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Abstract
This paper examines the relation between the results of epidemiological studies of air pollution
mortality and impact indicators that can be informative for environmental policy decisions. Using
models that are simple and transparent, yet contain the essential features, it is shown that (1)
number of deaths is not meaningful for air pollution, whereas loss of life expectancy (LLE) is an
appropriate impact indicator; (2) the usual short term (time series) studies yield a change in daily
number of deaths attributable to acute effects of pollution, without any information on the
associated LLE (although some information on this has recently become available by extending
the observation window of time series); (3) long term studies yield a change in age-specific
mortality which makes it possible to calculate the total population averaged LLE (acute and
chronic effects) but not the total number of premature deaths attributable to air pollution. The
latter is unobservable because one cannot distinguish whether few individuals suffer a large or
many a small LLE. The paper calculates the LLE from exposure to PM10, as implied by the long
term mortality studies of adults and infants; population LLE for infants turns out to be an order of
magnitude smaller than for adults. The LLE implied by short term studies is a small fraction of
the total loss implied by long term studies, even if one assumes a very high loss per death.
Applied to environmental policy, taking a permanent 50% to 70% reduction of PM10 as a
reasonable goal, one finds a corresponding increase of average life expectancy in urban areas of
EU and USA by roughly four months.

Key words: air pollution, mortality, infant mortality, causes of death, particulate matter, life
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1. Introduction
In recent years, many studies have attempted to quantify the impacts of mortality due to air
pollution [ORNL/RFF 1994, Rowe et al. 1995, ExternE 1998, ExternE 2000, Levy et al 1999,
Abt 2000, Kuenzli et al 2000, and others]. Whereas all studies before 1996 calculated a number
of premature deaths, there has been a growing recognition in recent years that it is more
meaningful to look at loss of life expectancy (LLE) [see e.g. McMichael et al 1999, Wilson &
Crouch 2001]. In particular, it is not reasonable to attribute the same benefit to the avoidance of
an air pollution death, with an LLE in the order of months, as to a car accident which claims on
average 30 to 40 years. Therefore the ExternE project series (“External Costs of Energy”) has,
since 1998, based the monetary valuation of air pollution mortality on LLE, and economists have
begun to evaluate the willingness-to-pay to increase life expectancy [Johannesson & Johansson
1996, Krupnick et al 2000] (by contrast to previous "value of life" studies that are based on
accidental deaths).
It has also been recognized that the full impact of air pollution on health is much larger than what
can be measured by the easy and widely used time series epidemiology (which identifies only
acute impacts, observable within a few days after exposure to air pollution). Unfortunately it is
very difficult and costly to measure the total impacts (short plus long-term), and there are only
few long-term studies available. However, in recent years three important epidemiological
studies, of the prospective cohort type, have examined the long-term impacts. Two of these
[Dockery et al. 1993, Pope et al. 1995] have found positive correlations between exposure to
particles and long term mortality (also called chronic mortality in contrast to the acute, or short
term, mortality measured by time series studies), while the third [Abbey et al. 1999] found a
significant positive correlation with long term mortality for men but not for women. The
methodology and analysis of Dockery et al. [1993] and of Pope et al. [1995] have been confirmed
by the reanalysis project of the Health Effects Institute [Krewski et al 2001]. The analysis period
of the cohorts studied by Pope et al [1995] has recently been more than doubled to 16 years, with
much more thorough analysis and results that are numerically comparable [Pope et al 2002].
However, there continues to be confusion about the interpretation of epidemiological studies of
air pollution mortality and their use for deriving impact indicators for environmental policy
decisions. In particular some authors try to interpret the studies of chronic mortality by estimating
a number of premature deaths. The term “excess deaths” has also been used but does not seem
apt since the number of deaths is uniquely determined by the number of births; a risk factor can
only cause a death to occur earlier. 1
For air pollution a number of premature deaths is not meaningful for several reasons, the first two
being obvious, the third being explained in Sections 2 and 6:
i)
it makes no sense to add the number of deaths due to different contributing causes (such as
air pollution, smoking or lack of exercise) because one would end up with numbers far in
excess of total mortality;
ii) number of deaths fails to take into account the magnitude of the loss of life per death, very
different between for example air pollution deaths and typical traffic accidents;
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“Excess death rate” would be meaningful because the number of deaths per unit time is increased by a risk factor,
but it is equivalent to stating the LLE because the relative increase in long term average death rate is the ratio of LLE
and life expectancy.
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iii)

by contrast to primary causes of death (such as accidents or cancers), the total number of
premature deaths attributable to air pollution is not observable.
LLE avoids these problems; it is a meaningful and appropriate impact indicator for all risk
factors, even those that are not observable as the cause of an individual death. In particular, it can
be added across different risk factors (at least in the limit of small risks).
By means of models that are simple yet contain the essential features, this paper examines what
kind of impact indicators can be extracted from epidemiological studies of air pollution mortality.
Whereas this question has been addressed for cancers in previous studies, e.g. by Robins &
Greenland [1991] and Thomas et al [1992], the issues are different in the present case since air
pollution cannot be identified as primary cause of a particular death and most air pollution
mortality is cardio-vascular, very different from cancers. Furthermore, the important
methodology of time series is not appropriate for cancers. Epidemiological studies of the usual
time series type measure a change in the number of deaths per day without any information on
the LLE per death; only acute effects (i.e. due to short term exposure) are taken into account
(although, two recent studies [Zeger et al 2000 and Schwartz 2000] have obtained some
information on the LLE per death by extending the observation window of time series studies).
Long term epidemiological studies can measure the total impact of air pollution or other
contributing causes on mortality; their results are expressed as in increase in age-specific
mortality from which LLE can be calculated.
As an illustration, numerical results are presented for the LLE implied by air pollution, based on
the most recent references. The numbers for chronic mortality of adults have been published
before, but here they are updated and adapted to the more relevant mean concentrations according
to Pope et al [2002]. The numbers for acute mortality are based on Samet et al [2000a and b],
Katsouyanni et al [1997] and Levy et al [2000]. The numbers for infant mortality, not published
before, are calculated using Woodruff et al [1997] and Bobak &Leon [1999]. Finally the numbers
are placed in perspective by showing how much the life expectancy could be increased by
reducing the ambient concentration of particulate matter.
2. Observability
To see what can be observed under optimal conditions by an epidemiological study, let us take a
stationary population (birthrate = death rate = constant) whose baseline daily death count is n0 in
the absence of pollution. Consider the effect of a brief exposure pulse at t=0, for a series of
models, illustrated in Fig.1, that become progressively more realistic. In the simplest model,
Fig.1a, all individuals who are affected die between t (delay time) and t +Dt after the pulse, and
their life expectancy L is shortened by LLE; Dt is the period over which the data are aggregated,
i.e. 1 day for daily death counts. The increase Dn in daily death count is followed by an equal
decrease after LLE. This phenomenon, sometimes called "mortality displacement" 2, is an
inevitable consequence of the fact that sooner or later everybody dies. With the generalization in
Fig.1b all individuals who are affected die over a range of delay times {ti} after the pulse and
lose LLE. Fig.1c supposes that all individuals who are affected die between t and t +Dt after the
pulse and suffer a range of losses {LLEi}.
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The term “harvesting” has also been used, with the implication that deaths are advanced by only a very short
period; here nothing is implied about the loss per death.
3

a)

n

increase

t

= delay

depletion

Dn

n0

LLE

Dt

Dn

Dt

t=0

t

b)

c)

n

t

n0

{LLEi}

t=0

d)

n

t

{ti}

equal areas

n0

{LLEi,j}

t=0

t

e)
n

{ti}
only net is observable

n0

{LLEi,j}
t=0

t

Fig.1. Several models for effect of air pollution pulse at t=0 on daily death count n. Dt = 1 day.
a) all affected individuals die between t and t +Dt, and their life span is shortened by LLE.
b) all affected individuals die over a range of delay times {ti} and lose LLE.
c) all affected individuals die between t and t +Dt and suffer a range of losses {LLEi}.
d) affected individuals die over a range {ti} and suffer a range of losses {LLEi}: depletion is distinct.
e) affected individuals die over a range {t i} and suffer a range of losses {LLEi}: depletion overlaps and
only the net (heavy line) is observable, not the total attributable to pollution.
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Finally, in parts d) and e) of Fig.1, there is both a range of delay times {ti} and a range of losses
{LLEi}. Since t i and LLEi are likely to be long compared to a day, smooth curves are shown
instead of the steps in parts a)-c). In part d) the depletion is distinct (Min[LLEi,j] > Max[ti]) and
the total number of deaths is observable: it is the integral under the peak. In part e) the depletion
overlaps and the observed death count, indicated by the heavy line, is less than the total number
of deaths attributable to the pulse (= area between n0 and upper envelope). To reconstruct the true
mortality peak from the observed data, one would need to know the distributions of {ti} and
{LLEi}. But they cannot be determined because only the thick line in Fig.1e) is observable.
Therefore in the case with overlap the total number of deaths due to the pulse is larger than what
is observable. Another way of putting it is that the total number of attributable deaths is
observable only if they are all sufficiently immediate, in the sense of not being obscured by the
subsequent depletion of the population.
Even though the discussion of Fig.1 started with the assumption of a single brief exposure pulse
and the observation of a stationary population, the conclusions are general. In practice there will
be a superposition of days with different exposures, some higher, some lower than the average
(=baseline), confounding the overlap between positive and negative contributions (relative to the
baseline mortality) even more.
Because of the large spread of the {LLEi} distribution and the fluctuations in concentrations, the
depletion tends to become a uniform background, not visible in TS studies. By looking only at
the death rate within the first few days after exposure, TS see mostly the initial deaths rather than
the net death rate. This explains why TS are such a sensitive tool. The price is the loss of any
information on the LLE per death.
But the longer the window over which the number of deaths is averaged, the less the initial
change in deaths after a change in concentration stands out above the depletion background. Long
term (cohort) studies see the net death rate, i.e. the initial deaths minus the depletion; the effect
of pollution is identified by comparing populations that are exposed to different concentrations.
As shown by Rabl [2002], long term studies allow the calculation of population total LLE, but
not the number of deaths attributable to air pollution: the change in net death rate due to pollution
is the same whether a few individuals lose much or many a little.
3. Short Term Studies
DR functions for acute mortality are obtained from correlations between variations in ambient
concentration Dc and daily death count Dn; in practice the observation window tobs (=maximum
delay between exposure and impacts taken into account for the correlation) is at most 5 days. The
result carries no information on LLE. This is easy to see for the model of Fig.1a where a short
pollution pulse of concentration increase Dc causes Dn individuals to die exactly LLE sooner than
in the absence of the pulse. In the situation of Fig.1a a time series analysis finds that Dn is
proportional to Dc, independent of LLE. This feature remains unchanged with more realistic
models (Fig.1d or e), sequences of days, or complications such as LLE per death varying with Dc.
Therefore the usual short term mortality studies observe changes in the daily death count, without
providing any information on the loss of life expectancy LLE per death. This fact has also been
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noted by others, in particular Kuenzli et al [2001] who discuss the relation between acute and
chronic mortality.
However, this situation changes if the observation window tobs is enlarged to cover a significant
portion of the {ti} distribution and the concentration is correlated with the sum of the daily Dn
within this window, rather than just the Dn for a particular day. The sum of the observed daily Dn
increases with tobs until the heavy line in Fig.1e drops below the baseline n0. Two recent studies
[Schwartz 2000 and Zeger et al 2000] have succeeded in extending tobs. Without going into detail
one can say that they find the correlation coefficient between concentration and sum of the Dn
within tobs to increase with tobs until at least 60 days, implying that the average loss of life per
death is at least in the order of 60 days. Unfortunately it does not seem possible with this
approach to extend the window further because for longer windows the fluctuations of
confounding factors overshadow the effect of concentration fluctuations.
The time series approach has the great advantage of being easy to implement and unaffected by
the confounders, such as smoking that plague the determination of chronic DR functions. It is a
very sensitive tool, crucial for identifying possible links between air pollution and health. But it
can only measure short term impacts. To measure the total (short and long term) impacts of air
pollution one needs long term studies.
4. Long Term Studies
In the long term studies cited above, cohorts in regions with different pollution levels were
selected and observed over many years. A key element for the analysis is the age-specific
mortality m(x), defined such that someone who has reached age x has a probability m(x) Dx of
dying between x and x + Dx (data are usually stated in terms of Dx = 1 year). Without going into
the details of their statistical analysis one can say that such studies measure a change in m(x). The
observation window must be long; it has been at least seven years in the cohort studies of Abbey
et al, Dockery et al and Pope et al [1995], recently extended to 16 years for the latter [Pope et al
2002].
Using the Cox proportional-hazards regression model, the survival data are fitted by assuming
that exposure to a concentration increment Dc increases the mortality relative to the baseline m0(x)
by
m(x) = m0(x) exp(k Dc)

,

(1)

with the parameter k to be determined. The factor exp(k Dc) is reported as mortality risk ratio R,
or relative risk, for air pollution. Pope et al found
R = exp(k Dc) = 1.17 for Dc = 24.5 mg/m3 of median PM2.5 concentrations,

(2a)

implying
k = 0.0064 per mg/m3 of median PM2.5 concentrations,
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(2b)

and until now the calculations of LLE [including Leksell & Rabl 2001] have been based on this
value of R.
While the reanalysis of Krewski et al [2000] for median PM2.5 concentrations confirms Pope et al
[1995], the present paper uses the more recent result of Pope et al [2002], which is based on mean
concentrations PM2.5, because mean concentrations are more commonly reported than medians.
The relative all-cause mortality risk reported by Pope et al [2002] for the average concentration
1979-2000, in their Table 2, is (in parentheses 95% confidence interval)
for Dc = 10 mg/m3 of mean PM2.5 concentrations,

R = 1.06 (1.02 to 1.11)

(3a)

implying
k = 0.0058 per mg/m3 of mean PM2.5 concentrations.

(3b)

We choose the number corresponding to the average concentration 1979-2000, rather than the
one for 1979-1983 which the authors cite in the abstract, because the average over the entire
study period seems more relevant for policy purposes.

5. Loss of Life Expectancy due to Air Pollution
5.1. Mortality and Life Expectancy
Relatively simple steady state analyses have been published by Brunekreef [1997], ExternE
[1998] and Rabl [1998], recently confirmed by a more thorough and detailed dynamic analysis to
take into account variable pollution exposures [Leksell & Rabl 2001]. The present paper adds the
calculation of LLE for infant mortality, not previously published. This calculation requires an
assumption on how long the infants who die would have lived in the absence of air pollution,
which introduces a large uncertainty. To explain why this uncertainty is larger for infants than for
adults, it is instructive to recall the method for calculating LLE.
The survival function S(x,x’) is the fraction of a cohort of age x that survives at least to age x’.
Since the fraction that dies between x’ and x’ + Dx’ is DSm(x,x’) = Sm(x,x’) m(x) Dx, one gets the
differential equation
dSm(x,x’) = - Sm(x,x’) m(x’) dx’

;

(4)

the boundary condition is Sm(x,x) = 1. One readily finds the solution
Sm(x,x’) = exp[-

Ú

x'
x

m(x’’) dx’’]

(5)

.

The probability distribution for a member of the age x cohort to survive to and die at age x’ is
p(x,x’) = Sm(x,x’) m(x’)

.

(6)
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it is normalized to unity over the interval from x to •. The expected age of death is therefore the
integral of x’ p(x,x’) from x to •. The difference between the expected age of death and the
starting age x is the remaining life expectancy L(x) of this cohort
L(x) =

Ú

•
x

x’ Sm(x,x’) m(x’) dx’

(7)

- x.

For practical calculations the formula
L(x) =

Ú

•
x

(8)

Sm(x,x’) dx’

is more convenient and converges faster as the upper limit of the integral goes to •. For
calculations with life tables one approximates the integral by a sum over one-year intervals.
If m(x) changes, for example due to air pollution, Sm(x,x’) and L(x) change accordingly. The
resulting change LLE(x) for a cohort of age x is the difference between L(x) calculated without
and with this increase
LLE(x) =

Ú

•
x

[Sm0(x,x’) - Sm(x,x’)] dx’

(9)

,

where Sm0(x,x’) is the survival curve for the baseline mortality m0(x). The impact on the entire
population is obtained by summing LLE(x) over all affected cohorts, weighted by the age
distribution.
5.2. LLE for Adults
The above calculation is directly applicable to steady state exposures, and Eq.9 yields the LLE
due to constant exposure during an entire lifetime. The results of Pope et al also correspond to
steady state exposure because time variation of the concentration data was not considered. But it
is also of interest to consider time varying exposures, especially for applications to environmental
policy. Furthermore, the real exposure of the cohorts studied by Pope et al declined during the
study period, and it is not obvious how this may have affected the results.
For these reasons Leksell & Rabl extended the above framework to account for time varying
concentrations and impacts. They do this by introducing the time constant(s) for the decrease of
risk after exposure, based on estimates from studies of smoking (such decrease of risk occurs if
the body repairs some of the damage). Even though the uncertainty of time constant(s) inferred
from smoking studies is large, it turns out to have almost no effect on the resulting LLE, as
Leksell & Rabl confirm by a sensitivity analysis.
Leksell & Rabl show that the LLE is almost exactly proportional to exposure, defined as time
integral of the concentration increase under consideration; the time distribution itself does not
matter. For comparison purposes it is therefore convenient to state the LLE for exposure during
one year to a concentration increment of 1 mg/m3 of PM10; the result can readily be scaled to other
exposures. Since the effect of a one-year pulse on infant mortality does not extend beyond the
8

first year of the cohort (by definition of infant mortality), the simple steady state analysis of Eq.9
is sufficient for infants. For adults, a good approximation can be obtained using the steady state
analysis, if one divides the loss due to a constant life time exposure by the life expectancy at
birth.
For adult chronic mortality due to a pollution pulse of 1 mg/m3 PM2.5 lasting 1 year, Leksell &
Rabl find approximately 600 years of life lost per million persons as typical result in the EU and
in the USA (see the l column in their Table 1), based on Pope et al, Eq.2, with a correction factor
for past exposure. Variations due to differences in life table data between the USA and the EU
change this number only by a few percent. Using instead the more recent Pope et al [2002], Eq.3,
this is reduced to 550 years of life per million persons. Since PM10 data are more commonly
available, it seems appropriate to multiply this number by the typical PM2.5/PM10 ratio of 0.6 to
obtain
LLE = 330 (110 to 590) yrlife/(yrexp⋅mgPM10/m3) per million persons .

(10)

The range in parentheses corresponds to the 95% confidence interval of R in Eq.3, and the
subscripts of yr distinguish years of life lost and years of exposure. This is a global number,
averaged over the entire population. Individual losses can be higher or lower but the distribution
is not known.
5.3. LLE for Infants
Woodruff et al [1997] analyzed cohorts consisting of about 4 million infants born in the USA
between 1989 and 1991. They found statistically significant associations between PM10
concentrations and several causes of postneonatal mortality: SIDS (sudden infant death
syndrome) and respiratory causes for normal birth weight, as well as respiratory causes for low
birth weight. The corresponding relative risks are shown in Table 1, together with the
corresponding Dc. Woodruff et al looked only at the postneonatal period (between the ages of 27
days and 1 year), because postneonatal deaths are thought to be more influenced by the infant’s
external environment than deaths during the neonatal period.
Bobak & Leon [1999] carried out a case-control study of infant mortality in the Czech Republic
from 1989 to 1991. Among the associations shown in their paper, the most relevant for the
present purpose appear to be those for respiratory and for all cause postneonatal mortality due to
TSP (total suspended particles), shown here in Table 1 together with the corresponding Dc. The
latter has been converted to PM10, assuming a PM10/TSP ratio of 0.77, the center of the range 0.57
a 0.96 observed in the Czech Republic [M. Bobak, personal communication 14 Feb. 2002].
Contrary to Woodruff et al, Bobak & Leon did not find a significant association for SIDS.
Table 1. Calculation of LLE for postneonatal mortality (between 1 and 12 months of age). The LLE is
upper bound because infants who die because of pollution may have had less than normal life expectancy
(here assumed as 76 yr).

Rel. risk R

SIDS,
NBW
1.12 a

Woodruff et al [1997]
Bobak&Leon[1999]
Resp,
Resp,
All causes Resp All causes
NBW
LBW
a
a
1.20
1.05
1.04 a
1.95 b
1.19 b
9

Dc [m/m3 PM10]
k [per (m/m3)]
mortality, per 1000 births
LLE [yrlife/(mg/m3), per birth]
LLE [yrlife/(yrexp⋅mg/m3) per million]

10
0.0113

10
0.0182

10
0.0049

10
0.0039
3.89 d
£0.00115
£16.6 e

38.25 c
0.0175

38.25 c
0.0045
3.89 d
£0.00133
£19.3 e

NBW = normal birth weight; LBW = low birth weight; SIDS = sudden infant death syndrome; Resp =
respiratory causes.
a
Table 3 of Woodruff et al [1997].
b
Table 4 of Bobak & Leon [1999].
c
Assuming a PM10/TSP ratio of 0.77.
d
Table 30 of NCHS [1999], subtracting perinatal from total infant mortality.
e
For birth rate 14.5 per yr per 1000 population [NCHS 1999].

The authors note that “… the associations with mortality were approximately linear”. Applying a
dose-response relation of Bobak & Leon to other countries involves uncertainties, because of
different levels of air pollution and infant mortality. However, the concentrations during this
study were only about a factor of two higher than those found in urban environments of EU and
USA, not a large difference in view of the approximate linearity observed by Bobak & Leon (the
mean exposure in the study was 55 mg/m3 of PM10, with a range from 9 to 139 if one converts
with a PM10/TSP ratio of 0.77). The infant mortality rates are not very different: 9.6 per 1000 for
the data set of Bobak & Leon and 7.2 per 1000 in the USA [NCHS 1999].
The bottom line of Table 1 shows the LLE implied by the associations for all cause mortality.
The numbers, for Woodruff et al 16.6 yrlife/(yrexp⋅mgPM10/m3) per million and for Bobak & Leon
19.3 yrlife/(yrexp⋅mgPM10/m3) per million, are remarkably close (their average is approx. 18).
However, the results for individual causes (SIDS and respiratory mortality) do not agree and/or
are difficult to compare because of a lack of consistent data for the baseline rates. The details of
the calculation are explained in the following paragraphs.
Assuming the usual exponential relation of Eq.2a between relative risk and concentration
increment Dc, one finds the values of the constant k shown in Table 1. Since k ¥ 1 mg/m3 is very
small compared to unity, k is essentially the fraction by which the respiratory infant mortality
increases per mg/m3. By definition, only the cohort having less than 1 yr of age is affected.
According to the discrete version of Eq.9 the LLE(0) of this cohort is related to the difference DS
= Sm0 - Sm in survival curves by
LLE(0) = DS(0,1) + DS(0,2) + …

(11)

Assuming that the mortality after the first year is the same with and without pollution, this can be
written as
LLE(0) = DS(0,1) + DS(0,1) [S(1,2) + S(1,3) + … ]

(12)

The sum in [ ] equals L(1), the remaining life expectancy at age 1, approximately 75 years, and
DS(0,1) equals (R – 1) m0(0), hence
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LLE(0) = (R – 1) m0(0) [1 + L(1)]

(13)

This is equivalent to assuming that in the absence of air pollution a baby would have lived a
normal life span, about [1 + L(1)] and here assumed equal to 76 years. This is an upper bound,
but it is perhaps not too unrealistic since many babies end up living a normal healthy life despite
a fragile infancy.
The result for LLE, per million persons, is shown in the last line of Table 1. Compared with adult
mortality, the LLE due to infant mortality is an order of magnitude smaller. Even though there
are large uncertainties in the epidemiological studies, further compounded for the comparison by
uncertainties of the PM10/TSP and PM2.5/PM10 ratios, it seems unlikely that infant mortality would
make a large contribution to the total air pollution mortality of the population. To explain the
smallness of infant mortality, despite the maximal assumption of 76 years of life lost per infant
death, note that the age-specific mortality around 50 is comparable to the rate for infants and
increases exponentially with age; for infant mortality only a one-year cohort is affected by the 1yr pulse, whereas the result for adults includes all cohorts above 30.
5.4. Groups with Different Sensitivities to Pollution
It is likely that different individuals and groups have different sensitivities to pollution. If the
infants who are affected by pollution have a lower life expectancy to begin with, then the loss per
infant death is less than assumed above. Since LLE is uniquely determined by the functions m0(x)
and m(x), this uncertainty would not be there if one had complete and accurate m(x) data for all
ages x, for an exposed and an unexposed cohort, but in practice that is not the case.
It is interesting to ask how this question of different sensitivities affects the LLE estimates for
adults. So far all calculations of LLE for adults have assumed that R is independent of age x,
since Pope et al provide no information on a possible variation of R with age. But suppose the
population consists of two groups, one sensitive, the other insensitive to pollution. With pollution
the sensitive group has a higher mortality and hence a lower survival curve; its share of the total
population shrinks with age and so the average sensitivity of the remaining population decreases
with age. If the sensitive group has a lower life expectancy to begin with, pollution will increase
the share of the long lived group at high age. Thus an epidemiological study could even find the
seemingly paradoxical result that a harmful substance reduces the mortality at high age.
The age dependence of relative risk carries information on this issue. However, unless one can
identify the groups, one does not know how much of the age dependence is due to the variation of
risk in the sensitive group and how much is due to the change in the composition of the total
population.
Krewski et al looked at the variation of relative risk with age; see the results reproduced here in
Table 2. There does not appear to be a significant variation, although age resolution and
confidence intervals are not sufficiently fine to settle the issue. For a hint at what might be found
with better data, one can look at smoking, in the study of Doll et al. [1994] who followed a cohort
of 34,000 male medical doctors in the UK over a period of 40 years. Taking the average of the
cohorts from 1951 to 1991 in Fig.5 of this reference, the relative risk R for smokers is
approximately constant at 2.4 below age 60 and decreases in approximately linear fashion,
reaching 1.3 at 90; the average risk of the entire cohort is 1.78. There is a marked decrease of R
11

with age above 60. This does not mean that older people are less affected by smoking; rather the
share of surviving smokers in the population decreases with age.
Table 2. Age dependence of relative risk R of all-cause mortality associated with an increase in median
PM2.5 by 24.5 mg/m3. From Table 21 of Krewski et al [2000].
Age at Enrollment

Percent of Cohort

<50
50–60
>60

29.3
36.4
34.3

Relative risk R
(95% confid. interval)
1.19 (0.91–1.56)
1.13 (0.97–1.30)
1.19 (1.09–1.29)

Leksell & Rabl tried to estimate how much such a variation with age might change the LLE; they
found only a relatively small effect (perhaps ten percent in either direction) for the LLE due to
adult mortality, although it is difficult to be precise in view of the lack of data.
5.5. LLE From Short Term Studies
It is interesting to make a comparison with the LLE from short term studies. Even though there is
little information about LLE per death, one can get a rough idea by assuming, for the sake of
argument, 6 months per death as population average. For acute mortality due to PM, the most
comprehensive source is HEI [2001] because it lists the results of the three most important
studies:
o 0.05% per mg/m3, by Samet et al [2000a and b], based on the 90 largest US cities;
o 0.06% per mg/m3, by Katsouyanni et al [1997], based on APHEA results for 12 European
cities; and
o 0.07% per mg/m3 by Levy et al [2000], based on a meta-analysis of 29 studies in 23
locations in Europe and North and South America;
all three referring to PM10. Taking the central value of
g = 0.06% per mg/m3 of PM10.

(14)

and assuming 10000 deaths/yr per million as typical value of the reference mortality rate, this
implies an average LLE of
10000 deaths/yr per million * 0.0006 per (mgPM10/m3) * 0.5 yrlife/death
= 3 yrlife/(yrexp⋅mgPM10/m3) per million persons, if 6 months per death.

(15)

This is only about 1% of the total found by long term studies; even with LLE/death = 5 yr it
would be only 10%. With any reasonable assumption for the LLE per acute death one finds that
the mortality observed by short term studies is a small contribution to the total impact (and in any
case it is included in the results of the long term studies by their very design). This is entirely
plausible when one considers what time series studies would be able to observe about mortality
from smoking if applied in a hypothetical country where cigarette smoking is forbidden on
Sundays.
6. Number of Deaths
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It is natural to ask whether information on the number of air pollution deaths can be extracted
from cohort studies. Let f(x) = age distribution, defined such that f(x) Dx is the fraction of the
population between ages x and x + Dx. In a population of Npop individuals, with age distribution
f(x) and age-specific mortality m(x), the number of deaths per time interval Dt (the interval used
for specifying m and ndeaths) is
•

ndeaths,0 = Npop

Ú

f(x) m0(x) dx

(16)

.

0

If pollution increases m(x) by Dm(x)=(R-1) m0(x), it is therefore tempting to interpret the quantity
•

Dndeaths = Npop

Ú

(17)

f(x) Dm(x) dx

0

= (R-1) ndeaths,0
as deaths due to this pollution, and several authors have done so. However, whereas Eq.17 would
indeed be correct for immediate deaths such as traffic accidents, it is wrong for air pollution
because it fails to take into account delayed deaths.
That something is wrong with the calculation of Dndeaths according to Eq.17 is suggested by the
following argument. The extra number of deaths of Eq.17 is proportional to the pollution
increment, and so is the LLE as shown by Leksell & Rabl [2000]. This implies that the LLE per
air pollution death (the number turns out to be about 10 years) is independent of the pollution
exposure, a result that would be reasonable for cancers [Thomas et al 1992] but not for cardiopulmonary deaths associated with PM. In fact, for chronic air pollution mortality a mechanism of
the kind proposed by Evans and Wolff [1996] seem more plausible: fine particles reduce cardiopulmonary function in proportion to exposure. Cardio-pulmonary function decreases naturally
with age, and people die if it falls below a critical threshold. With such a mechanism the moment
of failure is advanced in proportion to exposure and so is the LLE per death.
There is probably a difference in the mode of action between air pollution and carcinogens.
Carcinogens act like bullets fired into a crowd: the number of cancers is proportional to the
exposure and the LLE per cancer death is about ten to fifteen years, independent of exposure. Air
pollution, by contrast, is more likely to be analogous to tear gas dispersed above a crowd:
everybody is affected (or everybody among sensitive individuals) and the effect on each
individual is proportional to the dose.
To see whether Eq.17 could be modified to account for delayed effects, let us simplify the
situation by considering just a single cohort rather than an entire population. Consider two
otherwise identical cohorts of age x at time t = 0, one exposed to pollution, the other not. Fig.2
shows schematically how the death rate of these cohorts might evolve with t, the death rate being

dndeath
= Ncohort Sm(x,x+t) m(x+t)
dt

(18)

,
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where Ncohort = number of individuals in the cohort at t=0, and Sm(x,x+t) = fraction of cohort that
survives until age x+t if the age-specific mortality is m. The integral of this rate from t=0 to tmax,
the time when the last cohort member dies, is equal to Ncohort. For the exposed cohort m in this
equation, including its appearance in Sm(x,x+t), is increased by the relative risk R. Of course the
number of individuals in the cohort, and thus the total number of deaths, is not changed by
exposure. One could in principle try to observe the instantaneous change in the death rate, i.e. the
difference between the solid and the dashed thick lines in Fig.2, but even that does not tell us how
many deaths are attributable to pollution: the difference could be due to many individuals
suffering a small loss per person or a few individuals losing much.
Such a constraint does not apply to the effect of exposure on the deaths due to a specific cause,
for instance lung cancer (thin lines in Fig.2): they can increase, with concomitant decrease in
deaths due to other causes. Since much of the impact of air pollution is cardio-pulmonary and the
cohort study of Pope et al [2002] provides results for the increase in cardio-pulmonary mortality,
it might seem as if one could calculate at least the number of cardio-pulmonary deaths due to
pollution, analogous to what is commonly done for cancers [e.g. Thomas et al 1992]. However,
such a calculation would count only the extra cardio-pulmonary deaths in the exposed cohort; it
would not count cardio-pulmonary deaths that have occurred earlier because of pollution but
would have occurred anyway, and thus it would not correctly express the full meaning of “cardiopulmonary deaths due to pollution”. By contrast, it would be meaningful for lung cancers due to
air pollution to the extent that air pollution does not advance the time of a cancer death.
death rate

all-cause

specific

cause

t=0

tmax

t

Fig.2. Possible evolution of the death rate, Eq.18, of a cohort that has age x at t=0. Thick lines = total (allcause) rate, thin lines = rate due to a specific cause; solid lines = without, dashed lines = with exposure to
pollution. The areas under the thick lines (all-cause) are equal. For a specific cause (thin lines) the area
can increase, compensated by decrease from other causes.

It is instructive to give another argument why the total number of air pollution deaths is not
observable by long term studies. Consider two cohorts of age x that are identical, except that
cohort 2 is exposed to a constant level of air pollution, while cohort 1 is not. Suppose these
cohorts consist of a mixture of two types of individuals: a fraction fs of the cohort is sensitive to
pollution and a fraction 1-fs is not; the respective age-specific mortality rates are m s and mi. A
priori fs and the individual rates are unknown. Pollution increases ms by a factor Rs. The number
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of deaths attributable to air pollution is times the number of individuals in the cohort. However,
only the rates m 1 and m 2 can be observed, the relative risk being R = m 2/m1. Thus we have the
following two equations
m1 = fs ms + (1 – fs) mi ,

(19)

and
m2 = Rs fs ms + (1 – fs) mi

,

(20)

with 4 unkowns Rs, fs, ms and mi. This is not sufficient to determine the fraction fs. The argument
carries over to more complicated examples, e.g. exposures that vary in time: one could find an
extra time dependence, but the number of equations remains insufficient to determine fs.
7. Conclusions
This paper has examined what impact indicators can be inferred from epidemiological studies of
air pollution mortality. Ordinary short term studies (time series) observe a change in daily death
rate attributable to acute effects of pollution, but without any information on the LLE per death.
However, with any reasonable assumption about the LLE per death, the contribution to the total
LLE due to air pollution is very small. The latter has been measured by long term studies (cohort
studies); their results allow the calculation of population total LLE, but not the number of
premature deaths.
Several arguments have been presented why number of premature deaths is not appropriate
whereas loss of life expectancy (LLE) is. One of these arguments involved an examination of
what can be observed about the mortality attributable to a contributing cause of death (e.g. air
pollution, smoking, or lack of exercise). The total number of attributable deaths is observable
only for
(i)
primary causes (identified on death certificates, e.g. accidents or cancers), and
(ii)
contributing causes if their action is sufficiently instantaneous that the initial increase
in death rate is not obscured by the subsequent depletion of the population.
For air pollution most of the impact is not instantaneous but the cumulative result after years of
exposure, therefore the total number of attributable deaths is not observable.
To illustrate these ideas, the LLE has been calculated based on the best currently available
epidemiological studies. The results are summarized in Table 3. Whereas acute mortality is
automatically included in the chronic mortality studies, infant mortality is not and could be
added, although we hesitate to do so because we have only an upper limit; in any case it would
not change the result significantly compared to the uncertainties. Taking the limits of the 95%
confidence intervals of the chronic mortality study, the numbers could be about 50% smaller or
larger.
To put these numbers in perspective, note that typical concentrations of PM10 in urban areas of
the USA and the EU are around 20 to 30 mg/m3 [EPA 1997]. Let us suppose a permanent
reduction by 15 mg/m3 as a reasonable policy goal. Multiplying 330 yrlife/(yrexp⋅mg/m3) per million
persons by 15 mg/m3 * 76 yr for the corresponding difference in life time exposure, one finds,
330 yrlife/(yrexp⋅mgPM10/m3) per million persons * 15 mgPM10/m3 * 76 yrexp
15

(21)

= 0.38 yrlife per person for 15 mg/m3 of PM10 over lifetime.
This reduction by 15 mg/m3 increases average life expectancy by about 4.5 months.
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Table 3. LLE attributable to an increase in mean PM10 concentration during 1 year,
in yrlife/(yrexp⋅mg/m3) per million persons.
Type of study
Chronic mortality, adults over 30
Acute mortality, total population
Chronic mortality, Infants (<12 months)

LLE
yrlife/(yrexp⋅mg/m3) per million
330
3 (if 6 months/death)
£18

a

Reference
Pope et al [2002]
Samet et al [2000a and b],
Katsouyanni et al [1997],
Levy et al [2000]
Woodruff et al [1997],
Bobak & Leon [1999]

a

upper limit corresponding to assumption that infants who died because of pollution could have lived a
normal life span of 76 yr.
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