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ABSTRACT: Many epidemiological studies have demonstrated the importance of air
pollution as a risk factor and characterised dose-response relationships between health
endpoints and pollutants.

The association between particulate matter (PM) and health is generally regarded as
causal, and a nonthreshold linear relationship with, for example, mortality and hospital
admission has been observed in several settings.

The ubiquitous PM air pollution is likely to have a large overall impact on human
health, even if risks are relatively small. There have recently been a large number of
papers reporting quantitative estimations of the health impact of PM on health, as
measured by the proportion of excess events that are attributable to PM exposures in
the general population, mainly in industrialised countries. For example, in the eight
largest Italian cities it has been estimated that concentrations beyond 30 pg-m™ are
responsible for about 3,500 extra deaths per year. A similar study has been carried out
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for France, Austria and Switzerland.

These evaluations fill a knowledge gap between the laboratory and clinical studies on
the pathophysiological mechanisms, the epidemiological research on the nature and
strength of the association at the population level, and the risk management needs for

developing appropriate preventive policies.

Some limitations in the methodology deserve further research, however health impact
assessment type studies are informative and effective tools of communication with the

general public and policy makers.
Eur Respir J 2003, 21: Suppl. 40, 865s-91s.

The scientific evidence on the health effects of ambient air
pollution has been growing in recent years. Several questions
remain open, but many epidemiological studies have demon-
strated the importance of air pollution as a risk factor for
mortality and morbidity [1-9]. For several specific health
endpoints and pollutants, the associations have been quantified
and concentration-response relationships have been characterised.
Among these pollutants, the role of suspended particulate
matter (PM) has been especially investigated with regard to
its short- and long-term effects on mortality and morbidity.
Most of the scientific evidence available to date concerns
PM10 and PM2.5 (particles with a 50% cut-off aerodynamic
diameter of <10 and <2.5 um, respectively), although the role
of finer particles is of increasing interest. This evidence has
prompted the World Health Organization (WHO) to include
air pollution and its health effects in its agenda [10-12].

Although the biological mechanism of action is not yet fully
understood, the association between PM and health is generally
regarded as causal [13], and a nonthreshold concentration-
response relationship with, for example, mortality and hospital
admission has been observed in several settings. Cohort
studies conducted in the USA found increase in total and
cardio-respiratory mortality in populations of cities with
higher long-term mean PM10 concentrations [14-16]. Short-
term studies have demonstrated effects occurring shortly after
elevated concentration days: hospital admission [17-21], incid-
ence of new cases of bronchitis and occurrence of respiratory
symptoms and asthma exacerbation [22-24], for adults and
children. Increase in daily mortality following days of elevated
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PM concentrations has also been described by many studies
worldwide [25, 26]. With the possible exception of acute
bronchitis in children, the relative risks for all these adverse
outcomes are of the order of a few per cent units increase for
each 10 pg'm™ increase in PM10 concentration. Compared to
other risk factors in epidemiology, these effects are relatively
small, but, on the other hand, due to the ubiquitous nature of
PM air pollution, virtually everyone in industrialised societies
is exposed, especially urban populations. So there are concerns
that the overall impact on human health can be large, and the
associated social and economic costs can be high.

The consistency of the findings of epidemiological studies
and the availability of reliable concentration-response models,
together with the availability of extensive concentration data
routinely collected by monitoring stations, have recently
enabled the quantitative estimation of the health impact of
PM on the health of populations of several countries in the
world. The use of epidemiological information for health
impact assessment in general has been recently evaluated [27],
and specific criteria for using air quality monitoring data
for health impact assessment have been described [28]. In
evaluations of air pollution health impact, PM has often been
used as a summary indicator of air quality, and the findings
describe the burden imposed on health by PM pollution
(mostly in urban settings), and in some cases the associated
economic costs, under the assumption that PM might be
responsible for direct effects but also capture the effects of
other correlated pollutants. The cost-benefit question that
underlies these evaluations is "what are the health gains
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potentially obtainable adopting policies of abatement of
emissions of PM and other pollutants?", a piece of informa-
tion that politicians and community members increasingly
require to inform the decision-making process. A WHO
working group has recently addressed the question of defining
appropriate methods for air pollution health impact assess-
ment [29].

The published analyses have indicated that ambient PM
exposure at concentrations normally measured in industria-
lised countries, especially in urban areas, result in large
numbers of excess adverse health events [30-35]. Generally
speaking, the health burden, or impact, is measured by the
number of adverse health events that are due to PM exposures
in the population under study.

The general approach that has been followed is based on
these steps: 1) establish a set of health endpoints that are
known to be associated to PM exposure and for each of these
do the following; 2) identify a concentration-response coefficient
and its confidence interval (CI), using data published in the
epidemiological literature; 3) estimate the proportion of the
events observed in the study population that is attributable to
PM concentration, and the corresponding absolute number
of cases over a given time period; this is a function of the
concentration-response coefficients, the measured PM10 con-
centrations, and the observed incidence rates or prevalences of
the health endpoints in the study population. The overall sum
of these can lead to economic evaluations, that are not further
discussed in this paper. These three steps are described in the
following three sections.

Choice of health endpoints

Published PM health impact assessment studies [30-35]
have mainly addressed mortality in people >30 yrs and
excluding accidental causes, hospital admissions for respira-
tory and cardiovascular disease, incidence of new cases of
chronic bronchitis, occurrence of respiratory symptoms and
asthma exacerbation episodes, separately for adults and
children (table 1). This choice reflects the need to include
endpoints for which evidence from epidemiological studies is
reliable and based on concentration-response coefficients.
It also indicates the underlying cost-benefit perspective, i.e.
estimates are not only intended as "impact" on health,
but ideally as "gains" or benefits that would be achieved by
reducing average concentrations (to be weighed against the
costs). Thus, changes in acute mortality, which are very
consistently associated with PM short-term fluctuations, are

Table 1.—Health endpoints used for particulate matter health
impact assessment

Cause Relative risk per
10 pg-m™ PM10

(95% CI)

Mortality (adults aged > 30,
excluding accidental causes)

Hospital admissions for CVD causes

Hospital admissions for respiratory
disease

Acute bronchitis (aged <15)

Asthma exacerbation (aged <15)

Asthma exacerbation (aged >15)

Restricted activity days (aged >20)

Occurrence of respiratory symptoms

1.043 (1.026-1.061)

1.009 (1.006-1.013)
1.016 (1.013-1.020)

1.306 (1.135-1.502)
1.051 (1.047-1.055)
1.004 (1.0-1.008)
1.094 (1.079-1.109)
1.07 (1.02-1.11)

PMio: particles with a 50% cut-off aerodynamic diameter of
10 um; CVD: cardiovascular disease; CI: confidence interval.

not included, as there are some doubts that reduction in daily
peak concentrations would result, over a long period, in gains
as predicted by the observed daily associations [36-38].
Similarly other physiological endpoints, seldom measured at
the population level, such as pulmonary function, are not
normally included in the impact estimates.

Concentration-response coefficients

Once the relevant health outcomes have been identified, a
summary concentration-response coefficient must be derived
from the epidemiological literature. For example, most authors
use estimates of effects of long-term exposure on mortality
from POPE et al. [15] and DOCKERY et al. [14]. When many
studies provide information on exposure-response associ-
ation, a meta-analysis of their results is conducted to derive a
common estimate. Typically, the study with less uncertainty
carries more weight in the meta-analysis and in deriving the
final combined estimate. This procedure applied to the results
of the cohort studies on mortality, produces a relative risk
of 1.043 (95% CI 1.026-1.061) for 10 ug-m™ of long-term
average PM10 based on log-linear (i.e. exponential) Poisson
regression models. Given the limited numerical magnitude of
the effects, the relationship can be taken to be linear (fig. 1)
since the difference between the two models is small. More
important bias may arise from extrapolating the association
beyond the exposure levels observed in the studies providing
the evidence.

Estimating the impact

The impact is estimated separately for each health outcome.
The natural metric for measuring a health impact is the
portion of the observed occurrence of an outcome that is
attributable to PM. This can be expressed in terms of propor-
tions or percentages or absolute number of cases. The latter
seems to be the favourite of both scientists and nonspecialised
people, perhaps because of its clarity and ease of communi-
cation. To work out attributable risks, one needs to know,
besides the concentration-response coefficient, the distribu-
tion of exposure in the population, which in the case of
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Fig. 1.-Different estimates of relative risk (RR) of mortality asso-
ciated with PMI1o, based on different Poisson regression models®. —:
log linear; ----- : linear. # Derived from RR 1.043 (95% confidence
interval 1.026-1.061), assuming that an increase from 0 to 20 pgrm3,
for example, results in RR=1+(.043x2)=1.086 (linear) versus
1.043°=1.088 (log-linear).
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ambient PM pollution, consists of the average concentration
measured in the city or area where the population live.
Typically, available monitoring data allows characterisation
of the concentration that applies to large groups of people (all
residents in a city or a neighbourhood), and everyone in such
groups is assumed to be exposed to the same PM concentra-
tion (implications discussed below). With this information it
is possible to calculate the attributable risk as a proportion,
while to obtain the absolute number of attributable cases it is
necessary to know, in addition, the observed rates of disease
or mortality occurrence in the population under study.

There has been some discussion in the literature about the
meaning and the interpretation of attributable risks. There
are conflicting view-points and some paradoxical situations
have been pointed out [39]. For the purposes of the current
study it seems satisfactory to think of attributable risk as the
proportion of disease occurrence that would be prevented if
the rates observed in the unexposed group prevailed in the
whole population. This is a rather cautious definition, far less
binding than the proportion of disease occurrence that would
be prevented if exposure was removed.

The two definitions are equivalent only under certain
circumstances. Deriving a meaningful attributable risk from a
dose-response relationship and the distribution of exposure
in the population assumes full causality of the observed
association. Interpreting attributable risks as a measure of
potential benefits following abatement policies, additionally
requires reversibility of the exposure-disease process, which
raises the question "what is the nature of the causal link?"
(which is not fully known for PM and health). A possible
reason why attributable risks may not be fully reflected by
gains from public health actions is that the exposure-disease
association might take place through some intermediate steps,
and removal of one factor in the chain might result only in
limited reduction of the following factor. Also, attributable
risk estimates are based on the hypothetical situation where
only the exposure of interest is removed, and all other
determinants are unchanged (this also explains why attribu-
table risks for different factors add up to >100%), which is
difficult to imagine in reality. If none of these problems occur,
then the two definitions of attributable risk above are
equivalent.

Since the question asked by policy makers is "how many
cases would be prevented if concentrations were reduced to
X?", the cautious answer would therefore be "Y fewer cases
would be observed, 'if’ the association observed in epidemio-
logical studies is entirely causal and 'if’ and 'when’' rates
observed in the unexposed can be achieved following exposure
reduction".

In fact, another important factor is the temporal scale of
effects, i.e. the latency times from exposure to adverse event.
For acute effects, this is not too problematic, as they follow
exposure by a few days, but in the case of long-term exposure
on mortality, this is uncertain. For both short- and long-term
effects, adaptive responses and the role of competing risk factors
might break the identity between health impact (estimated
retrospectively) and potential gain (estimated prospectively),
but for long-term exposures and mortality accumulated over
a long time period the additional question arises as to how
long before a reduction in PM concentration is followed by a
reduction in mortality. In addition, an "attributable death" is
inevitably an anticipated death, so the most relevant public
health measure is how long is the displacement time, i.e. how
many years or months of life are lost. These considerations
led some authors to estimate PM impact on mortality not in
terms of attributable proportions or number of cases, but in
terms of person-time lost, expressed as reduction in life
expectancy, and to describe how gains would take place under
different hypotheses on latency time [33]. It was estimated,

for example, that for people alive at the beginning of 2000
in England and Wales, assuming a 10-yr latency period, a
reduction of 10 pg-m™ of PM10 would result in a gain of
15.17 million life years, i.e. an increase of a few months life
expectancy for the whole population, achieved 10 yrs after the
concentrations are reduced.

Analytical methods

The algebra for estimating attributable risks and attribu-
table number of cases, as a function of concentration-
response coefficients, average concentrations and observed
prevalences, is simple. The rationale is that the observed
prevailing rate is the rate in the population exposed to the
current measured concentrations. Using the coefficient, one
calculates the rate that would prevail if the population was
unexposed, and the comparison between this predicted rate
and the observed rate provides the attributable risk and
the attributable number of cases. For obtaining CIs, the
estimation is repeated using, in place of the concentration-
response coefficient, its upper and lower confidence limits.
This process raises an important question: what is meant by
"unexposed"? In principle it is possible to use, as reference
level for exposure, the zero concentration, but this has not
been done in published studies, as it is not useful to estimate
the total health impact of all PM, because it is not realistic to
envisage zero concentrations. KUENZLI et al. [30] for example,
used 7.5 pg-m™ as reference for PM10, as this is regarded
as the natural background concentration; results are then to
be interpreted as health impact of man-made PM10. Other
authors give estimates of attributable risks using different
reference levels (e.g. 20 and 30 pg-m™) [34], or associated to
changes in PM10 concentration of 5, 10, 15 and 25 pg'm™
[33], in order to illustrate the potential benefits associated with
different reduction policy scenarios. An advantage of the
linear approximation is that it is possible to express attribu-
table risk per 10 pg-m™, without specifying a fixed reference
level, as was done by KUENZLI et al [30]. This allows the
reader to work out the attributable risks and potential gains
at any reference value; on the other hand gains per unit PM
changes might cause some confusion as they can be more
easily mistaken for constant values, which can be extra-
polated across studies, whereas they strictly apply to the
population under study.

The algorithm for calculating in practice the attributable
number of cases, E, given a health outcome is reported in
figure 2.

Interpretation of health impact assessments

The approach outlined above has been adopted by most
published studies aimed at assessing the health impact of
PM. As discussed, while deriving the estimates may be simple,
their implications are not straightforward. There are several
limitations that should be considered. As in many studies
in the environmental field, one of the most important sources
of error is poor exposure assessment. The impact studies rely
on measures of PM concentration that are averaged over
long time periods and across large populations, such as all
residents of large cities. Obviously these mean values result
from a distribution of concentrations that might have different
degrees of variability, even of large magnitude, and more
importantly they approximate roughly the relevant unknown
individual exposure. Although this is a potentially serious
limitation, it must be said that impact studies are consistent
with the epidemiological studies which provide the relevant
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Associated increase
per unit change
in exposure level

Rate observed
in the population

Difference between measured
and reference concentration
in the same units as dRR

Population size
exposed to C

E = dRR*B*C*P

Fig. 2. Algorithm for calculating the attributable number of cases (E) of a health outcome.

information: the concentration-response coefficients are esti-
mated in epidemiological studies using average measures of
concentration, and the same measures are used for impact
assessment. In addition, it has been suggested that, assuming
the existence of an appropriate individual measure of exposure
(which has not yet been identified), average concentrations
are an approximation which involves Berkson type error and
risk estimates are therefore unbiased [40]. However, while this
consistency is appealing, it has not yet been demonstrated
clearly that impact estimates are unbiased; perhaps even more
importantly, it is not clear whether estimates of uncertainty,
calculated as a function of only the concentration-response
coefficient, are correct, or if other sources of error should be
included.

A second important question concerning the interpretation
is the validity of extrapolating results from epidemiological
studies carried out on a population to other populations for
impact assessment. While substantial differences in terms of
susceptibility to air pollution seem unlikely, there are other
factors that may produce bias, such as: differences in daily
pattern of activity, climatic conditions, housing, efc. that
would result in different exposures from the same ambient
concentration; different importance of confounding factors
that might not have been properly controlled for in the
epidemiological studies; different techniques in air pollution
concentration measurement, and others. In principle it would
be preferable to use coefficients estimated from the same
population for which the impact assessment was done,
however this is rarely possible. For long-term mortality, for
example, large and costly population-based cohort studies
would be needed.

A third limitation is in the use of PM as an indicator for the
mix of pollutants to which people are exposed. Undoubtedly
PM10 has been measured reliably in many parts of the world,
especially in urban areas, and it is correlated with many other
gaseous pollutants. In addition it would be more difficult to
estimate the health impact of other pollutants, as quantitative
dose-response information is more limited than for PMI0.
However, even if the estimation was done, it would not be
correct to sum up the impact estimates to obtain an overall air
pollution impact, except if different health outcomes were
considered. This applies to most common pollutants in the
urban setting (PM, nitrogen oxides, sulphur dioxide, carbon
monoxide), with the exception of ozone (O;), which is uncor-
related with the other pollutants. O; was included in a recent
impact assessment for four large American cities [31].

Finally, it is important to consider the question of the
susceptible subgroups of the population. It is possible that the
associations observed in the epidemiological studies are
driven by selected subsets of the population, defined by age,
profession, social class or physiological parameters. If this
is the case, it would be another factor limiting the validity
of extrapolating risks from a population to another if the
proportions of the sensitive groups differ between populations.

These limitations have been acknowledged by all authors of

PM impact studies, which are based on a common rationale
and, although there are some differences, share most of the
methodology. It has been suggested that this methodology
produces estimates of at least part of the overall air pollution
health impact [30], for example by considering PM only and
ignoring other pollutants’ effects, and by not considering all
relevant health outcomes. Thus, these impact estimates are
considered to underestimate the overall health impact, and
therefore be "prudent" in terms of developing and adopting
abatement policies without incurring excessive societal costs.

Discussion

Available impact studies indicate that the burden on health
in populations of industrialised countries is large. For example,
recent studies carried out in Europe have evaluated the health
impact of PM10, estimating that ordinary concentrations
account for tens of thousands of deaths per year in France,
Switzerland and Austria [30], thousands of deaths per year in
the eight largest Italian cities [34], millions of person-years in
England and Wales, and hundreds of thousands of person-
years in the Stockholm County (based on PM2.5 concentra-
tions) [32]. Region-wide analysis conducted by WHO is
consistent with those individual studies [35]. Mortality tends
to attract most of the attention, but the attributable morbidity
and hospitalisation is also very large.

These kinds of evaluations fill a knowledge gap between the
laboratory and clinical studies on the pathophysiological
mechanisms, the epidemiological research on the nature and
strength of the association at the population level, and risk
management. These risk assessment studies are necessary
steps preceeding the development of appropriate preventive
policies. The limitations discussed above should be taken into
consideration in order to make these estimates more reliable,
and make a stronger case for public health action.

Further work, in particular, seems to be needed to develop
second generation impact assessment studies, with regard to
several methodological aspects, illustrated in table 2. With
regard to a clearer understanding of the impact estimates for
hospital admissions, it is important to point out that they
might be subject to a harvesting effect as well as mortality
[41]. Other aspects which require consideration include: the
link between "attributable" and "preventable" risks, and the
temporal dimension; consideration of susceptible subgroups
such as children, the elderly, people with respiratory condi-
tions or allergies; and the inclusion of these impact asses-
sments into integrated impact assessments of, for example,
transport policies, where a variety of other direct and indirect
effects are taken into consideration.

Furthermore, there is an urgent need for improvement of
the databases for health impact assessment in developing
countries. Scarce air quality data indicate that air pollution
may cause significant burden to health of their residents.
However the lack of locally conducted epidemiological studies
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Table 2. —Further work needed to develop second generation impact assessment studies

Validity of using large population average concentrations

Validity of extrapolating risk estimates across populations

Reliability of uncertainty estimates

Treatment of multiple pollutants

Appropriateness of the linear concentration-response model for all health outcomes

Inclusion of further health outcomes

Clearer understanding of the impact estimates for hospital admissions, which might be subject to a harvesting effect as well as
mortality [28]

Link between "attributable" and "preventable" risks, and the temporal dimension

Consideration of susceptible subgroups such as children, the elderly, people with respiratory conditions or allergies

Inclusion of these impact assessment into integrated impact assessments of, for example, transport policies, where a variety of other direct
and indirect effects are taken into consideration

raises questions about the applicability of extrapolations
based on the USA and European investigations.

Notwithstanding the limitations and the need to develop
more appropriate methods, health impact assessment studies
have proven informative and effective as a means of communi-
cation with the general public, decision makers and other
interested parties, to feed available scientific evidence into the
policy making process, and to draw attention to the urgent
need to take action to reduce an important risk factor for the
health of millions of people worldwide.
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