combining estimates for cities included in the APHEA2 study and of a few other 
studies, Anderson and colleagues investigated the relation between mean PM10 
concentration level and estimated short-term effect on total mortality (Ross 
Anderson et al, 2004) [Ross Anderson et al., 2004]. In Figure 1 of the report (shown 
below), the estimated PM10 effect on all-causes mortality is plotted against annual 
average levels of PM10 in individual European areas. No apparent relationship was 
evident, indicating that the relative risk does not depend on the average levels of 
PM10, at least for a certain range of concentration. 
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As Brunekreef and Holgate pointed out, current knowledge, in particular from 
European studies, on short-term exposure to air pollution and mortality does not 
allow to understand whether thresholds concentrations exist below which air 
pollution has no effect on population health. In fact, most of the European studies 
analysing the association between air pollution levels and risk for health analyse 
time-series data. In these studies, total excess risks are usually estimated according 
to an increment of various measures of PM. This way of presentation of findings 
does not take into account the absolute pollution levels. In fact, in case of non-
linearity, an increase from 100 to 110 µg/m3 does not have the same population 
impact as an increase from 10 to 20 µg/m3. This also demonstrates that time-series 
methodology is not suitable for detection of thresholds. (Brunekreef and Holgate, 
2002). 

In most studies, the statistical analysis took care of allowing a substantial variation 
in the possible shape of the confounders. For the PM effects however, generally 
linear, or in some cases log-linear, relationship with the dependent variable was 
assumed in the analysis. In the APHEA2 study, days with over 150 µg/m3 were 
excluded because the investigators deemed that a linear relation may not hold at 
higher doses. In their analysis of the National Morbidity, Mortality and Air Pollution 
Study (NMMAPS), Dominici and colleagues found that the national average 
exposure-response curve was linear, although some modest departures from the 
linear model were observed in some regions (Dominici et al, 2003). 
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3.18. COMPARISON OF EUROPEAN WITH LEADING NORTH AMERICAN 
STUDIES 

The two largest multicity studies from Europe (APHEA2) and the United States 
(National Morbidity Mortality Air Pollution Study, NMMAPS) have been reanalyzed 
using similar methodology within the HEI project (HEI, 2003).  

The table below illustrates the estimated increase in total mortality from nonexternal 
causes in the two studies under different statistical models. 

Estimated percent mortality change for an increase in daily PM10 of 10 µg/m3 in Europe 
and the United States 

Model NMMAPS (lag 1) APHEA2 (lag 0-1) 

GAM estimated with default S-
Plus parameters 

0.4 (0.3-0.6) 0.6 (0.4-0.8) 

GAM with more stringent 
criteria for convergence 

0.3 (0.2-0.8) 0.6 (0.4-0.8) 

GLM with natural cubic splines 0.2 (0.1-0.3) 0.4 (0.2-0.6) 

 

As can be seen, in both studies the estimated excess mortality changes according 
to the model used. In Europe, estimates tend however to be higher than in the 
Unites States. Some differences in the estimation process may explain, at least in 
part the differences obtained, including the different lag times used and the 
confounders included in the model). Differences in the quality of the air pollution 
measurements or in the pattern of exposure of the underlying population may also 
contribute to the discrepancies in results. Katsouyanni and colleagues (Katsouyanni 
et al, 2003), however, suggested that a possible explanation may be the difference 
in relative sources and contribution of PM10 in Europe and in the US. In particular 
diesel cars are rare in the US, while in many European cities they approach 50% of 
cars. 

Since the APHEA2 study found that other city-specific characteristics acted as effect 
modifiers on the PM-mortality relation, it is also possible that differences in these 
factors between Europe and the US explain the different strength of the observed 
relation. 

3.19. CONCLUSIONS 

In spite of the many studies conducted in Europe, several uncertainties on the 
relation between ambient PM levels remain, even because of some still unresolved 
methodological issues. 

Most of the European studies (Table I) found a direct association between mortality 
and various indicators of PM levels. 

In the largest, multicity study (APHEA2) the estimated increase in total number of 
deaths associated with an increase of 50 µg/m3 of PM10 (lag 0-1) ranged between 
2.1% and 3.3% according to the statistical model used (Katsouyanni et al, 2003).  
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In the Netherlands study (Hoek, 2003), the corresponding estimates ranged 
between 0.9% and 1.2% according to statistical model and lag time (1 or 0-6) 
considered. For both studies, the 95% confidence intervals did not include unity. 

For an increase in BS of 50 µg/m3 the APHEA2 study’s estimates ranged between 
1.4% and 2.8% and in the Netherlands study’s between 1.9% and 2.6%. 

Medium-term (40 days) analyses have shown that the observed effect is likely not 
due to mortality displacement, i.e., a mere anticipation of time of deaths of a few 
days. On the contrary, medium-term effect estimates tended to be two times higher 
than short-term one, indicating a possible underestimation of the global effect of PM 
when only few days are considered. This problem may be more pronounced for 
respiratory deaths than for CVD ones. 

Given the marked correlations between PM and gaseous pollutants, the reciprocal 
confounding effect is an important issue in the light of a causal interpretation of the 
observed association. Introduction of highly correlated variables in statistical 
regression models creates problems of instability and can seriously affect the 
estimates.  

This may explain, at least in part, the inconsistencies observed between the major 
studies. In the APHEA2 study the effect of PM was only slightly reduced after 
adjustment for SO2, but almost halved, remaining statistically significant, after 
adjustment for NO2. In the Netherlands study, no association with PM10 was shown 
after adjustment for SO2 or NO2. 

Besides the issue of confounding, other pollutants can also act as effect modifier on 
the relation between PM and mortality, as suggested by the APHEA2 study. This 
relation can be further modified by other meteorological variables, like temperature 
and humidity. 

Individual variables - like age, general health status and SES - can also affect this 
relation.  

Finally, the European studies aiming at separating the effects of fine (and ultrafine) 
and coarse PM are still too few and small-scaled to allow clear conclusions. 
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4. SHORT-TERM PM EXPOSURE AND CARDIOVASCULAR 
DISEASE (CVD) HOSPITAL ADMISSIONS 

Table II (modified and updated from EPA 2004 Table 8B-1) presents European 
studies investigating the association between short-term ambient PM exposure and 
CVD hospital admissions. These include two international multicity studies, the 
APHEA2 (Le Tertre et al, 2002a) and the HEAPSS (von Klot et al, 2005; Lanki et al, 
2006), two national multicity studies from France (Eilstein et al, 2004) and Italy 
(Biggeri et al, 2005) and a number of smaller studies from various countries.  

4.1. THE APHEA2 STUDY 

The APHEA2 study has been already discussed in the chapter on short term effects 
of PM on mortality. The analysis on CVD hospital admissions (Le Tertre et al, 
2002a) was based on 8 cities/areas, i.e. Barcelona in Spain, Birmingham and 
London in the UK, Milan and Rome in Italy, Paris in France, Stockholm in Sweden 
and the whole of the Netherlands, for a total population close to 38 million.  

The study period started between 1989 and 1994 and ended between 1994 and 
1997, depending on the area. The number of days contributing to the analysis 
varied between city and PM exposure indicator, ranging between 930 and 2,904. 
Ambient PM exposure indicators used were BS, available for 5 cities, and PM10, 
measured directly in 5 cities, as PM13 in Paris and as 0.75*TSP in Milan and Rome. 
Days with levels of PM exposure indicators above 150 µg/m3 were excluded, 
because of the possible lack of linearity at higher doses.  

Autoregressive Poisson models, adjusting for long-term trends, season, influenza 
and meteorology were used to estimate PM effects for each city. Pooled estimates 
were then obtained combining the city-specific effect estimates by means of fixed 
and random effect models. The lag was set a priori at 0-1. 

Emergency admissions were used in all cities except Milan, Paris and Rome, where 
only general admission data were available. In order to exclude elective admissions, 
some diagnostic codes were excluded, based on the distinction between emergency 
and elective admissions in London for the period 1992-94. Causes with more than 
70% of elective admissions were excluded, plus the code 414 (“other forms of 
ischemic heart disease”), for which 65% of admissions were elective. The outcomes 
considered were all cardiac causes (ICD9 390-429), ischemic heart disease (ICD9 
410-413) and stroke (ICD9 430-438).  
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Table 5 of the article (above) gives the pooled results for a 10 µg/m3 increase in 
PM10 or BS.  

The percent increase of cardiac admissions for a 10 µg/m3 increase was 0.5% (0.3, 
0.7) for PM10 and 0.8% (0.5, 1.2) for BS under the fixed effect model, and the 
estimates were higher when the analysis was limited to individuals above age 65 
years. For IHD the estimates were 0.3% (-0.1, 0.6) below 65 years of age and 0.6% 
(0.3, 0.8) above age 65 years for PM10; and 0.1% (-0.4, 0.5) below 65 years and 
1.1% (0.7, 1.5) above age 65 years for BS. No effect of PM10 or BS was evident for 
stroke admissions. Estimates from random effect models were either similar or 
moderately higher. 

The authors also fitted two pollutant-models (see Tables 6 and 7 of the article 
below): 
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Although in the titles of Tables 6 and 7 the term “total daily number of deaths” 
appears, the results likely refer to hospital admissions, as written in the text 
(mortality data were not presented in this paper). The effects of PM10 on cardiac, 
cardiac over 65 years, and IHD over 65 years admissions decreased after 
adjustment for CO, and disappeared after adjustment for NO2 or BS. Adjustment for 
NO2 about halved the effects of BS, which became non significant. In contrast, the 
point estimates of the BS effects on cardiac emergency admissions became bigger 
after adjustment for CO or PM10. 

According to the authors, the stronger confounding of PM10 effect by NO2 – a 
secondary pollutant mainly influenced by diesel and non-catalyzed gasoline fuelled 
engines – than by CO – a primary traffic pollutant representing mainly gasoline 
fuelled engines – suggests that diesel exhaust was primarily responsible. The 
authors also suggested that this conclusion was supported by the fact that BS, 
which is dominated by diesel particles, was little affected by confounding from CO or 
PM10. This may be debatable, as BS may also reflect the contribution of other non 
traffic-related sources (coal, industrial, etc.). 

4.2. THE HEAPSS STUDY  

The Health Effects of Air Pollution among Susceptible Sub-population (HEAPSS) 
originally investigated the effect of traffic related air pollution on cardiac hospital 
readmissions in a cohort of subjects from five European cities who were admitted for 
first AMI (von Klot et al, 2005). In a subsequent analysis the group also investigated 
the association between air pollutants and hospitalization for first AMI, i.e., the event 
responsible for the inclusion into the HEAPSS cohort (Lanki et al, 2006). Thus, this 
second study is based on the general population, and not on a selected cohort. 

4.2.1. Analysis on the general population 

The HEAPSS study included five European cities, Augsburg in Germany, Barcelona 
in Spain, Helsinki in Finland, Rome in Italy and Stockholm in Sweden. For each city, 
the study period was within the range 1992 and 2000, and included at least three 
years.  
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PM was measured as PM10 and PNC. In Augsburg, PM10 was estimated as 
0.83*TSP, and in Barcelona data were missing for two years and were estimated by 
linear prediction from TSP and BS. Monitoring of PNC started in 1999 in Augsburg, 
and in April 2001 in the other cities. Thus, during the study period no direct 
measurement of PNC was available. City-specific models for estimating PNC from 
other pollutants and meteorological variables were developed for the period when 
PNC was measured, and applied then retrospectively to predict daily PNC 
concentrations during the study period (Paatero et al, 2005). The correlation of 
measured and predicted half of PNC, using split-halves technique ranged between 
0.72 and 0.89 in the five cities, and that of day-to-day differences in measured and 
predicted PNC between 0.61 and 0.88 (Paatero et al, 2005). Levels of NO2, CO and 
O3 were also recorded and analyzed. 

The data on hospitalizations for first AMI were collected using AMI registers in 
Augsburg and Barcelona, and hospital discharge registers in the other three cities. 
The ager range was over 35 in all cities. Augsburg included patients up to 74 years, 
and Barcelona up to 79 years. In order to increase specificity of AMI diagnoses, 
hospitalizations shorter than 3 days were excluded. Elective hospitalizations were 
also excluded in Helsinki and Stockholm. To select first AMI only, the recorded 
patient history was used in AMI registers, and a record linkage with the hospital 
discharge data of the previous three years was used in the other three cities. The 
presence of codes indicating a previous infarction (ICD9 412) as secondary 
diagnosis was also a reason for exclusion.  

City-specific models were fitted in the first stage. Poisson regression, adjusting for 
non-linear effects by means of penalized splines in GAM was used for the analysis. 
Time trend, apparent temperature, barometric pressure, day of the week, holiday, 
and population reduction in summer were considered as confounders. Lags 0, 1, 2 
and 3 were considered and presented in the article. The estimates were then 
combined by means of either fixed or random effect models in case of heterogeneity 
between city-specific estimates. 

Table 4 of the paper (below) shows the relative risk of hospitalization for a first AMI 
for a 10 µg/m3 increase in PM10 and for a 10,000 particles/cm3 in PNC. 
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PM10 was not associated with hospitalization for first AMI in all five cities, nor when 
the analysis was limited to the three cities using hospital discharge data to define 
the outcome. PNC was not associated in the overall analysis, but there was a 1.3% 
(0.0, 2.6) increase in hospitalization for first AMI at lag 0, albeit not at other lags, 
when the analysis was restricted to hospital discharge register data.  
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The authors excluded Augsburg and Barcelona since the upper limit on age in the 
inclusion criteria reduced the power in these two cities, and this could be the reason 
for the lack of association. However, including more cities should have, if anything, 
increased the power of the study. Consequently, even if nominally based on five 
cities, the main conclusions are based on analyses on three cities only. Figure 1 of 
the paper on the left gives the city specific associations. Although the authors 
claimed that there was no heterogeneity between the three cities (Helsinki, Rome, 
and Stockholm) at lag 0, there appeared to be an heterogeneity between Rome and 
Stockholm, since the point estimate of each of these cities was not included in the 
95% CI of the estimate of the other. In fact, Rome and Stockholm are the only two 
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cities where some significant associations were observed. For Rome, a positive one 
at lag 0, and a strong inverse one at lag 3. For Stockholm, an inverse one at lag 1 
and a positive one at lag 3. 

The analysis was then conducted separately for fatal and non fatal AMI and for 
patients aged below and above 75 years, only for the three cities using hospital 
discharge data, and the results were presented in Table 5 of the article (see below). 

 

No appreciable association emerged in this subgroup analysis for PM10. Significant 
associations emerged for fatal AMI below age 75, and for non fatal AMI above age 
75 years. Effects were more pronounced during the warm season. Two pollutant 
models were not performed. 

Given the pattern of association with PNC (and CO), the authors concluded that 
their study supports the hypothesis that exposure to traffic related air pollution 
increases the risk of AMI, and that the most consistent associations were observed 
among fatal cases aged <75 years and in the warm season. 

4.2.2. Analysis on survivors of first AMI 

An article by von Klot and colleagues presented the results of the HEAPSS study for 
hospital readmission for cardiac causes after a first AMI (von Klot et al, 2005). The 
cohort of subjects on which this analysis was based included all subjects who had 
had a first non fatal AMI during the study period, i.e., all the subjects who had had 
an outcome in the analysis presented above (Lanki et al, 2006) and did not die 
within 28 days from the event. The enrollment period coincided with the one of the 
previous analysis, and the follow-up period was extended up to 2000-2001 for all 
centres. The cohort consisted of 22,006 subjects.  Endpoints were defined as 
hospital readmission within the study area for 1) AMI, 2) angina pectoris and 3) 
cardiac causes, i.e., a combined endpoint including the previous two, heart failure 
and dysrhythmia. The start of the follow-up was the 29th day after the index event, 
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and the end of follow-up was either the endpoint of interest, death, migration out of 
study area, loss to follow-up or end of study period.  

The levels of PM10 and PNC were defined as in Lanki et al (Lanki et al, 2006). 

GAMs with penalized splines to control for confounders were used in city-specific 
models. The outcome was daily number of readmissions and the natural logarithm 
of the number of persons at risk each day was included as an offset. Pooled 
estimates were obtained by fixed or random effect models. Lag 0 was used for 
presenting results.  

Table 3 of the article (below) presents the main results of their study. 

PNC and PM10 were significantly associated with readmissions for cardiac causes. 
Point estimates for AMI only were higher than for cardiac causes, but not significant, 
because of smaller numbers of events resulting in wider CIs. Estimates for angina 
pectoris were above unity, but lower than for cardiac causes, and not significant.  

 

In two-pollutant models, effects of PNC, CO and NO2 were not affected by PM10 or 
O3, while the association with PM10 was only slightly attenuated by traffic related 
pollutants. 

4.3. NATIONAL MULTICITY STUDIES 

Two multicity studies from France (Eilstein et al, 2004) and Italy (Biggeri et al, 2005) 
investigated the association between PM and hospital admissions for CVD.  

The French study comprised nine cities, but the analysis on BS and CVD 
admissions was based on 5 cities, and that on PM10 and CVD admissions on 4. No 
significant associations were found for BS and PM10 at lags 0-1 and 0-5. 

The Italian study was based on 8 cities. For two cities, PM10 was measured directly, 
while for the other six PM10 was estimated as a fraction of TSP. The pooled estimate 
of the percent change in number of admissions for cardiac causes (ICD9 390-429) 
for a 10 µg/m3 increase in PM10 (lag 0-1) was 0.77% (0.40, 1.15) under the fixed 
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effect model and 0.82% (0.32, 1.32) under the random effect model. Results were 
similar to the random effect model when several Bayesian models were fitted. 

4.4. STUDY DESIGN, STATISTICAL MODEL AND LAG TIME 

As for mortality, almost all the studies were time series. 

It is likely that some of the early studies (including the APHEA2 study) were affected 
by the statistical problems connected with the use of S-plus routines. However, in 
the case of mortality studies, the HEI reanalysis had shown that results changed 
only slightly by the use of more strict convergence criteria. Greater changes were 
observed by the use of different statistical models for the control of continuous 
confounders (HEI, 2003). 

Some studies were also affected by multiple comparison problems due to the use of 
different lag times. The APHEA2 study defined lag time a priori while the HEAPSS 
study showed results for different lag times, and combined data across cities using 
the same lag time for each city. No evaluation of medium-term effects of PM on 
CVD hospital admissions was available. 

4.5. INDEX OF EXPOSURE TO PM, FINE, ULTRAFINE AND COARSE PM 
AND CO-POLLUTANTS 

The PM indexes used in the APHEA2 study were BS and PM10, and PM10 and PNC 
in the HEAPSS study. In both studies, PM10 was not measured directly in all cities, 
but was estimated either from PM13 or TSP.  

Within the APHEA2 study, the RR estimates for both PM10 and BS are given for an 
increase of 10 µg/m3. The IQR however, was generally higher for PM10 (range 8.7-
23.6 µg/m3) than for BS (range 7.3-17.5 µg/m3). However, when BS and PM10 were 
included together in a model, the effect of PM10 disappeared, while the effect of BS 
increased for cardiac causes overall, and was only slightly decreased for IHD.  

In the HEAPSS study, no clear effect of PM10 was evident, except for certain 
subgroups. A problem in evaluating the results for PNC is the fact that PNC was 
estimated from regression on TSP or PM10 and other co-pollutants, rather than 
estimated directly. It is not clear how this may have affected the results. Overall, 
when all five cities were included, no clear effect emerged, while PNC was directly 
and significantly associated with AMI admissions when the analysis was restricted 
to the 3 cities that used hospital admission registers to ascertain the outcome, 
excluding the two cities where AMI registers were used. However, as previously 
pointed out, the results for PNC are not entirely convincing, given the exclusions a 
posteriori. 

The conclusion of the HEAPSS study that AMI admissions are mostly related to 
traffic related air pollution are supported by a case-crossover study on non fatal AMI 
from Augsburg, Germany (Peters et al, 2004), that did not measure PM exposure, 
but found that transient exposure to traffic appeared to increase the risk of AMI.  

In another article, the data from Rome included in the HEAPSS study were analyzed 
with a case-crossover design, confirming that in Rome PNC was associated with 
AMI risk at lag 0 (D'Ippoliti et al, 2003).   
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One study from the West Midlands conurbation of the UK (Anderson et al, 2001) 
examined the association between fine (PM2.5) and coarse (PM2.5-10) PM on CVD 
emergency admissions separately. For the cardiovascular causes considered - i.e. 
all cardiovascular (ICD9 390-459), cardiac (ICD9 390-429), IHD (ICD9 410-414) at 
age 65+ years and stroke (ICD9 430-438) at age 65+ years – no consistent 
associations emerged with either BS, PM10, PM2.5 or PM2.5-10 (see Table 4 from the 
article, below). 

 

 

 

The only significant finding was a strong negative association between PM2.5-10 (and 
SO2) and daily admissions for stroke at age 65+ years. 

A small study from Trondheim, Norway, found no association between PM2.5 and 
cardiovascular admissions (Mannsaker et al, 2004).  

As concerns adjustment for other co-pollutants, the APHEA2 presented result for 
two–pollutant models, while the HEAPSS briefly discussed them in the discussion. 

4.6. OUTCOME DEFINITION AND EFFECT FOR DIFFERENT CAUSES OF 
HOSPITAL ADMISSION AND AGE GROUPS 

The main problem in the definition of outcomes was the difficulty to distinguish, in 
some studies, between emergency and elective admissions. In the APHEA2 study, 
emergency admissions were not available for three cities (Milan, Paris and Rome). 
The authors tried to exclude admission diagnosis where a high proportion (over 65-
70%) were elective, based on data from London. It is difficult to estimate how this 
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may have affected the estimates. However, from the graphs presenting city-specific 
results, no difference was evident between these three cities and the others. 

Within the range of CVD morbidity, different outcomes were considered in the 
various studies. The APHEA2 found associations with cardiac (ICD9 390-429) 
deaths overall, stronger over 65 years of age, and for IHD (ICD 410-413) over age 
65 years. No clear association emerged for IHD below age 65 years, and for stroke 
over 65 years. 

The outcome considered in the HEAPSS study was AMI (ICD 410). This outcome is 
overlapping with the IHD outcome considered in the APHEA2 study. To estimate 
comparability, in Italy in 1999 there were 89,079 hospital admissions for AMI, and 
147,927 for the codes 411-413 [source Website of the Italian Ministry of Health, 
http://www.ministerosalute.it/programmazione/sdo/ric_informazioni/]. In contrast to 
the APHEA2 study, the HEAPSS study found the strongest associations for fatal 
AMI below age 65 years. This result should be interpreted with caution because 
apparent associations from subgroup analyses may arise by chance alone, given 
the multiple comparisons performed and the greater random variation due to the 
reduced sample size. Moreover, in the HEAPSS study the association with PNC in 
the older age group appeared, if anything, stronger for non-fatal events. These 
subgroup results are based on three cities only, since the other two cities were 
excluded because they had data on younger subjects only (even though those were 
the ones among whom the strongest relation was found in the other three cities). 

The two multicity studies were based on partially overlapping populations, since 
three cities (Barcelona, Rome and Stockholm) were included in both projects. 

As for mortality studies, there was some evidence from several studies that the 
effect of air pollution may be stronger in warmer or drier seasons/areas. 

Finally, the HEAPSS study also analyzed the effects of PM on a susceptible 
population, i.e. survivors from a first AMI, and found stronger associations in this 
group than in the general population. 

4.7. CONCLUSIONS 

In the multicentric APHEA2 study, a significant increase in cardiac admission was 
reported for PM exposure, which might have resulted, in part, from confounding by 
NO2, a marker of traffic pollution. Similar results were reached in the general-
population analysis of hospitalization for myocardial infarction in the HEAPSS 
multicentric study. Results in survivors of a first myocardial infarction were stronger 
than those in the general population. A multicentric study from Italy found an 
association with PM exposure, while a similar French study reported no association. 

The interpretation of studies on cardiac admissions and PM exposure is complicated 
by the use of different lag times and the combination of emergency and elective 
hospital admissions (as well as other aspects of the definition of outcome) in some 
of the studies. Despite these limitations, the evidence from European studies 
supports the hypothesis of an association between air pollution and hospital 
admissions for cardiovascular diseases. 
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5. SHORT-TERM PM EXPOSURE AND RESPIRATORY HOSPITAL 
ADMISSIONS 

Table III (modified and updated from EPA 2004 Table 8B-2) presents European 
studies investigating the association between short-term ambient PM exposure and 
respiratory hospital admissions. These include two international multicity studies, 
the APHEA1 (Sunyer et al, 1997) and APHEA2 (Atkinson et al, 2001), two national 
multicity studies from France (Eilstein et al, 2004) and Italy (Biggeri et al, 2005), and 
a number of small studies from various countries. The two national multicity studies 
are the same already briefly discussed in the chapter on CV hospital admissions, 
since both outcomes were presented in the same article. 

5.1. THE APHEA1 STUDY 

An outline of the APHEA1 project has been already given in the chapter on 
mortality. One article investigated emergency admissions for asthma in Barcelona, 
Helsinki, London and Paris, i.e. the four cities participating to the APHEA project 
that collected data on asthma (Sunyer et al, 1997). Barcelona collected data on 
asthma emergency room visits in the age group 15-64 years, while London and 
Helsinki on daily asthma emergency admissions in children (0-14 years) and adults 
(15-64 years), and Paris on total asthma admissions in both age groups.  Data for 
BS were not available for Helsinki. Thus, the analysis in children was limited to two 
cities (London and Paris), to which Barcelona was added for adults. The same two 
stage procedure (in the first stage an estimate of the association between either 
PM10 or BS was obtained for each city using the same statistical model; in the 
second stage city-specific effect estimates were regressed on city-specific 
covariates to obtain an overall estimate and to explore confounding, using both fixed 
and random effects models) was used as for the mortality analysis. Similarly, 
several one day and cumulative lags were fitted, and the best fitting one day and 
cumulative model was chosen for each centre. The study period was from 1986-87 
to 1989-91, depending on city. 

Table 2 of the paper (below) gives city specific and combined results for the age 
group 15-64 years. 
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The pooled percent daily increase for a 50 µg/m3 increase in BS was 2.1% (-1.5, 
5.9) for single day lags, and 3.0% (-1.9, 8.1) for cumulative lags. Single day lags 
used were 3 for Barcelona, and 0 for London and Paris. Cumulative lags combined 
were 0-3 for Barcelona and Paris, and 0-1 for London. 

Table 3 of the paper (below) presents results for children. 

 

The pooled estimates under age 15 years were 3.0% (-2.1, 8.4) for single day lags, 
and 4.6% (-2.2, 12.0) for cumulative lags. Single day lags used were 0 for London 
and 2 for Paris, and cumulative ones 0-3 for London and 0-2 for Paris. 

The reason given for the use of different lags in each city is that local factors like 
wind direction, size of the city or location of the monitoring sites vary between cities. 
It is however not clear why lags should differ between children and adults: in London 
the chosen cumulative lag was 0-1 for adults and 0-3 for children and in Paris the 
single day lag was 0 for adults and 2 for children. For adults, the pooled estimate 
using lag 0 in all cities was 2.0% (-1.7, 5.7), and 0.7% (-2.8, 4.5) for lag 1.   

When two-pollutant models were considered (Table 4 of the paper, below), the 
effect of BS disappeared after adjustment for NO2 or SO2, while the effects of these 
two pollutants were still present after adjustment for BS. 
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5.2. THE APHEA2 STUDY 

In the APHEA2 study, one article was dedicated to the association between PM10 
and respiratory admissions (Atkinson et al, 2001). The methods, including the eight 
cities/areas included, the study period, PM10 estimation and the statistical model 
used were the same as for the CVD admission analysis (Le Tertre et al, 2002a). 

Four different outcomes were considered, i.e., daily admissions for asthma (ICD9 
493) at ages 0-14 and 15-64 years, COPD and asthma (ICD9 490-496) at age 65+ 
years, and all respiratory disease admissions (ICD9 460-519) at age 65+ years. The 
authors specify that, wherever possible, emergency admissions resulting in 
overnight hospital stay were specified, in order to exclude elective admissions and 
those resulting only in an emergency room visit. However, unlike for CVD 
admissions, no investigation of the proportion of elective admissions for specific 
admission diagnoses, and consequent exclusion of diagnoses with high prevalence 
of elective admissions, was performed. 

In the following table (Table 3 of the article) the percent change in daily admissions 
associated with a 10 µg/m3 increase in PM10 or BS for each city is given, together 
with the pooled estimates. With few exceptions, the city-specific estimates were 
positive for all four endpoints, although only for a few of them the confidence interval 
did not include zero increase. For 5 of the 8 pooled results there was evidence of 
heterogeneity between cities. 

For asthma in children the summary estimates were 1.2% (0.2, 2.3) for PM10 and 
1.3% (0.3, 2.4) for BS, while for asthma in adults they were 1.1% (0.3, 1.8) for PM10 
and 0.7% (-0.3, 1.8). Thus, for PM10 there was no evidence that children were 
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relatively more susceptible than adults to PM-induced asthma exacerbation. In the 
age group 65+ years, the pooled estimates for COPD plus asthma were 1.0% (0.4, 
1.5) for PM10 and 0.2% (-1.3, 1.6) for BS. Corresponding estimates for all respiratory 
diseases were 0.9 % (0.6, 1.3) and 0.1% (-0.7, 0.9), respectively.  
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Two-pollutant models were also fitted for PM10 (Table 4 of the paper, below). 

 

For asthma in children and adults, adjustment for NO2 had the strongest effect on 
the PM10 estimates, which were substantially reduced. Ozone was the major 
confounder for COPD plus asthma in elderly people, while no substantial change in 
the point estimate for all respiratory diseases in the elderly was observed (although 
the inclusion in the model of correlated variables resulted in inflated standard errors 
of the estimates). 

Finally the effect modification of several city-specific variables was considered. For 
asthma in children, humidity (inversely), smoking prevalence (inversely) and percent 
of population over 65 years (directly) reduced the heterogeneity χ2 by over 40%. For 
the two endpoints considered for the elderly, higher mean ozone levels resulted in 
stronger PM effects.  

5.3. NATIONAL MULTICITY STUDIES 

In the same articles in which results for CVD admissions were presented, the 
French (Eilstein et al, 2004) and the Italian (Biggeri et al, 2005) studies investigated 
also the association between PM and hospital admissions for respiratory diseases. 

The French study found a positive significant association between BS day to day 
variations and all respiratory admissions in the age group 0-14 years, and no effect 
at age 65+ years. The Italian study found a direct association between PM10 and 
respiratory admissions at all ages, with however large heterogeneity between cities. 

5.4. FINE AND COARSE PM 

The study from the West Midlands conurbation of the UK (Anderson et al, 2001) 
examined the association between fine (PM2.5) and coarse PM (PM2.5-10) with 
respiratory emergency admissions. The endpoints considered were daily emergency 
hospital admissions for respiratory causes (ICD9 460-519) at all ages and in the age 
groups 0-14, 15-64 and 65+ years, asthma in the age groups 0-14 and 15-64 years 
and COPD at ages 65+ years (Table 5 of the paper, below). 
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For all respiratory causes, significant positive associations were found in the age 
group 0-14 years for PM10 and BS, and borderline positive associations for PM2.5 
and PM2.5-10, although the strongest positive association was found with SO2.  

 

For asthma in children, there were significant direct associations with PM10 and BS, 
while the association with PM2.5 and PM2.5-10 were not significant (Table 6 of the 
paper, above). The only other significant association was a negative one between 
asthma at 15-65 years and coarse PM. 

5.5. CONCLUSIONS 

In the multicentric European APHEA1 study, an association was reported between 
NO2 and SO2 exposure and respiratory hospital admissions. In the APHEA2 study 
several pollutants and respiratory diseases were considered, with positive 
associations detected for most pollutant-outcome combinations, albeit mostly not 
significant. Additional support for an association between air pollution, principally 
gaseous pollutants, and respiratory admissions is provided by a multicentric Italian 
study. 
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6. SHORT-TERM PM EXPOSURE AND OUTPATIENT VISITS 

A few studies examined the relation between PM levels and outpatient visits in 
emergency department or at home, or dispensing of respiratory drugs. Most studies 
used as outcomes visits for respiratory diseases overall or asthma, although also 
allergic rhinitis and cardiovascular causes were considered in some studies. These 
studies are described in Table IV (modified and updated from EPA 2004 Table 8-
B3).   
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7. ANALYTIC STUDIES ON LONG-TERM PM EXPOSURE AND 
MORTALITY 

In 2003, at the time of the EPA report, only one cohort study from the Netherlands 
(Hoek et al, 2002) was available. In more recent years, other four studies from 
Sweden (Rosenlund et al, 2006), Norway (Naess et al, 2007), Germany (Gehring et 
al, 2006), and France (Filleul et al, 2005) have been published. 

The description and results of each of these five studies are shown in Table V. In 
the following sections the methods and results of the four longitudinal studies are 
compared.  

The Swedish study (Rosenlund et al, 2006) is a population based case-control study 
on first AMI. Since separate analyses have also been performed for fatal AMI, the 
study has been included also in this table. Its results, however, will be discussed in 
chapter VII, together with other studies investigating the association between long-
term exposure to PM and CVD morbidity.  

7.1. STUDY DESIGNS, SAMPLE SIZE, TIME FRAME AND POPULATION 
DEFINITION 

The Norwegian study (Naess et al, 2007) is a record linkage study based on all 
inhabitants of Oslo (n=143,842) aged 51-90 years on January 1, 1992 and followed 
up until 1998. 

The study from the Netherlands (Hoek et al, 2002) is a case-cohort study based on 
a random sample of 5,000 subjects selected from the over 120,000 participants to 
the Netherlands Cohort Study on Diet and Cancer aged 55-69 years in 1986, 
recruited from 204 of 714 municipalities with computerized population registries and 
covered by a cancer registry, who completed a self-administered questionnaire in 
1986. Ninety percent of the sample (4,492 subjects) was successfully followed up 
until 1994. 

The German study (Gehring et al, 2006), is based on about 4,800 women aged 50-
59 years who participated to several cross-sectional surveys conducted in various 
towns of North Rhine Westphalia between 1985 and 1994 and followed up until 
2002-2003. The overall response rate to the surveys was 70%, and data on follow-
up and address were obtained for 97% of the sample. 

The study from France (Filleul et al, 2005) is based on the PAARC (Pollution 
Atmosphérique et Affections Respiratoires) cohort study and includes 14,284 adults 
residing in 7 French cities, aged 25-59 years at enrollment in 1974 and followed up 
until 2001 for vital status. Cause of death was available until 1998 for 96% of the 
sample.  

7.2. ASSESSMENT OF EXPOSURE TO PM AND CO-POLLUTANTS 

For all the studies, exposure assessment was based solely on the home address, 
without considering other possible sources of exposure (other locations or 
occupation). The French study, however, excluded from the sample heads of 
households who were manual workers, to avoid confounding from other heavy 
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exposures. Occupation was controlled for in some studies (see section on statistical 
model and control of confounding). 

Average ambient concentration at the home address over a period of several years 
was considered as indicator of exposure in all the studies. The follow-up studies 
evaluated exposure for 1-5 years around the baseline.  

Several methods were used for estimating ambient PM concentrations based either 
on data from air monitor stations placed ad hoc  (Filleul et al, 2005) or on air 
dispersion modeling systems (Hoek et al, 2002; Gehring et al, 2006; Naess et al, 
2007), even corrected for distance to a major road (Hoek et al, 2002; Gehring et al, 
2006).  

Several PM indexes were used, including PM10, PM2.5, BS and TSP. Although other 
gaseous pollutants were measured in several studies, no mutual adjustments were 
performed.  

7.3. STATISTICAL MODEL AND CONTROL OF CONFOUNDING 

Cox proportional hazard models were used in the four longitudinal studies. In 
general, no other environmental variables were included. Sex and age were 
controlled for in all the studies. The record linkage study from Norway (Naess et al, 
2007) recovered information on education and occupation (manual/non manual) 
from census data for 77% of the sample. Smoking and education/socioeconomic 
status were controlled for in most of the other studies, together with other potential 
confounders (physical activity, diabetes, body mass, diet, occupational exposure). 

7.4. MAIN RESULTS  

The hazard ratio (HR), as an estimate of RR, for deaths from all causes from the 
Norwegian record linkage study according to approximate quartiles of long-term 
PM2.5 exposure are presented in Table 2 of the article (Naess et al, 2007) (below), 
separately by sex and age at enrollment (51-70 and 71-90 years). 

Compared to those in the lowest exposure categories, the HRs were 0.96 (0.89, 
1.04), 1.12 (1.03, 1.22) and 1.48 (1.36, 1.60) in subsequent quartiles of exposure for 
men aged 51-70 years. Corresponding estimates in older men were 0.99 (0.93, 
1.06), 1.10 (1.03, 1.17) and 1.19 (1.12, 1.27). Estimates in women were very similar 
to those of men of the corresponding age group. Adjustment for education and 
occupational class did not materially modify the results.  
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Cause- and sex-specific HRs for PM10 and PM2.5 (and NO2) are presented in Table 
3 of article for the age group 51-70 years and in Table 4 for the age group 71-90 
years (Naess et al, 2007) (below). 
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These results are difficult to interpret for two reasons. First, it is not clear what are 
the categories compared in the models. In the headings of the table the authors say 
“quartile increase”. It is not clear whether this means that these are risks for an 
increase of exposure from one quartile (i.e. the exposure variable was entered as an 
ordered variable coded 1, 2, 3 or 4 according to the exposure quartile) or whether 
the forth and first quartiles were compared. In the first and more likely case, Table 2 
points to a limitation of this analysis, since there was no increase in risk between the 
first two quartiles, and the biggest increase was observed between the third and 
fourth quartiles, particularly for younger subjects. In the second case, half of the 
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population (i.e. those in the second and third quartile) would not contribute to the HR 
estimates. 

Moreover, division of the population in four subgroups according to age and sex 
renders the results difficult to interpret, in particular in the absence of clear 
justifications and formal tests of heterogeneity between subgroups. 

Table 4 of the corresponding paper, below, shows the main results from the 
Netherlands study (Hoek et al, 2002) according to two different models. In the first 
model, average regional background concentration of BS and distance of the 
residence from a major road were entered separately, while in the second model 
these two were combined by adding a constant to BS exposure estimates for those 
living near a major road. 

 

Subjects living near a major road had an increased risk of all cause mortality, 
particularly after adjustment for several confounders and in individuals who had 
lived 10 years or longer at their 1986 address (RR=1.53, 95% CI 1.01, 2.33). Most 
of the excess risk observed in total mortality appeared to be attributable to 
cardiopulmonary causes of death. Additional analyses of the Netherlands study 
have been reported in an abstract form (Beelen et al, 2007). Using a case-cohort 
approach, adjusted RRs for an increase of BS by 10 µg/m3 were 1.03 (0.91, 1.17) 
for all causes except accidents and violence, 1.04 (0.90, 1.20) for cardiopulmonary, 
1.16 (0.91, 1.48) for respiratory, 0.99 (0.80, 1.23) for lung cancer, and 1.03 (0.91, 
1.16) for non-cardiopulmonary, non-lung cancer mortality. Corresponding RRs in the 
full cohort analyses, which included confounder information only on age, gender, 
active smoking and area-level socio-economic status, were 1.05 (1.00, 1.10) for all 
natural causes, 1.06 (0.98, 1.15) for cardiopulmonary, 1.22 (0.99, 1.49) for 
respiratory, 1.03 (0.88, 1.20) for lung cancer, and 1.00 (0.96, 1.11) for non-
cardiopulmonary, non-lung cancer mortality (Beelen et al, 2007).  

In the German study too, the effects of PM and traffic appeared stronger for - or 
limited to - cardiopulmonary mortality (Gehring et al, 2006). In that study, a similar 
approach to the Dutch study was used, i.e., background exposure and distance of 
the residence from a road with >10,000 cars/day were estimated independently. 
Background exposure was computed as average concentrations for the year of 
recruitment and for the four years preceding recruitment.  
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The adjusted RRs for a 7 µg/m3 increase in PM10 in the baseline year were 1.08 
(0.94, 1.25) for all cause mortality, 1.34 (1.06, 1.71) for cardiopulmonary mortality 
and 0.92 (0.80, 1.10) for non cardiopulmonary non lung cancer mortality (see Table 
4 of the corresponding paper, above). When exposure was measured for five years 
the RR for cardiopulmonary mortality increased to 1.59 (1.23, 2.04). Women living 
near a major road had a 70% (2, 181) increased risk of dying for cardiopulmonary 
causes. In the text the authors state that mutual adjustment of air pollution effects 
and proximity to roads did not change these estimates. 

The French study (Filleul et al, 2005) estimated average exposure for the period 
1974-76 (see Table 4 of the paper, below). When all 24 areas were included in the 
analysis, long-term exposure to BS or TSP did not affect the risk of mortality from all 
non-accidental causes, cardiopulmonary causes or lung cancer, all the RR ranging 
between 0.97 and 1.01. 
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However, the authors repeated the analysis excluding subjects from six areas for 
which the ratio NO/NO2 (measured in ppb) was more than 3. The reason for this 
exclusion was that NO is the principal component of the NOx emissions by cars and 
the high NO/NO2 ratio indicated that the monitoring station was close to a very busy 
roadside. Thus, the exposure measure was heavily influenced by local traffic and 
non representative of the mean exposure of the population of the entire area. When 
the analysis was restricted to 18 areas, the RR for a 10 µg/m3 increase in TSP was 
1.05 (1.02, 1.08) for total non-accidental mortality, 1.00 (0.92, 1.10) for lung cancer 
and 1.06 (1.01, 1.12) for all cardiopulmonary causes. Corresponding estimates for 
BS were 1.07 (1.03, 1.10), 1.03 (0.92, 1.15) and 1.05 (0.98, 1.12).  

7.5. EFFECT MODIFICATION BY AGE, SEX, SOCIOECONOMIC STATUS OR 
OTHER VARIABLES 

As we have already commented, the Norwegian study (Naess et al, 2007) shows all 
results separately for four subgroups defined by sex and age without however a 
formal evaluation of differences between subgroups. For total mortality, results 
appeared similar betweens sexes, and the associations with PM2.5 were stronger in 
the younger age group, although, mainly based on models for NO2, the authors 
argue for the opposite: The HRs for all cause mortality in the highest PM2.5 exposure 
quartile were 1.44 (1.32, 1.58) in younger men and 1.18 (1.10, 1.26) in older men, 
1.41 (1.27, 1.57) in younger women and 1.11 (1.05, 1.17) in older women. 

The German study (Gehring et al, 2006) was based on women who were of similar 
age at recruitment, and thus could not investigate modification effects by age and 
sex. In the text the authors write that they “found modestly stronger NO2 and PM10 
effects on all-cause mortality for women with a low SES, for current smokers, and 
for nonsmokers exposed to environmental tobacco smoke”. 

In the French study (Filleul et al, 2005), subgroup analyses by sex, smoking status, 
occupational exposure to dust, gases and fumes, education and age were shown in 
a graph (see Figure 2 of the paper, below). No clear differences were observed with 
age, sex, or smoking. The highest point estimates were observed in more educated 
or occupationally exposed subjects.  
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7.6. COMPARISON OF EUROPEAN WITH LEADING NORTH AMERICAN 
STUDIES 

European studies suggest that mortality from cardiopulmonary diseases is 
associated with long-term exposure to air pollution, but provide limited evidence that 
various measures of PM are related to total mortality. This is in apparent contrast 
with the leading North American studies, consistently providing direct associations 
between fine particles and total mortality. In the Harvard Six Cities study, 8,096 
white participants from various cities of the USA were followed since the mid-1970 
to 1998. The adjusted RRs for an increase of PM2.5 of 10 µg/m3 were 1.16 (1.07, 
1.26) for total mortality, 1.28 (1.13, 1.44) for cardiovascular diseases, 1.08 (0.79, 
1.49) for respiratory, 1.27 (0.96, 1.69) for lung cancer and 1.02 (0.90, 1.17) for other 
causes (Laden et al, 2006). In the ACS-CPS-II study, that linked air pollution data 
with the individual data of approximately 500,000 adults from the USA, followed 
from 1982 to the end of 1998 (Pope et al, 2002) (Pope et al, 2004), the adjusted 
RRs for an increase of PM2.5 by 10 µg/m3 were 1.06 (1.02, 1.11) for all-cause 
mortality, 1.12 (1.08, 1.15) for cardiovascular diseases plus diabetes, 0.92 (0.86, 
0.98) for respiratory, 1.14 (1.04, 1.23) for lung cancer and 1.01 (0.95, 1.08) for all 
other causes. In that study, however, an interaction with education was evident. In 
fact, for subjects in the highest category of education (>high school), no association 
was found between increasing levels of PM2.5 and total, cardiopulmonary and lung 
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cancer mortality. This is in contrast with the findings from the French study (Filleul et 
al, 2005), where the highest point estimates were observed in more educated 
subjects. Apart for chance and/or bias, at least part of the discrepancies could be 
explained by the different PM measure investigated. In fact, most European studies 
provided data on PM10 only, and not on finer PM. 

7.7. CONCLUSIONS 

In a Norwegian cohort study, a significant association was reported between PM 
exposure and mortality, although the interpretation of the results is not 
straightforward. Mortality was associated with various measures of air pollution in 
cohort studies from the Netherlands, Germany and France, and the excess risk in 
these studies was mainly attributed to cardiovascular and respiratory diseases. 
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8. ECOLOGIC STUDIES ON LONG-TERM PM EXPOSURE AND 
MORTALITY 

One study compared mortality rates before and after the ban of coal sales in Dublin 
(Clancy et al, 2002). Given the deterioration of the air quality in the 1980s after a 
switch from oil to other fuels, mainly bituminous coal for domestic space and water 
heating, the Irish Government banned the marketing, sale and distribution of 
bituminous coals within the city of Dublin on September 1990. The Figure 1 of the 
paper, below, shows the consequent declines in BS and SO2. 

 

Average BS concentrations declined by 35.6 µg/m3 (70%) after the ban. 

The authors compared age-adjusted death rates (directly standardized on the 1991 
Irish census population) for the 72 months before (Sep 1984 to Aug 1990) and after 
(Sep 1990 to Aug 1996) the ban.  
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Table 2 of the paper, below, presents mortality rates for the two periods, overall and 
by season, for total non-accidental causes, and for cardiovascular, respiratory and 
other causes, separately. 

 

Significant decreases were observed for all non-accidental and cardiovascular 
mortality in all seasons, and the decreases were more marked in winter. Significant 
decreases were observed for respiratory mortality overall, in winter and spring, while 
no significant change was observed overall for other causes. The authors concluded 
that control of PM could substantially diminish daily death. However, it is worth 
noticing that, during the same period, mortality declined in several European 
countries. Thus, a causal link between the decline in mortality and the ban of coal 
sales is far from established. On the other hand, the authors interpreted the fact that 
the biggest declines were observed in winter, when the use of coal was highest, as 
suggestive of their hypothesis. 

Two studies compared air pollution levels in 1,030 census enumeration districts in 
Sheffield, UK, to mortality and emergency hospital admission rates from coronary 
heart disease (Maheswaran et al, 2005b) and stroke (Maheswaran et al, 2005a). 
For each district a 5-year average PM10 concentration for the period 1994-1999 was 
computed.  The districts were then divided according to quintiles of PM10 
concentrations. The mean PM10 concentration in the highest quintile was 23.3 µg/m3, 
and 16.0 µg/m3 in the lowest one. Mortality and emergency hospitalization rates 



 report no. 4/11 
 
 
 
 
 
 
 
 

  73

were then computed for the districts’ quintiles. For coronary heart disease, the rate 
ratios (adjusted for sex, age, deprivation and smoking prevalence) for the highest 
quintile compared to the lowest one were 1.08 (0.96, 1.20) for mortality and 1.01 
(0.90, 1.14) for hospital admissions. Corresponding values for stroke were 1.33 
(1.14, 1.56) and 1.13 (0.99, 1.29). 
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9. LONG-TERM PM EXPOSURE AND CARDIOVASCULAR 
MORBIDITY  

Table VII summarizes results of studies on the effect of long-term exposure to PM 
and cardiovascular morbidity.  

A population-based case-control study on 1,393 cases of first AMI and 1,870 
population controls resident in Stockholm county, aged 45-70 years was conducted 
between 1992 and 1994 (Rosenlund et al, 2006). Response rates to the mailed 
questionnaire varied between 70-85% depending on sex and case-control status. 
For each subject, exposure to PM10 and PM2.5 was reconstructed from 1960 to a 
year prior to enrollment (1992-1994), i.e., for over 20 years, using data on traffic 
around the home address only. Only data for long-term exposure to PM10 were used 
in the analysis, given the high correlation between PM10 and PM2.5 (r=0.998). 

Logistic regression models adjusted for the matching variables, i.e. age, sex and 
hospital catchment area, and smoking, physical inactivity, diabetes and SES were 
used to compute odds ratios (OR). Hypertension, body mass, job strain, diet, 
passive smoking, alcohol and coffee intake and occupational exposure to motor 
exhaust and other combustion products were also evaluated, but did not appear to 
confound the relation with PM. 

Table 2 of the article (below) presents the main results of the study. 

 

Overall, there was no association between PM10 and AMI (OR=1.00, 95% CI 0.79, 
1.27). The point estimate was above unity for fatal cases (OR=1.39, 95% CI 0.94, 
2.07) and below unity for non fatal cases (OR=0.92, 95% CI 0.71, 1.19) although 
none of these estimates was statistically significant. A borderline significant 
association was found when fatal cases were further restricted to those who died 
out of hospital (OR=1.84, 95% CI 1.00, 3.40). These were 84 out of 1,357 cases 
(6%). Although the authors interpret this finding as supportive of a possible 
association between air pollution exposure and mortality, random variation in small 
subgroups cannot be excluded.  

Moreover, it is not clear how covariates were measured for fatal cases in general, 
and specifically in this group that died out of hospital. If proxy interviews were used 
for deceased cases, and direct interviews for controls, the effect of differential 
collection of covariates has to be considered.  
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The two ecologic studies from Sheffield, UK, discussed in the previous chapter 
found rate ratios of 1.01 (0.90, 1.14) for emergency hospital admissions for coronary 
heart disease and of 1.13 (0.99, 1.29) for emergency hospital admissions for stroke 
for subjects living in census enumeration districts with the highest levels of PM10 
concentrations, as compared to the lowest ones. 

Two studies investigated the association between long-term exposure to PM and 
prevalence of coronary or ischemic heart disease (Solomon et al, 2003; Hoffmann et 
al, 2006). Being based on prevalence data, these studies should be interpreted with 
caution. 

A cross sectional postal survey on 1,166 women aged 45 years or more was 
conducted in 11 wards in the UK for which 30 years long concentration data on BS 
were available (Solomon et al, 2003). After adjustment for potential confounders, 
women living in areas with high BS concentrations did not report higher prevalence 
of ischaemic heart disease, as compared to women living in low BS areas 
(OR=1.00, 95% CI 0.7, 1.4). 

Another study used baseline data from a newly started cohort study on 4,814 
subjects aged 45-75 years from three large adjacent cities in the Rhein-Rhur region, 
Germany, to investigate the relation between background PM2.5 exposure, residence 
close to a major road, and prevalence of coronary heart disease (Hoffmann et al, 
2006). After adjustment for several potential confounders, the OR for those with high 
traffic exposure was 1.75 (1.16, 2.62), and for background PM2.5 exposure 0.55 
(0.14, 2.11), although the measurement unit for the latter OR is not given. 
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10. LONG-TERM PM EXPOSURE AND RESPIRATORY MORBIDITY 
OR SYMPTOMS 

Many European studies have investigated the relation between PM and respiratory 
symptoms (Table VIII, modified and updated from EPA 2004 Table 8B8). The 
majority of these studies were on children, but some also in adults. Several different 
endpoints have been considered. 

10.1. LONG-TERM PM EXPOSURE AND ASTHMA IN CHILDREN 

A study from the Netherlands (Brauer et al, 2002) recruited about 4,000 children 
(during the seconds trimester of pregnancy) and evaluated the development of 
respiratory infections and asthmatic and allergic symptoms using questionnaires 
completed by the parents when the children were 2 years old. Outdoor 
concentrations of traffic-related PM2.5 and soot at the home address of the children 
were estimated by means of a validated model. At two years of age, 176 children 
(5%) had developed physician-diagnosed asthma. After adjustment for several 
potential confounders, the OR for an increase equal to the IQR (3.2 µg/m3 for PM2.5 
and 2x10-5/m for soot, corresponding to 2.9 µg/m3 of elemental carbon) were 1.12 
(0.84, 1.50) for PM2.5 and 1.12 (0.88, 1.43) for soot. 

A cross-sectional survey conducted in France (Penard-Morand et al, 2005) on a 
random sample of 6,672 schoolchildren aged 9-11 years found an adjusted OR of 
asthma during the past year for an increment of PM10 by 10 µg/m3 of 1.23 (0.77, 
1.95), that was virtually unchanged after further adjustment for SO2. 

Among the 3,193 French children aged 5-9 years and included in the PAARC 
survey (Baldi et al, 1999), 195 (6%) were found to be asthmatic. The adjusted OR 
for an increase of 50 µg/m3 in annual mean concentrations was 0.99 (0.81, 1.20) for 
TSP and 1.08 (0.85, 1.38) for BS. 

10.2. LONG-TERM PM EXPOSURE AND LUNG FUNCTION IN CHILDREN 

Spirometry was performed twice a year between 1994 and 1997 in 975 Austrian 
schoolchildren of grades 2-3 at baseline (Horak et al, 2002). After adjusting for 
potential confounders (sex, atopy, passive smoking, initial height, height difference, 
site, initial lung function) an increase of summer PM10 by 10 µg/m3 was associated 
with a decrease in FEV1 growth of 84 mL yr-1 and 329 mL s-1 yr-1 for MEF25–75. No 
association was found for FVC or in winter (see Table 4 of the paper below). 
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A study from the UK (Kulkarni et al, 2006) obtained airway macrophages and 
assessed the carbon content from 64 healthy children. PM10 concentrations near the 
home address, FEV1 and FVC were also measured. They found that an increase of 
1.0 μg/m3 in modeled primary PM10 was associated with a 0.10 μm2 (0.01, 0.18) 
increase in the carbon content of airway macrophages. Increased primary PM10 was 
inversely associated with the percentage of the predicted FEV1 (P = 0.04) and the 
FEF25–75 (P = 0.05). After adjusting for the carbon content of PM10, the carbon 
content of airway macrophages remained inversely associated with the percentage 
of the predicted values of FEV1, FVC, and FEF25–75 (P = 0.02, P = 0.04, and P = 
0.02, respectively), whereas PM10 was no longer significantly associated with lung 
function (Table 2 of the paper, below). 
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Finally, a study from eastern Germany (Frye et al, 2003) conducted three cross-
sectional surveys of lung function in schoolchildren aged 11-14 between the early 
and late 1990s, and found that lung function of children has increased, while TSP 
and other pollutant levels had decreased during the study period. 

10.3. LONG-TERM PM EXPOSURE AND RESPIRATORY SYMPTOMS IN 
CHILDREN 

Two cohort studies investigated the issue. 

The cohort of about 4,000 children from the Netherlands, that has been already 
discussed for asthma (Brauer et al, 2002), evaluated the development of respiratory 
infections and asthmatic and allergic symptom using questionnaires completed by 
the parents when the children were 2 years old.   
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Outdoor concentrations of traffic-related PM2.5 and soot at the home address of the 
children were estimated by means of a validated model. Adjusted OR for the various 
symptoms and diseases were computed for an increase in exposure equal to the 
IQR i.e. 3.2 µg/m3 for PM2.5 and 2x10-5/m for soot, corresponding to 2.9 µg/m3 of 
elemental carbon. The results are presented in Table 4 of the article (above). 
Statistically significant increases in risk were found between PM2.5 and ear, nose 
and throat infections (OR=1.20 95% CI 1.01, 1.42) and doctor-diagnosed flu/serious 
cold (OR=1.00, 1.27). For soot, the only significant association was with ear, nose 
and throat infections (OR=1.15 95% CI 1.00, 1.33). 

A cohort of 4,400 children aged 1-5 years was recruited in Leichestershire, UK in 
1998 (Pierse et al, 2006). Parents filled in a respiratory symptom questionnaire at 
baseline and again in 2001. Exposure to primary PM10 was calculated from the 
home address using a dispersion model based on estimated traffic emissions from 
traffic flow data. Adjusted OR for an increase in primary PM10 of 1 µg/m3 were 
computed. 
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The prevalence of symptoms was first evaluated cross-sectionally in the two 
surveys (Table 2 of the paper, above). The authors then evaluated the OR of 
developing symptoms in the study period (Table 3 of the paper, below). The ORs 
were 1.62 (1.31, 2.00) for cough without a cold, 1.19 (0.96, 1.47) for night time cold, 
and 1.42 (1.02, 1.97) for wheeze. 

 

A number of cross-sectional studies investigated the association between exposure 
to PM and prevalence of a number of respiratory symptoms. These studies are often 
difficult to interpret, given the unclear time relation between exposure and outcome 
and the high number of outcomes considered, and consequent problems related to 
multiple testing. Their results are summarized in Table VIII.  
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10.4. LONG-TERM PM EXPOSURE AND RESPIRATORY MORBIDITY OR 
SYMPTOMS IN ADULTS 

A random sample of about 7,000 persons residing in 21 centres in 10 countries, who 
participated to the European Community Respiratory Health Study I (ECRHS I) in 
1991-93, were re-interviewed in 2000-2002 to investigate the onset of symptoms for 
chronic bronchitis (response rate 65%). Table 4 (below) of the article presents the 
main findings.  

 

No association was found between centre level of PM2.5 and chronic phlegm 
prevalence at follow up. The ORs were 0.97 (0.70, 1.35) for males and 0.99 (0.85, 
1.17) for females, but the measurement unit was not given. A constant exposure to 
traffic was associated with prevalence of chronic phlegm in women (OR=1.86, 95% 
CI 1.24, 2.77), but not in men (OR=0.88, 95% CI 0.56, 1.38). 

The PAARC study (Baldi et al, 1999) collected data also on 20,310 French adults 
aged 25-59 years, 1,261 (6%) of whom were found to be asthmatic. No association 
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was found between long-term exposure to TSP (OR for an increase of 50 
µg/m3=1.01, 95% CI 0.92, 1.11) or BS (OR=1.07, 95% CI 0.96, 1.20). 

The SAPALDIA study (Zemp et al, 1999) is a cross-sectional investigation in a 
random sample of 9,651 Swiss adults aged 18-60 years. Asthma prevalence was 
inversely associated with TSP and PM10 in never smokers, while some respiratory 
symptoms showed a positive association with PM10. 

A cross-sectional postal survey on 1,166 women aged 45 years or more was 
conducted in 11 wards in the UK for which 30 years long concentration data on BS 
were available (Solomon et al, 2003). After adjustment for potential confounders, 
women living in areas with high BS concentrations reported lower prevalence of 
asthma, as compared to women living in low BS areas (OR=0.7, 95% CI 0.5, 1.0). 
Productive cough was not associated with BS (OR=1.0, 95% CI 0.7, 1.5). 

Three studies investigated the relation between air pollution and lung function in 
adults. In the SAPALDIA study (Ackermann-Liebrich et al, 1997) significant inverse 
effects were found between PM10 and FVC and FEV1 in the whole population and 
separately between never, ex and current smokers. The Health Survey for England 
(Wheeler and Ben-Shlomo, 2005), including 39,251 participants aged 16-79 years, 
found that low social class and poor air quality were independently associated with 
decreased lung function (FEV1), but not asthma prevalence. For men, but not for 
women, the effects of air pollution on lung function appeared more marked in lower 
social classes. In a series of cross-sectional surveys on 4,757 women living in the 
Rhine-Ruhr Basin in Germany (Schikowski et al, 2005), a 7 µg/m3 increase in PM10 
was associated with a 5.1% (2.5, 7.7) decrease in FEV1, a 3.7% (1.8, 5.5) decrease 
in FVC and an OR of 1.33 (1,03, 1.72) for COPD. 

Finally, among the first 3,904 participants to the EPIC study residing in Athens, 
those living in the most polluted areas had a two-fold increase in prevalence of 
chronic bronchitis, emphysema or COPD (Karakatsani et al, 2003). 

10.5. CONCLUSIONS 

Three studies on PM exposure and asthma in children from the Netherlands and 
France reported weak, non-significant associations. Two studies on PM exposure 
and lung function in children from Austria and UK reported associations with some 
of the indicators of lung function, which were not confirmed by a further study from 
eastern Germany. Two cohort studies from the Netherlands and UK reported 
significant associations with various symptoms. 

Studies in adults did not provide consistent evidence of an association between PM 
exposure and chronic bronchitis or asthma. Studies on air pollution and lung 
function, on the other hand, reported positive results. 
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11. LONG-TERM PM EXPOSURE AND CANCER 

Table IX summarizes data on long-term PM exposure and cancer. Most studies 
considered lung cancer. Data for other neoplasms are sparse. A few studies 
considered exposure to traffic and childhood cancer, although the underlying 
etiologic hypothesis is in general connected to benzene, and not PM, exposure. 
They are listed in Table IX, but not discussed here. 

11.1. ANALYTIC STUDIES ON LUNG CANCER 

Three (Hoek et al, 2002; Filleul et al, 2005; Naess et al, 2007) of the four 
longitudinal studies that were discussed in the chapter on long-term exposure to PM 
and mortality (chapter V) also presented data on lung cancer mortality.  

In the cohort study from the Netherlands (Hoek et al, 2002) 60 deaths from lung 
cancer were recorded. The adjusted relative risk for an increase of 10 µg/m3 in BS 
was 1.06 (0.43, 2.63), and 1.25 (0.42, 3.72) for a 30 µg/m3 increase in NO2. The 
number of cases was too small to compute a risk for the indicator variable of living 
near a major road. Preliminary results of new analyses of the Netherlands study 
showed that the adjusted RRs for an increase of BS by 10 µg/m3 was 0.99 (0.80, 
1.23) in the case-cohort analysis, and 1.07 (0.96, 1.19) in the full cohort analysis, 
based on 1,935 lung cancer deaths (Beelen et al, 2007). 

In the Norwegian record linkage study (Naess et al, 2007), risks were computed 
separately by sex and age group at baseline (51-70 and 71-90 years), for lung 
cancer too. For men, no significant excess was found, and the estimated RR for a 
“quartile increase” in PM10 was 1.07 (0.97, 1.18) in both age groups. Conversely, 
significantly increased risks were found for women in both age groups: 1.27 (1.13, 
1.43) for younger and 1.17 (1.03, 1.33) for older women. Estimates for PM2.5 were 
virtually identical to those for PM10.  

In the French PAARC study cohort (Filleul et al, 2005) 178 deaths from lung cancer 
were recorded, and the risk of lung cancer associated to an increase in exposure of 
10 µg/m3 of TSP was 0.97 (0.94, 1.01) when all 24 areas were considered, and 1.00 
(0.92, 1.10) when the analysis was restricted to subjects living in the 18 areas with 
the ratio NO/NO2 <3. Corresponding values for BS were 0.97 (0.93, 1.01) and 1.03 
(0.92, 1.15). The only significant results for lung cancer was for NO2, when the 
analysis was restricted to 18 areas (RR=1.48, 95% CI 1.05, 2.06). 

A nested case-control study within EPIC (European Prospective Investigation on 
Cancer and Nutrition) cohort also investigated the association between long-term 
exposure to PM10 and the risk of lung cancer (Vineis et al, 2006). The over 500,000 
healthy volunteers aged 35-74 of the EPIC cohort were recruited in 10 European 
countries between 1993 and 1998. Identification of cancer cases was mostly based 
on cancer registries during a median follow-up time of 7 years. A nested case-
control study was conducted within the cohort. For each lung cancer case within 
selected areas, who was a non smoker or an ex smoker since more than 10 years, 
3 controls were selected, matched on sex, age, smoking status, country of 
recruitment and follow-up time. Assessment of exposure to traffic-related air 
pollution was made for the period 1990-1999 using available data from monitoring 
stations from the various areas under study. Distance of the home from a major 
road was also computed. Given the different availability of exposure data from the 
various areas, analyses were based on different number of cases. Of the 271 cases 
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and 737 controls included in the study, data on PM10 exposure were available for 
113 cases and 312 controls.   

Table IV of the article (below) shows the results for pollutant concentrations. After 
adjustment for the matching variables, the OR was 0.91 (0.70, 1.18) for an increase 
in PM10 of 10 µg/m3 and 0.98 (0.66, 1.45) for exposures over 27 µg/m3, compared to 
less than 27 µg/m3. The marked change observed when cotinine was added to the 
model was interpreted by the authors as an effect of random variation due to small 
numbers.  

 

The OR was 1.38 (0.87, 2.19) for those living near a heavy traffic road. 

A case-control study on lung cancer was conducted among men who died in 
Trieste, Italy, between 1979 and 1981 and between 1985 and 1986 (Barbone et al, 
1995). Cases were 755 men who died of lung cancer, and controls 755 men who 
had died for other causes, non COPD nor various cancers of the upper 
aerodigestive tract, urinary tract, pancreas, liver or gastrointestinal system. Total 
daily deposition of particulate measured at the closest monitor station from the last 
subject’s residence was used as measure of the subject’s exposure. Compared to 
<0.18 g/m2/day of deposition of particulate the OR was 1.1 (0.8, 1.5) for 0.18-0.30 
and 1.4 (1.1, 1.8) for >0.30 g/m2/day. 

Table VIII/1 shows results of the various analytical studies.  



 report no. 4/11 
 
 
 
 
 
 
 
 

  85

Table VIII/1  Analytic studies investigating the relation between long-term PM exposure 
and lung cancer. 

Study, design 
Sex, age at 
recruitment 

No. of 
cases 

Risk indicator, 
measurement unit 

Relative risk  
(95% CI) 

     

Barbone et al., 1995, 
case-control, Italy 

M 755 
Particulate deposition 
0.18-0.30 vs <0.18 
g/m2/day 

1.1 (0.8-1.5) 

   
Particulate deposition 
>0.30 vs <0.18 g/m2/day 

1.4 (1.1-1.8) 

     
Hoek et al., 2002, NLCS 
cohort, the Netherlands 

MF, 55-69 60 BS, 10 µg/m3 1.06 (0.43-2.63) 

Beelen et al., 2007 MF, 55-69 1,935 BS, 10 µg/m3 1.07 (0.96-1.19) 
     
Filleul et al., 2005, 
PAARC cohort, France 

MF, 25-59 178 TSP, 10 µg/m3 (24 areas) 0.97 (0.94-1.01) 

   TSP, 10 µg/m3 (18 areas) 1.00 (0.92-1.10) 
   BS, 10 µg/m3 (24 areas) 0.97 (0.93-1.01) 
   BS, 10 µg/m3 (18 areas) 1.03 (0.92-1.15) 
     
Vineis et al., 2006, case-
control nested in the 
EPIC cohort, 7 European 
countries 

MF, 35-74 
Non- or ex-

smokers 
113 PM10, 10 µg/m3 0.91 (0.70-1.18) 

   
PM10 
>27 vs <27 µg/m3 

0.98 (0.66-1.45) 

     
Naess et al., 2007, 
cohort, Norway  

M, 51-70 449 PM10, quartile increase 1.07 (0.97-1.18) 

   PM2.5, quartile increase 1.07 (0.97-1.18) 
 F, 51-70 295 PM10, quartile increase 1.27 (1.13-1.43) 
   PM2.5, quartile increase 1.27 (1.13-1.43) 
 M, 71-90 424 PM10, quartile increase 1.08 (0.98-1.20) 
   PM2.5, quartile increase 1.07 (0.97-1.18) 
 F, 71-90 285 PM10, quartile increase 1.17 (1.03-1.33) 
   PM2.5, quartile increase 1.16 (1.02-1.32) 
     

 

Three other studies on the association of air pollution and lung cancer did not 
directly measure the effect of PM. A case-control study from Poland (Jedrychowski 
et al, 1990) found ORs of 1.00 (0.75, 1.33) and 1.46 (1.06, 1.99) for subjects with 
intermediate and high exposure to air pollution, compared to those with low 
exposure, based on an index combining TSP and SO2 levels. A case-control study 
from Sweden (Nyberg et al, 2000) did not find significant associations with NO2 
(OR=1.05, 95% CI 0.93, 1.18) or SO2  (OR=1.00, 95% CI 0.96, 1.05). A cohort study 
from Norway (Nafstad et al, 2003) found a RR of 1.08 (1.02, 1.15) for a 10 µg/m3 
increase in exposure to NO2. No association was found for SO2 (OR=1.01, 95% CI 
0.94, 1.08). 

The evidence concerning the association between long-term PM exposure and lung 
cancer risk is still scanty. Some studies were based on small numbers of cases. The 
Norwegian linkage study (Naess et al, 2007) included a large number of cases, but 
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did not have information on possible confounding factors, particularly smoking. 
Moreover, an association was found only for women, but not for men, in the 
absence of a plausible explanation. 

In general, the potential influence of residual confounding by smoking must always 
be taken into account when dealing with weak associations for lung cancer. 

11.2. ECOLOGIC STUDIES ON LUNG AND OTHER CANCERS 

A study (Nawrot et al, 2007) found a correlation of 0.57 (p=0.028) between age and 
smoking standardized lung cancer mortality rates in men and annual mean PM2.5 
concentrations in 15 European countries. No significant association was found in 
women (r=0.37, p=0.18).  

No clear evidence for an association between residence along main roads and the 
incidence of cancer in adults was found in Amsterdam (Visser et al, 2004). Overall, 
cancer incidence in the area around Amsterdam Schipol Airport was similar to 
national incidence (Visser et al, 2005). A study from northern Italy (Parodi et al, 
2005) investigated lung cancer incidence near a coke oven plant, finding no clear 
excess risk. 

11.3. STUDIES ON AIR POLLUTION AND CANCER IN CHILDREN  

A few studies evaluated the association between exposure to traffic and childhood 
cancer, yielding conflicting results (Raaschou-Nielsen et al, 2001; Crosignani et al, 
2004; Knox, 2005; Knox, 2006). The main etiologic hypotheses, however, are 
related to exposure to benzene and polycyclic aromatic hydrocarbons, rather than to 
PM. 

11.4. COMPARISON OF EUROPEAN WITH LEADING NORTH AMERICAN 
STUDIES 

The findings of European studies on PM and lung cancer are not consistent, nor 
was a clear pattern of risk observed. More important, no clear association emerged 
in the major European cohort studies including measures of PM exposure. This is at 
apparent variance with findings from major US studies, which reported direct 
associations between fine particles and lung cancer mortality. In fact, the adjusted 
RRs for lung cancer mortality for an increase of PM2.5 by 10 µg/m3 were 1.27 (0.96, 
1.69) in the Harvard Six Cities study (Laden et al, 2006), and 1.14 (1.04, 1.23) in the 
ACS study (Pope et al, 2002). In the ACS study, the association with PM2.5 was 
limited to men, in agreement with the AHSMOG study, a cohort based on 6,338 
nonsmoking white Californian adults and 36 incident lung cancer cases, which found 
that the RR for an IQR increase of mean concentrations of PM10 was 5.21 (1.94, 
13.99) in men. The corresponding estimate for women was not significant and 
ranged between 1.0 and 1.2 (Beeson et al, 1998). This is in apparent contrast with 
the findings from the Norwegian record linkage study (Naess et al, 2007), where no 
significant excess risk was found for men, while there was a positive association in 
women. 

However, most European studies provided data on PM10 only, and not on finer 
particulates. Other limitations of exposure measurement may account for at least 
part of these apparent discrepancies.  
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11.5. CONCLUSIONS 

Five analytical epidemiological studies from Europe provided results on various 
measures of particulate matter (PM) and lung cancer. A case-control study from 
Trieste, Italy found that, compared to <0.18 g/m2/day of deposition of particulates, 
the RR was 1.1 (0.8, 1.5) for 0.18-0.30 and 1.4 (1.1, 1.8) for >30 g/m2/day. In a 
cohort study from the Netherlands the RR was 1.06 (0.43, 2.63) for an increase of 
10 µg/m3 in black smoke. In a French cohort study the RR of lung cancer associated 
with an increase in exposure of 10 µg/m3 of total suspended particulate (TSP) was 
0.97 (0.94, 1.01). In a nested case-control study within a multicentric European 
cohort the RR was 0.91 (0.70, 1.18) for an increase in PM10 of 10 µg/m3 and 0.98 
(0.66, 1.45) for exposures over 27 µg/m3, compared to less than 27 µg/m3. In a 
Norwegian record linkage study no significant excess risk was found for men, while 
there was an association in women. A few other studies considered indirect 
indicators of air pollution, and some ecological studies linked information on air 
pollution and cancer incidence or mortality. Although some of the latter studies 
reported positive associations, various limitations in their design hinder a causal 
inference. 
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12. DISCUSSION AND RECOMMENDATIONS FOR FUTURE STUDIES 

12.1. STUDIES ON SHORT-TERM EXPOSURE  

Given the availability in several areas of data on daily PM concentrations, and of 
mortality, and in some instances, hospital admissions, several studies have 
investigated the association between day-to-day variations in PM concentrations 
and mortality or emergency hospital admissions. Many of these studies, however, 
have limitations, either because they were based on small populations or had 
questionable statistical analysis, which in several instances tended to maximize the 
investigated association. The latter would affect results of a systematic reanalysis of 
published studies, and the computing of a pooled measure of association. The use 
of different measures of PM (PM10, BS, TSP etc.) would further complicate the 
combination of results from various studies. A pooled re-analysis of various studies, 
based on the original data, and not on published material, would be more 
informative and valid, although it would require a great effort.  

The APHEA2 study is the largest study on the relation between short-term PM 
exposure and mortality, and provides the best estimate of the relation between PM10 
and day-to-day mortality in Europe. The data of the APHEA2 study were based on a 
large population from several different areas in Europe, and have been thoroughly 
re-analyzed to evaluate the influence of different statistical models, the medium-
term effects of PM (up to 40 days), and the modification effects of some city 
characteristics, such as temperature or humidity, but also the percentage of people 
aged >65 years or of smokers.  

Although age at death is, with sex, the only individual characteristic readily available 
from death certification data, the modifying effect of age on the relation between 
short-term PM exposure and mortality/morbidity has not been fully clarified. The 
data from the APHEA2 study suggest that the effect of air pollution is larger at older 
ages. Deaths in younger age groups are relatively rare, and even the largest study, 
i.e., the APHEA2, had problems with small numbers in some age categories. Only 
the combination of many datasets, either within Europe, or including studies from 
other areas of the world, would provide sufficient power to investigate the effects of 
air pollution in specific age groups, in particular when specific causes of death are 
investigated.   

The issue of confounding by individual characteristics should not be a major issue, 
since, in time series data, comparisons are made from one day to another, using the 
same background populations. In the few studies that have analyzed data using a 
case-crossover design in addition to a time series approach, the results were 
comparable.  

Scant or inadequate information is available in Europe on modification of the effects 
of air pollution exerted by individual variables (other than age and sex), e.g. 
socioeconomic status (SES), lifestyle habits (e.g. smoking), underlying medical 
conditions (e.g. COPD, coronary disease, diabetes), occupational exposures etc. In 
Rome a case-crossover design investigated the modification effect of SES using two 
area-based SES indicators, derived from census data (Forastiere et al, 2005). 
Although yielding interesting results, that analysis was based on small numbers and 
on a single population. That type of analysis was based on routinely collected data, 
and could, in principle, be extended to other datasets. 
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Information on the separate effects of coarse, fine and ultrafine PM is still limited. 
Given that more and more areas within Europe have, in recent years, started the 
measurement of fine and/or ultrafine PM, it is likely that in the next years several 
studies will investigate the effects of coarse, fine and ultrafine PM separately. This 
should be the case, for example, of the HEAPSS study. In the cities included in this 
study, PNC measurements have started in 2002. In a recent publication, PNC 
values for a previous period have been estimated retrospectively. New data from the 
HEAPSS study, from more recent periods and based on actual measurements of 
PNC, should be available in the next future. Investigations aimed at separating the 
effects of PM of different diameters will have to deal with the problem of the analysis 
of highly correlated variables, a problem which has also arisen in the investigation of 
several correlated pollutants, e.g. PM, NO2, CO and SO2. 

As of now, very few results are available from central and eastern European 
countries. 

12.2. STUDIES ON LONG-TERM EXPOSURE  

Very few studies have investigated the long-term effects of PM exposure on health. 
Ecologic studies may be suggestive and hypothesis generating, but, given the 
potential biases inherent in their design, they cannot provide a solid base for 
inference.  

Record linkage studies, such as the one recently published from Norway (Naess et 
al, 2007) may include a high number of cases, but the lack of individual variables, 
first of all smoking habit, renders this type of study difficult to interpret.  

Only a limited number of analytic studies have been conducted so far. Many of 
these were based on cohorts designed for different purposes, which have exploited 
the availability of PM concentration data in the area under study. This has led to 
studies that were often based on small numbers, often with exclusions of parts of 
the study population for which exposure data could not be retrieved. 

It is possible that for other longitudinal studies data on exposure could be retrieved 
and analyzed, but limited availability of reliable data on relevant exposures limits the 
usefulness of this approach. Thus, only the design of ad hoc studies could provide 
new insights on the issue.  

A somewhat less attractive approach is the pooling of existing cohorts, given the 
heterogeneity of information on variables used to reconstruct air pollution exposure 
indicators and on potential confounders. Although technically feasible and relatively 
inexpensive, it is unclear whether this approach would provide more informative 
data on long-term effects of air pollution than traditional meta-analyses of already 
published data. Therefore, the establishment of new multicentric cohorts in Europe 
remains an appealing approach to investigate long-term effect of air pollution in this 
region. 

In short-term time series, comparisons are ideally made between different days 
within individuals, and adjustment for day of week and holidays is often performed. 
In contrast, studies on long-term exposure are necessarily based on comparisons 
between individuals, and on cumulative exposure assessment. Misclassification of 
exposure is likely to occur and to affect results. To comment about the different 
models used for attributing exposure at a certain address is beyond the scope of 
this report. In almost all the studies conducted so far, the exposure to ambient PM 
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has been estimated only on the base of the subject’s home address. No additional 
information was available on characteristics of the home (e.g. floor of residence) or 
of the subject’s exposure pattern. Collecting and combining information on hours 
spent at home, at work, outdoors etc. during the day could improve individual 
estimates of long-term exposure. The collection of data on potential confounders 
specifically for the analysis of the association between PM exposure and 
mortality/morbidity would also provide important additional information. 

12.3. RECOMMENDATIONS FOR FUTURE RESEARCH ON HEALTH 
EFFECTS OF AIR POLLUTION IN EUROPE 

Previous studies on short-term effects of air pollution in Europe allow a general 
quantification of the risks. However, information on the possible confounding or 
modifying effect of covariates, and mainly data on course, fine and ultrafine particles 
is limited. Still, with the exception of Central and Eastern Europe, where few data 
are available, further research on short-term effects of air pollution should not be 
given high priority. 

Only a limited number of analytic studies have been conducted in Europe on long-
term effects of air pollution, and these were mainly cohorts designed for different 
purposes. Their ability to provide valid results was limited by sub-optimal strategies 
for exposure assessment leading to misclassification, low statistical power, and 
heterogeneity of approaches. While it is possible that additional exposure data can 
be retrieved for these and other existing longitudinal studies, it is uncertain whether 
this approach would lead to major advances. In any case, priority should be given to 
the co-ordination and harmonization of exposure data in existing cohorts. 

The establishment of new studies represents the preferred strategy to provide new 
insights on long-term effects of air pollution. In areas where estimation of long-term 
PM exposure could be reconstructed, the case-control design should be considered. 
The design and implementation of new cohort studies would provide, in the long-
term, the most reliable information, but would require great effort in terms of time 
and resources. Such new studies would rely on uniform methods to measure air 
pollutants, and be based on an increased number of new measuring stations. 
Participants should be periodically re-contacted and in addition to information on 
possible outcomes, new information on exposure based on uniform methodology 
should be collected. Such new cohorts should give priority to the inclusion of 
populations from Central and Eastern Europe, where air pollution is higher and 
adverse health effects may be detected sooner than in less polluted areas of 
Europe. 
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