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ABSTRACT: Assuming a causal relationship between current levels of air pollution and
morbidity/mortality, it is crucial to estimate the public health relevance of the problem.
The derivation of air pollution attributable cases faces inherent uncertainties and
requires influential assumptions. Based on the results of the trinational impact
assessment study of Austria, France, and Switzerland, where prudent estimates of the
air pollution attributable cases (mortality, chronic bronchitis incidence, hospital
admissions, acute bronchitis among children, restricted activity days, asthma attacks)
have been made, influential uncertainties are quantified in this review.

The public health impact of smoking, environmental tobacco smoke, and air pollution
on the prevalence of chronic cough/phlegm are outlined. Despite all methodological
caveats, impact assessment studies clearly suggest that public health largely benefits
from better air quality. The studies are selective underestimates as they are strongly
driven by mortality, but do not include full quantification of the impact on morbidity
and their consequences on quality of life among the diseased and the caregivers.

Air pollution abatement strategies are usually political in nature, targeting at policies,
regulation and technology in mobile or stationary sources rather than at individuals. It
is of note that key clean air strategies converge into abatement of climate change. In
general, energy consumption is very closely related to both air pollution and greenhouse
gases. The dominant causes of both problems are the excessive and inefficient combustion
of fossil fuel. Thus, for many policy options, the benefit of air pollution abatement will
go far beyond what prudent health-impact assessments may derive. From a climate
change and air pollution perspective, improved energy efficiency and a strong and
decisive departure from the "fossil fuel" combustion society is a science-based must.
Health professionals must raise their voices in the political decision process to give
strong support for clean air policies, both on a national and international level.
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Whereas resources for prevention and treatment
are restricted, the growth in scientific knowledge has
no limitation. Due to unprecedented developments in
science and technology during the last decades, many
health and disease processes can be explained, even on
the level of genes, proteins and cells. The availability
of powerful processors to handle very large amounts
of data and the development of highly sophisticated
study designs and biostatistical tools [1, 2], made it
possible to observe, with high precision, the associ-
ation between the variability of ambient air pollution
and the daily number of hospital admissions and
death [3]. Consistent with European findings [4], e.g.
the recent USA study of SAMET et al. [3] reported a

small, but significant (~0.1-1.0%), increase in daily
death counts per 10 pg'm™ increment in particulate
mass collected by a convention with a 50% efficiency
for ambient particles with an aerodynamic diameter of
<10 pm (PM10). State of the art multivariate analyses
of scientific data offered the opportunity to reliably
estimate minute differences in risk across subgroups of
varying risk profiles. For example, in the Swiss Study
on Air Pollution and Lung Diseases (SAPALDIA),
LEUENBERGER et al. [5] observed an adjusted increase
of 65% in the risk of chronic bronchitis symptoms
among nonsmokers exposed to passive smoking
compared with those without passive smoking. In
the same data set, an increase in the long-term mean

Previous articles in this series: No. 1: Baldacci S, Omenaas E, Oryszcyn MP. Allergy markers in respiratory epidemiology. Eur Respir 2001; 17:
773-790. No. 2: Anté JM, Vermeire P, Vestbo J, Sunyer J. Epidemiology of chronic obstructive pulmonary disease. Eur Respir J 2001; 17:
982-994. No. 3: Cuvelier A, Muir J-F. Noninvasive ventilation and obstructive lung diseases. Eur Respir J 2001; 17: 1271-1281. No. 4:
Wysocki M, Antonelli M. Noninvasive mechanical ventilation in acute hypoxaemic respiratory failure. Eur Respir J 2001; 18: 209-220. No. 5:
Osterlind K. Chemotherapy in small cell lung cancer. Eur Respir J 2001; 18: 1026-1043. No. 6: Jaakkola M.S. Environmental tobacco smoke
and health in the elderly. Eur Respir J 2002; 19: 172-181. No. 7: Hollings N, Shaw P. Diagnostic imaging of lung cancer. Eur Respir J 2002;
19: 722-742.



HEALTH RELEVANCE OF AIR POLLUTION 199

ambient particulate matter concentration (PM10) was
associated with a 27% higher probability to report
chronic bronchitis symptoms [6] and with, on average,
a 3% lower forced expiratory capacity [7].

Although toxicology, molecular science and epide-
miology greatly increase knowledge on air pollution
and health [8], they do not, by default, answer the
question whether any or all the described, postulated,
or observed associations and mechanisms are relevant.
From a public health and decision makers’ perspec-
tive it is, however, crucial to consider the relevance
of health problems to efficiently allocate the limited
resources to protect and enhance the health of the
public. In this review, the challenge as to how to
assess the relevance of air pollution objectively will
be discussed. Given the uncertainties of such assess-
ments, the most influential methodological assump-
tions in the derivation of relevance will be highlighted
and quantified with examples. The third section pre-
sents a comparative assessment of the relevance of
three important respiratory health hazards: smoking,
environmental tobacco smoke (ETS) and air pollu-
tion. In the last section, major air pollution abatement
strategies will be summarised and it will be discussed
whether health benefits can truly be expected.

Attributable cases: an objective measure of relevance

The relevance of risks may be judged from many
different perspectives. Table 1 lists some major

Table 1.—Major criteria in judging the public health
relevance of environmental exposure

Domain of Criterion
judgement
Exposure Probability of exposure

Intensity of exposure
Frequency of exposure
Duration of exposure
Life period of exposure
Number of people exposed
Degree of choice (voluntary exposure?)
Benefit of source that causes
the exposure
Type of health effect
Degree and intensity of effect
Size of effect (e.g. relative risk)
Specificity of effect (other causes?)
Acute versus chronic effect
Frequency of health outcome
among nonexposed
Reversibility of effect
Acceptance of effect
Costs of effects
Number of susceptible among exposed
Feasibility of abatement strategies
Costs of abatement
Benefits of abatement
Specificity of the abatement strategy
Reversibility of health problems
Time of benefit of abatement
Acceptance of abatement strategy
Level of abatement (e.g. individual
behaviour versus structural)

Health effect

Abatement/
prevention

criteria in evaluating the public health relevance of
environmental exposures such as air pollution. Several
criteria are subjective or political in nature, thus, a
value matter. Some aspects, however, are rather objec-
tive quantitative measures. Epidemiological research
investigates health effects under true living conditions.
Therefore, results of epidemiological studies provide
useful objective measures to derive one aspect of
relevance: the number of cases (or the proportion of
all cases) attributable to air pollution. In a next
step, these cases may be monetarised to estimate the
costs of the health impact [9-11]. However, economic
methods may also include judgement values, thus, it is
useful to separate objective quantitative and subjective
or qualitative assessments of relevance clearly. Attri-
butable cases as an example of objective measures of
relevance are the focus of this review.

Conceptually, the assessment of the air pollution
attributable cases is straightforward and relies on the
widely used calculation of "population attributable
risk" and "population attributable proportions" [12].
In contrast to risk measures such as the relative risk
(RR) or the regression slope, which quantify the risk
for an individual, given some exposure compared
with no (or lower) exposure, the "attributable risk"
also includes the number of people exposed or the
exposure distribution in the population. The estimates
are considered to reflect the cases or proportion
among all cases explained by one specific factor. Thus,
the measure is appealing for judging the public health
relevance of a health problem. For example, extremely
rare exposures with very high RRs may be of minor
public health importance compared with a hazard of
small risk but with large fractions of the population
being exposed [13]. The application of attributable
risk methods to air pollution has been extended by
Krzyzanowski [14] of the World Health Organisation
(WHO) Europe and Kunzii et al. [15], as well as in
national and international studies [16].

Figure 1 shows the calculation model with the main
information needed to estimate the number of cases
attributable to air pollution in a given population.
Summary results of one example of estimating the
air pollution attributable cases are given in table 2.

Cases n

A

Risk function

p o= Todd
/ D population
Po

| >
Eo E PM1o0 level

Fig. 1.—Model to derive number of air pollution attributable
cases. The risk function (response function, slope, relative risk),
population frequency of the health outcome P (prevalence, inci-
dence, number of days, etc.), and the population weighed expo-
sure E (or concentration) are needed to calculate D, the total
number of attributable cases. An exposure reference level (Eo),
below which health effects are ignored, must be defined. Po is the
outcome frequency, given exposure Eo.
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to jeopardise science with politics or to perpetuate
misconceptions about epidemiology [26] has failed,
and it is of note that scientists made no progress in
dismantling the claim for evidence of a causal asso-
ciation between current levels of air pollution and
morbidity and mortality in the public [3, 27-29]. Over
recent years, the evidence for causality, particularly
regarding short-term effects, has become stronger [30].

Although most air pollution experts may claim
"causality", the level of evidence may vary for differ-
ent health outcomes. Thus, impact assessors may need
to choose a restricted set of outcomes to derive
attributable cases. Depending on where to draw this
line, different projects may include different outcomes.
In general, much less research has been undertaken
to assess the long-term effects of air pollution. Thus,
whereas most impact studies may include hospital
admissions, asthma attacks or acute respiratory
symptoms, the long-term effect on death rates or
years of life lost and chronic bronchitis remain more
controversial. Studies, such as the USA assessment
by Ostro and CHEesTNUT [31], the trinational study
[15], or the Italian air pollution project (ITARIA) [32],
included chronic bronchitis among adults, based on
the Californian Seventh Day Adventist study [33].
However, it is not yet clear whether these air pollution
attributable cases may be of the same average severity
as chronic bronchitis cases among smokers. Although
this uncertainty may be of limited importance in the
derivation of attributable cases, in a cost assessment,
severity might be of relevance.

Cost of effects

In general, it is true that the process of cost
attribution to the number of cases adds a large level
of uncertainty [9, 10, 34]. This is only partly due to the
lack of data in the field of health economics but is
much driven by the wide margin of cost estimates for
mortality. Depending on methods and concepts, the
cost of one death may vary by a factor of >20. For
example, whereas in USA studies a death may be
valued up to $10 million [20, 35], the trinational study
used a value of €0.9 million (€1.0 is equivalent
to approximately USA $0.9; table 2) [9], the UK
Department of Transport a value of €1.2 million [11],
and the first Swiss assessment a value of less than
€400,000 [34]. This introduces a margin of quantita-
tive uncertainty which goes beyond any other aspect
of uncertainty. Accordingly, controversies are parti-
cularly extensive for economic assessments. Given
that economic assessments are strongly driven by
national preferences and healthcare systems, cost
estimates are usually not transferable. The European
trinational study attributed some <€600-800 per
capita and year to air pollution-attributed health
problems with 75% due to mortality estimates [9]. The
cost values (per case) are indicated in table 2.

The risk function

As shown in figure 1, the slope of the risk function
is influential. In air pollution research, this function is

usually based on epidemiological studies. The para-
meter is often called "exposure/response” or "dose/
response” although epidemiological studies may
measure neither "exposure" nor "dose" in their true
sense directly. As in the case of meta-analyses of
clinical trials, pooled estimates from several studies
may be considered an adequate choice. However,
some assessors may prefer to use, if available, local
effect functions if the uncertainties in these studies are
considered to be smaller than those of transferring
results from other places. For most outcomes and
regions, estimates may not be available. Accordingly,
transferring risk functions from a study population
to the target population of the impact assessment may
be required. This step carries inherent uncertainties
if exposure levels and/or quality of exposure grossly
differ in the two populations. Although theoretically
of concern, it is of note that the currently available
risk functions for outcomes such as hospital admis-
sions or symptoms are rather similar across studies
from different regions, ie. heterogeneity in risk
functions may not be the most influential factor.

Mortality: how should the impact of air pollution on
death be interpreted?

From a methodological perspective, mortality is a
rather unusual and difficult outcome. Due to the high
public attention on this outcome and the strong
influence of death on cost assessments (table 2), it
remains an important and controversial part of the
impact assessment. Two concepts of "death" must be
distinguished. On one side, death is an event (count
data); on the other side it is the delimiter of survival
time or life expectancy. Time-series studies are
extremely efficient and powerful means with which
to investigate the association of the daily number of
death counts and the level of air pollution on that day
or a few days before. Highly precise estimates of the
association between today’s level of air pollution and
mortality rates in the next few days are available [3].
In fact, even on a global scale, these estimates are
rather consistent [4]. However, these time-series studies
have a restricted short-term effect perspective which
must be of concern for health-impact assessors. For
example, let us assume cases where air pollution may
trigger respiratory exacerbation [36] or a myocardial
infarction [37]. It may well be that some of these cases
will survive the very first days but will die within a few
weeks, due to this primary, air pollution-related event.
Time-series mortality studies will not attribute such
"late-onset death" because the vast majority of these
studies investigate only the associations between air
pollution and death which occur within a few days.
In fact, SchwarTz [38] has shown that the typical time
series do not fully capture the short-term effects of
air pollution. Furthermore, the time-series approach
does not assess life time lost nor does it account
for shortening in life expectancy due to long-term
cumulative exposure. For example, air pollution may
lead to recurrent infections which, in the long run,
may result in chronic respiratory symptoms [6, 33].
These conditions are associated with shorter life
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expectancy [39]. Although the actual "event" of dying
may not be related to the level of air pollution at death
or the few days before death, such premature death
should clearly be part of the air pollution health-
impact assessment, otherwise the attributable cases
will be, by default, underestimated. Cohort studies,
however, directly assess the impact of cumulative air
pollution experience on person-time or time-to-death.
Although some very short-term, high-exposure vic-
tims of air pollution may not be captured in the cohort
approach, this design clearly gives a more complete
analysis of the problem. Therefore, based on con-
ceptual considerations, the impact assessment may
rely on concentration/response functions from cohort
studies [16]. The fact that these risk functions are
5-10-times larger, than those observed in time-series
studies, may suggest that the "within-days" effects of
air pollution on death are only a small fraction of the
entire dynamic between air quality and life expec-
tancy. The disadvantage of this choice, however, is the
sparse availability of cohort risk functions. To date,
there are only three USA studies available [40-42],
two of which have been extensively reanalysed [28].
The preliminary confirmative European study has not
yet been published [43]. The heterogeneity across these
few studies is larger than across time-series estimates,
and impact assessments outside the USA may need
to assume that the findings apply similarly to other
regions. The uncertainties in the attributable death
estimates are not quantifiable.

There are two ways to quantify the impact on
"mortality". The above-mentioned cohort studies
published the RR for death, thus, it is straightforward
to estimate the annual number of attributable deaths.
As an alternative, the annual years of life lost may be
quantified. These estimates are preferable in evalu-
ating the public health relevance because they are
sensitive to the age structure of the victims. Assuming
cardiorespiratory causes of death, air pollution-
attributed death may be, on average, rather old. So
far, published studies did not provide estimates of the
years of life lost nor the age structure of the premature
death, thus, indirect estimates and assumptions must
be relied upon, using life tables of the population. The
shortening in population mean life expectancy has
been estimated to be in the range of ~6 to >24 months
for an increase in the annual mean PMi0 of
~10 pg'm™ [10, 44, 45].

The impact of a mixture

The implications of air pollution being a mixture
rather than one toxic substance are different for
epidemiological studies and impact assessments.
Epidemiological investigations are very versatile in
using many surrogate measures of the air pollution
mixture, e.g. nitrogen dioxide, particulate matter of
various sizes, ozone, sulphur dioxide, carbon mono-
xide, etc. These pollutants are often correlated in time
and/or space as they share common sources. The best
surrogate measure for epidemiological research would
be one that: 1) directly is, contains, or is highly
associated with the biologically "causal agent"; 2) is

geographically homogeneously distributed within a
city, thus, a few monitoring stations can efficiently
describe the "true" concentration; and 3) the indoor/
outdoor penetration is high, thus, outdoor concentra-
tions also fully reflect the indoor exposure to outdoor
pollutants, i.e. "personal exposure" may be measured
by central monitors.

Pollutants are rather different with regard to the
second and third characteristics, thus, it remains a
challenge of epidemiological studies to rank the bio-
logical importance across the single pollutants clearly.
Accordingly, although the evidence is very strong
that air pollution causes mortality and morbidity, it
remains more difficult to allocate these effects to one
or the other pollutant. In fact, it may be a scientifically
weak or at least overly simplistic model to expect that
the health problem of air pollution may be explained
by one or a few single pollutants.

For health-impact assessment, however, the corre-
lation of pollutants requires the selection of one or
a few surrogate pollutants to derive the attributable
cases. The sum of the "impact" of each pollutant will
grossly overestimate the contribution of air pollution.
PM10 is currently the most often reported surrogate
measure in epidemiological studies and, therefore,
in the health-impact assessment. Ozone, which is a
serious additional pollution and health problem in the
summer, may be used as a further surrogate to esti-
mate the impact of the oxidant pollution separately.

As shown in the model (fig. 1), population-weighed
exposure data are required. In many areas of the
world, this might be a formidable challenge due to the
lack of monitoring networks. Systematic air pollution
monitoring ought to be implemented on a regular
basis in all populated areas, otherwise health-impact
assessments may be rather speculative.

Impact above what level of pollution?

The choice of the air pollution reference value (E0 in
fig. 1) is of major influence for the number of cases
attributed to air pollution. This choice may depend on
the purpose of the study. In many countries, policy
makers currently face the problem that air quality
criteria regulations are intended to "protect health",
including the health of the most vulnerable people; to
date, research has failed to obtain any evidence for a
no-effect threshold. Thus, similar to carcinogens, the
natural "threshold" might be zero exposure. There-
fore, nonzero target values of clean air acts, inherently
assume that some health impact of air pollution may
be accepted. Impact assessors must choose a level
below which they explicitly want to ignore the impact
on air pollution. To demonstrate the influence of this
choice, figure 2 shows a model of the air pollution
attributable proportion of chronic bronchitis (inci-
dence) in adults as a function of the choice of
"exposure reference level". The model uses the data
and additive attributable case functions used in the
trinational study [15]. Considering zero exposure, i.e.
the full impact of air pollution, >20% of cases would
be attributed to air pollution. However, the attribu-
table proportion above the Swiss clean air act value
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Incident cases attributed to
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PM10 reference value
(i.e. lowest level of case attribution)

Fig. 2. —Influence of the choice of exposure reference level Eo
on the attributable proportion of cases. Health consequences of
exposures below the reference value are ignored. Modified from
trinational study [19], with a current population-weighed mean of
~24 pg-m> particles with an aerodynamic diameter of <10 pm
(PM1o).

(20 pg'm™ PM10 annual mean) would be well below
5%. The trinational WHO study chose 7.5 ug:m™
(mean of exposure category 5-10 pg-m™) to reflect
some "natural background" level of air pollution.
Given that impact assessments have rather different
purposes and may need to address specific policy ques-
tions, investigators have used very different values so
far [9, 31, 32, 46, 47]. Therefore, studies cannot be
compared directly, even in cases where the methodo-
logical framework may otherwise be the same.

The background frequency of diseases matters

The influence of the background incidence or
prevalence of the health outcome in the impact
assessment target population may be substantial
(P in fig. 1). Given that the calculation of attributable
cases applies, in a first step, the RR function to
the background frequency level P suggests that the
number of attributable cases is clearly influenced by
this value. Unfortunately, many health outcomes are
not monitored on a population level and are often
poorly defined. For example, although there is good
evidence for an increase in asthma attacks among
adults during days with increased air pollution,
asthma attacks are not monitored and definitions
of attacks vary across epidemiological studies. To
demonstrate the influence of P on the final result, the
prevalence of chronic cough and phlegm symptoms
are used. Based on the SAPALDIA study [6], a
1.65% (95% confidence interval: 1.28-2.16) increase
may be assumed in chronic bronchitis symptoms,
among those with exposure to ETS [48]. Furthermore,
an increase in the annual mean PM10 of 10 pg-m™ was
associated with a 1.27% (1.08-1.50) higher RR for
these symptoms [6]. Based on data from Zemp et al.
[6], a crude RR of 2.4 can be derived for chronic
bronchitis symptoms in smokers compared with
nonsmokers. With the trinational study attributable

risk model and the Swiss baseline data (table 3),
~20,000 prevalent cases may be attributed to air
pollution in France, Austria, and Switzerland overall,
at ~7% prevalence of symptoms (fig. 3). However, if
the number of smokers is increased up to 100%, the
chronic bronchitis symptom prevalence would be
expected to increase to >17% [6]. In such a popula-
tion, the impact model of figure 1 would attribute
>50,000 cases of chronic bronchitis to the same level
of air pollution (fig. 3). Although the background
frequency of diseases and health-relevant lifestyles
may not be very different across Europe, the problem
may become serious for some health outcomes i.e.
if findings from mostly Western air pollution studies
are applied to impact assessment studies in developing
countries that have rather different patterns of
morbidity and health hazards, apart from ambient
air pollution. For example, in many Asian countries, a
large fraction of cases of bronchitis among children
may be due to indoor burning of solid fuel for cooking
and heating, driving the prevalence of bronchitis [49].
Application of Western air pollution/bronchitis risk
functions, derived in regions where indoor combus-
tion is almost nonexistent [50], to the Asian back-
ground frequency of acute bronchitis may lead to a
large overstimate of the cases attributed to outdoor
air pollution. Extrapolations from Western countries
to developing regions are particularly prone to such
errors. To reduce the risk of false overestimation of
the health impact of outdoor air pollution, baseline
frequency data from populations with low rates may
be used, eg those reported in the nonsmoking
Seventh Day Adventist study [33]. Furthermore,
case attribution calculations can be developed which
transfer an attributable number of cases instead of the
RR estimates from the source studies to the target
population [51].

Comparing attributable risks of different hazards

As discussed above, considerable uncertainties are
inherent in impact assessment, thus, results give an
order of magnitude of the problem rather than a
precise absolute measure of relevance. For policy
makers it may be useful to apply the same methodo-
logical framework to different exposure problems and
policy options. Thus, the impact and potential benefits
may be comparable, whereas the controversy about
the absolute numbers of a single study may become
less relevant.

On a global level, the Global Burden of Disease
(GBD) approach is a valuable attempt in this direc-
tion [52-54]. Cohort studies such as the American
Cancer study on air pollution and life expectancy [41]
were not available in the first GBD assessment of the
global burden of air pollution. The importance of air
pollution in mortality has, thus, been underestimated
[55]. The GBD approach does not simply assess attri-
butable cases but adds an adjustment depending
on disability (disability adjusted life years), adding
further uncertainty or subjectivity. Although the GBD
is very useful in assessments of major health problems
on a global scale, the data are of limited guidance for
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Table 3.—Three comparative attributable risk scenarios for chronic cough and/or chronic phlegm among adults

Expected prevented

Relevant fraction of  Baseline frequency =~ Mean policy scenario

Exposure/response

Exposure levels for

Risk factor

proportion due to
successful scenario

adult population (prevalence)

function” (95% CI)

the risk function

of outcome”

~25%

50% reduction in

16.7%

33% (smokers)

24

Current smoking versus

Current smoking

smoking prevalence

never smoking
ETS versus no ETS

~T1%

50% reduction in

11.2%

13% (ETS, only

1.65 (1.28-2.16)

Passive smoking (ETS)

ETS prevalence

neversmokers

considered)
44% (i.e. 100% of

among neversmokers

~8%

among neversmokers

Reduction of

7%

1.27 (1.08-1.50)

PMio

-3

Per 10 pg-m

Air pollution (PM10

population PM10

the neversmokers)

annual mean

annual mean) among

neversmokers

annual mean by

10 pg'm™

All data based on the Swiss Study on Air Pollution and Lung Diseases population, a random population sample across eight Swiss areas, aged 18-60 yrs (ZEMP et al. [6]).

. in the relevant

«

CI: confidence interval; ETS: environmental tobacco smoke; PM10: particles with an aerodynamic diameter of <10 pm. *: relative risk point estimate;

population; *: crude estimate derived from ZEMP et al. [6].
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Fig. 3.—Number of cases with chronic cough/phlegm that would
be attributed to air pollution depending on the assumed under-
lying all-cause prevalence in the population.

national or local policy decisions. Applications on a
local level are encouraged as they may compare
the relevance of different diseases such as the county
level example conducted for Geneva, Switzerland [56].
However, to guide policy makers and agencies in
decisions concerning allocation of environmental
health resources, there is a need for exposure-oriented
comparative risk assessments.

For example, a comparison of attributable cases of
three hazards may be derived to compare their rele-
vance: smoking, passive smoking, and air pollution.
For simplicity, the only health outcome considered
will be the prevalence for symptoms of chronic
bronchitis [6]. The target population of the example
is Switzerland to provide an intrinsically coherent
example: concentration/response functions and symp-
tom frequencies are all derived from the SAPALDIA
study.

The calculations allow us to compare strategic
options in the prevention of chronic cough and
phlegm. Table 3 summarises the main parameters
with one scenario for each exposure: a 50% reduction
in the smoking prevalence and ETS prevalence among
nonsmokers, and a decrease in the population mean
PMI10 concentration of 10 pg-m™. The expected pre-
vented fraction of these strategies are similar for ETS
and PM10 and approximately three-times larger for
the smoking scenario. Figure 4 shows the theoretically
prevented fraction of separate and combined strate-
gies to reduce these hazards. For example, a 10%
reduction of chronic respiratory symptoms may be
achieved: 1) with a reduction of the smoking pre-
valence from a current 33% to ~27%; 2) by reducing
the prevalence of ETS exposure among neversmokers
from currently 13% to 3%; or 3) by a clean air stra-
tegy which reduces the annual population mean
PM10 from ~25 pug:m™ to <10 pg-m™. This clean air
scenario corresponds approximately to attaining the
Swiss target value of 20 pg-m™ PM10 (annual mean).
It has been estimated that strategies to achieve this
target will shift the population mean to ~10 pg-m™
[57]. In this example, data sources and procedures
to derive the attributable cases are intrinsically com-
parable, thus, regulatory options and costs may be
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Fig. 4.~ Theoretically prevented proportion of chronic cough/
phlegm according to preventive strategies against smoking, environ-
mental tobacco smoke (ETS), and air pollution. Scenario 1:
current state (see table 3); scenario 8: removal of exposure. Inter-
mediate scenarios: smoking prevalence (M) for scenario 2-7: 0.3,
0.25, 0.2, 0.165, 0.1, 0.05, respectively; ETS prevalence (O) for
scenario 2-7: 0.125, 0.1, 0.075, 0.065, 0.5, 0.025, respectively;
particles with an aerodynamic diameter of <10 pm (PM10) annual
mean (A) for scenario 2-7: 22.5, 17.5, 15, 12.5, 10, and 5 ug-m'3,
respectively. : combined abatement.

assessed in a more coherent manner. Figure 5 shows
the expected decline in the symptom prevalence for
the same scenario options.

Air pollution abatement to protect public health

Despite wide margins of uncertainty in the impact
assessment procedure, all projects confirm that even

0.12
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Expected prevalence (cough/phlegm)

0.00"
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Fig. 5.— Expected prevalence of chronic cough/phlegm under differ-
ent scenarios of smoking prevalence and environmental tobacco
smoke (ETS) among nonsmokers and particles with an aerody-
namic diameter of <10 um (PM10) annual mean reduction strategies.
Scenario 1: current state (see table 3); scenario 8: removal of
exposure. Intermediate scenarios: smoking prevalence (M) for
scenario 2-7: 0.3, 0.25, 0.2, 0.165, 0.1, 0.05, respectively; ETS
prevalence (O) for scenario 2-7: 0.125, 0.1, 0.075, 0.065, 0.5, 0.025,
respectively; PM1o annual mean (A) for scenario 2-7: 22.5, 17.5,
15, 12.5, 10, and 5 pg~m‘3, respectively; @: combined abatement.
Scenario 1 is the current state (Switzerland, according to [5, 6]).

under prudent scenarios of an incomplete assessment,
air pollution has considerable effects on the health
of the public [9, 11, 20, 32, 58, 59]. The comparative
example confirms that the mostly voluntary habit
of smoking remains a major concern with a high
preventive potential. In societies with a high pre-
valence of smoking, such as Switzerland (>30%), large
fractions of diseases may be prevented. However,
from a policy making and ethical perspective, involun-
tary environmental exposures must be judged differ-
ently and separately. The example shows that the
involuntary exposure of the entire population to
ambient air pollution contributes considerably to chro-
nic bronchitis symptoms. Abatement of air pollution
and ETS have a similar preventive potential, given the
current exposure patterns in Switzerland. However,
in regions with much higher air pollution levels, the
health relevance of air pollution may greatly increase.

Table 4 lists major areas of outdoor air pollution
abatement strategies. The relative efficiency of these
strategies may vary depending on local characteristics.
However, in general, it is true that technological
changes are more likely to be implemented, whereas,
so far, politicians have often failed to support more
comprehensive and efficient strategies. For example,
the improvements in exhaust technology will, in the
long term, neither improve air quality nor protect the
health of the public if the growth rates in car selling
and driving remain an unquestioned paradigm of
"progress". Sustainable air pollution abatement must
be more comprehensive and include, for example,
urban planning with enforced public transport sys-
tems and rigorous promotion of low- or no-emission
cars. From a health and prevention perspective,
comprehensive traffic policies will be much more

Table 4.—Major air pollution abatement strategies

Sector Measure
General Application of the "polluters pay
policies principle"
Energy/fuel pricing
Ecotaxes
Prioritise public transport systems
Urban planning
"Marshal Plan" for renewable energies
to replace fossil fuel
Stationary Emission control in industries, power
sources plants, incineration
Regulation of solvent use
Fuel production and distribution
Coal, coke, oil reformulation for
power plants, industrial boilers, ezc.
Modification in combustion processes
Closed circuit in dry cleaning
Mobile Catalyst and particle filters for heavy
sources duty traffic, cars, trains, motorcycles,
off-road vehicles
Taxing kerosene for aircraft
Low- or no-emission engines
Traffic regimens (car share, rush-hour
toll, etc.)
Fuel consumption-dependent taxes
Products Solvent replacements in paints,

adhesives, efc.
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efficient than the traditional selective policy approach
[60].

In contrast to smoking, where individuals remain
an important target of prevention, the examples in
table 4 demonstrate that air pollution abatement
requires policy decisions, regulations, technological
and structural changes. Whereas individual reduction
in smoking efficiently removes exposure, the indivi-
dual has very little influence on outdoor air quality.
Whereas personal health directly benefits from smok-
ing reduction, individuals are unlikely to personally
experience the health benefit of cleaner air. The health
risks of ambient air pollution must be considered
very small risks [58], on an individual level, thus, the
minute personal contribution to air quality may have
literally no personal health benefit. In addition, the
air quality and public health benefits of clean air
strategies will happen with some time lag which may
be much longer than one election period. Thus, clean
air policy makers face the very difficult challenge of
finding majorities among decision makers to imple-
ment strategies which may cause costs or inconve-
niences but which will lead to little and most likely late
benefits for the health of individuals. Nevertheless,
the public health benefit of clean air policies are
large, given the long-term everyday exposure of entire
populations. In fact, the problem of small effects
among individuals but large impact in the total
population is a classic public health paradigm [61],
and it has been shown that this apparent paradox is
very relevant for air pollution and health [58]. Given
the current level of scientific evidence, clinicians and
all health professionals must contribute to inform deci-
sion makers about the long-term relevance of strong
and sustained air pollution abatement. Although
calculations of health costs due to air pollution are
highly controversial, it must be emphasised that air
pollution morbidity and mortality do occur, but are
typically not paid for by the polluters. Thus, an
important comprehensive clean air strategy will be the
inclusion of external costs into polluting processes.
The current low price model, for e.g. oil, gasoline or
kerosene, does not cover the costs related to health
damages due to air pollution.

Will the health benefits of abatement happen?

It is typically the case in environmental politics that
stakeholders may question the need for and benefit of
clean air policies. Thus, authorities may be asked to
predict the long-term costs and benefits of regulations
[20]. The question, thus, arises whether attributable
cases as derived in the impact assessment truly reflect
the number of cases that can be prevented under a
clean air scenario. It must be acknowledged that such
predictions inherently require further assumptions
with additional levels of uncertainty and speculations.
In fact, such studies may not add more than an
"order-of-magnitude" idea about the distant future,
and it remains inherently questionable whether it will
ever be possible to rigorously and scientifically prove
the long-term benefits of clean air strategies. At the
least, long-term monitoring of both air pollution and

health outcomes would be needed, in large popula-
tions. Given the long-term economic and cultural
changes in societies, this will, however, not be enough
to prove or disprove the long-term evidence. For
instance, air quality may be improved but myocardial
infarction may nevertheless increase, if smoking rates
strongly increase. Such ecological comparisons are
inherently flawed, thus, repeated full-scale epidemio-
logical studies would be required to truly control
confounding.

It must be emphasised that the health benefits may
depend on the abatement strategy. Given that single
pollutants may be surrogates for mixtures, highly
pollutant-specific abatements may not yield the full
range of health benefits. For more comprehensive
strategies the question of the "culprit pollutant” is
less relevant. For example, traffic-speed reductions
or replacement of current car fleets with low- or no-
emission cars would reduce a variety of pollutants
and, thus, optimise health benefits whatever the
relative importance of single pollutants may be.

For short-term effects of air pollution, there is some
preliminary empirical evidence that the health benefit
of air quality improvements may happen within short
periods of time. Although population-based experi-
mental studies are usually not feasible in air pollution
research, at least three "natural experiments" may be
cited which are in line with rather prompt health
benefits of improved air quality. The first is the "Utah
Valley experience" where a 1-yr closure of a steel
mill resulted in strong declines in air pollution, mor-
bidity, and mortality. The reopening of the mill was
accompanied by pollution and health rates climb-
ing back to preclosure values [62]. As reported by
HEINRICH et al. [63] the remarkable improvements in
air quality in former East Germany were paralleled by
a rather instant decline in respiratory symptom rates
among children, which would be expected from the
concentration risk function from a European epide-
miological study [50]. The third "experiment" was
undertaken during the Olympic games in Atlanta,
GA, USA. Although it may be argued that such
unusual events may limit the adequate consideration
of confounding, the study shows that strong restric-
tions in inner-city car use was followed by reductions
in air pollutants and a decrease in respiratory
emergency room visits among children [64]. Although
none of these studies can be conclusive, they are at
least remarkably coherent with expectations under a
scenario of causality. The studies suggest that short-
term effects may in fact be fully prevented if air
pollutants are lower. It may be worthwhile to foresee
or plan such "natural experiments" in advance to
further assess the evidence of "accountability" of
policies. Potential target regions for such "experi-
ments" may be areas where large developing projects
are just about to be implemented, such as the closure
or opening of new and large traffic arteries or
industrial facilities.

However, for long-term effects and benefits, the
assessment may be much more difficult. In fact, due to
competing risks and large-scale changes in exposure
profiles, over long periods of time, air pollution
attributable cases of long-term effects (e.g. mortality
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and chronic bronchitis among adults in the trinational
study), may not be fully "preventable cases", or only
many years after achieving better air quality [10].
This limitation of case attribution is not restricted to
air pollution but also applies to the derivation of
smoking attributable death, where it is generally
assumed but impossible to prove that "attributable
death" is at the same time "preventable death".

In the light of all the uncertainties and limita-
tions, researchers should not lose sight of the general
patterns and perspectives. Given the current level
of evidence of the association between air pollution
and health, the precautionary principle may provide
excellent guide to rigorously implement clean air
strategies. HortoN [65] well described the precau-
tionary principle as follows:

"We must act on facts, and on the most accurate
interpretation of them, using the best scientific
information. That does not mean that we must sit
back until we have 100% evidence about everything.
Where the state of the health of the people is at stake,
the risks can be so high and the costs of corrective
action so great, that prevention is better than cure. We
must analyse the possible benefits and costs of action
and inaction. Where there are significant risks of
damage to the public health, we should be prepared to
take action to diminish those risks, even when the
scientific knowledge is not conclusive, if the balance
of likely costs and benefits justifies it" [65].

Currently available impact assessment studies clearly
suggest that public health largely benefits from better
air quality. These studies are rather selective under-
estimates as they are strongly driven by mortality but
do not fully include quantification of the impact on
morbidity, and their consequences on quality of life
among the diseased and the caregivers. It is also
of note that key clean air strategies converge into
abatement of climate change [66]. In general, energy
consumption is very closely related to both air pollu-
tion and greenhouse gases. The dominant causes of
both problems are the excessive and inefficient
combustion of fossil fuel. Thus, for many policy
options, the benefit of air pollution abatement will go
far beyond what prudent health-impact assessments
may derive. From a climate change and air pollution
perspective, improved energy efficiency and a strong
and decisive departure from the "fossil fuel" combus-
tion society is a science-based must.

Conclusion

As discussed in this review, the methods to quantify
the health impact of air pollution require assumptions
and have to deal with inherent uncertainties. Prudent
estimates of the impact confirm that even in regions
with moderate pollution, compared with "hot spots"
like the emerging mega-cities in the Far East, air
pollution considerably contributes to morbidity and
mortality throughout Europe. Abatement strategies
are political in nature, thus, health professionals, such
as clinicians, must raise their voices in the political
decision process to give strong support for clean air
policies, on both a national and an international level.
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