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ABSTRACT: The association of air pollutants with natural and respiratory mortality has been

consistently reported. However, several aspects of the relationship between particulate matter

with a 50% cut-off aerodynamic diameter of 10 mm (PM10) and respiratory mortality require further

investigation. The aim of the present study was to assess the PM10–respiratory mortality

association in Italy and examine potentially susceptible groups.

All deaths from natural (n5276,205) and respiratory (n519,629) causes among subjects aged

o35 yrs in 10 northern, central and southern Italian cities in 2001–2005 were included in the

study. Pollution data for PM10, nitrogen dioxide and ozone were also obtained. A time-stratified

case-crossover analysis was carried out. Different cumulative lags were selected to analyse

immediate, delayed, prolonged and best-time effects of air pollution. The shape of the exposure–

response curve was analysed. Age, sex, chronic conditions and death site were investigated as

potential effect modifiers.

We found a 2.29% (95% CI 1.03–3.58%) increase in respiratory mortality at 0–3 days lag. The

increase in respiratory mortality was higher in summer (7.57%). The exposure–response curve

had a linear shape without any threshold. Sex and chronic diseases modified the relationship

between particular matter (PM) and respiratory mortality.

The effect of PM on respiratory mortality was stronger and more persistent than that on natural

mortality. Females and chronic disease sufferers were more likely to die of a respiratory disease

caused by air pollution than males and healthy people.
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T
he effects of particulate air pollution on re-
spiratory health are universally acknowl-
edged, thanks to the results of various

studies examining respiratory symptoms, exacer-
bation of respiratory diseases, decrease in pulmon-
ary function and mortality in patients with chronic
respiratory diseases or due to respiratory causes.
The short-term effects of particulate matter with a
50% cut-off aerodynamic diameter 10 mm (PM10)
on daily mortality have been estimated to be in the
range of 0.3–1.5% per 10 mg?m-3 PM10 [1]. The
effects on mortality caused by cardiovascular (CV)
and respiratory diseases have been found to be
generally stronger than for other conditions, and
the findings contribute to our understanding of the
damage mechanisms of air pollution in human
health [2].

Although the association between air particles
and respiratory mortality has been known for
several years, many aspects of the PM10–respira-
tory mortality relationship, such as the specific
shape of the exposure–response curve, the latency
interval of the effect and the individual character-
istics that can modify the particular matter (PM)
effect [3, 4], deserve further investigation. The
shape of the exposure–response curve has been
evaluated for airborne particles and total mortality
[5, 6], but very few studies have considered the
relationship with specific-cause mortality [7, 8]; a
variable latency interval ranging from 0–1 to 0–
6 days has been studied and only a few suscept-
ibility factors have been investigated. For instance,
a stronger effect among the elderly has been found
in three studies [9–11] and one study only [4]
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highlights previous heart failure, stroke and diabetes as
conditions that increase the effect of PM on respiratory mortality.

We conducted a study (EpiAir) on the short-term effects of air
pollution in 10 Italian cities during the period 2001–2005. We
analysed the effects of PM10 on respiratory mortality and
examined in detail the latency interval of the effect, the shape of
the exposure–response curve and the characteristics of poten-
tially susceptible groups. We also consider the influence of other
pollutants (nitrogen dioxide (NO2) and ozone (O3)) and the
possible heterogeneity of the PM10 effects across the cities.

METHODS

Health events
All deaths from natural causes in 10 northern, central and
southern Italian cities from 2001–2005 were included in the
study. Respiratory deaths were identified from local mortality
registries on the basis of underlying cause of death (Inter-
national Classification of Diseases, 9th revision (ICD-9) codes
460–519). The events under study were further restricted to
subjects who had died in their city of residence, to minimise
the likelihood of exposure misclassification. We further limited
the health series to subjects o35 yrs of age and classified the
site of death as in hospital or out of hospital, including in the
in-hospital group people who died within 2 days of a hospital
discharge; the out-of-hospital death group was further divided
into those with or without a recent hospitalisation (discharged
2–28 days before death).

For each subject, we collected information on sex, age at death
and hospitalisations in the preceding 2 yrs. Information on
hospitalisations included all diagnoses appearing in discharge
reports and the admission date (retrieved via record linkage
with the regional database of hospital discharges). The diseases
to be analysed as individual characteristics capable of modify-
ing the impact of PM10 were selected on the basis of the existing
literature [12–14], and were grouped as acute or chronic
conditions according to the patients’ admission dates and clinical
criteria. Conditions were considered acute if they showed clinical
characteristics consistent with an acute disease (sudden onset,
short course and recovery likelihood) or characteristics consistent
with an exacerbation of chronic diseases, provided, in both cases,
that they were reported as the primary diagnosis on hospitalisa-
tions with admission dates f28 days before death. Conditions
were considered chronic if they were consistent with the clinical
criteria of chronicity and were reported as primary or secondary
diagnoses in hospitalisations with admissions from 29 days to
2 yrs before death (a complete list of these acute and chronic
conditions with corresponding ICD-9 codes is provided in the
online supplementary material).

Data on influenza epidemics were obtained from the weekly
data collected at the city level by the National Health Service
Sentinel System. A dummy variable was established for each
city, with an assumed value of 1 for 3-week periods of
maximum incidence (generally occurring between January and
March) and 0 on all other days.

Environmental data
Air pollution data were provided by Regional Environmental
Agencies, which routinely monitor several pollutants, including
PM10, NO2 and O3. Hourly data were available from more than

one monitoring station, selected to be representative of the
background levels, for each city. A previously defined algorithm
[15] was used to impute missing values, and derive daily
averages for PM10 and NO2, and daily maximum 8-h running
means for O3. The missing values for each pollutant on a specific
day and at a specific monitoring station were imputed with the
average of measurements of that pollutant for that day across
the other monitors, weighted by the ratio of the yearly average
of that monitor over the yearly average of the other monitoring
stations, for the same pollutant. A daily completeness measure
of o75% per season was used as an inclusion condition for the
monitored data.

Daily information on temperature, humidity and barometric
pressure was provided by the Italian Air Force Meteorological
Service. Apparent temperature was calculated on the basis of
air temperature and dew-point temperature, a proxy for
relative humidity [16].

Data analysis
All statistical analyses were performed at the city level; city-
specific results were then pooled with random-effects meta-
analyses. For each pooled estimate, a test for heterogeneity of
city-specific associations was performed and reported.

As a first step, a time series analysis was performed in each
city to study the association between daily PM10 and daily
mortality. A Poisson regression was applied, controlling for
apparent temperature (0–1 days lag, penalised splines) and
low temperature (1–6 days lag, penalised splines), barometric
pressure (0 days lag, penalised splines), temporary population
decreases in the summer and during holidays (a three-level
variable taking into account holiday periods outside the area
and decreased health services), and influenza epidemics.
Specifically, low temperatures were controlled for by adding
to the model one penalised cubic spline for values of 1–6 days
lag air temperature below the median value of each city, as
determined over the entire study period distribution, so as to
allow a potential nonlinear relationship between low tempera-
ture and health effects; similarly, high temperatures were
controlled for by adding a penalised cubic spline for values of
0–1 days lag apparent temperature above the median value of
each city, with the aim of taking into account the exponential
relationship of high temperatures with health effects that
increase with increasing temperature. A sensitivity analysis
was conducted using the 0–6-day lag apparent temperature
above the median value of each city. Long-term trend and
seasonality were controlled for by including a triple interaction
of year, month and day of the week in regression models. The
mortality analysis methods used have been fully described in a
previous article about the effects of ozone [17].

Results are expressed as percentage increases in mortality (and
95% confidence intervals) relative to 10-mg?m-3 increases in
PM10.

In order to explore the lag interval of the PM10 effect on
respiratory mortality, we fitted single-lag models and cubic
polynomial distributed-lag models [18, 19] for each city. 6-day
lags were explored from 0 to 5 days preceding death.
Cumulative lags (unconstrained distributed lags) were also
analysed. Three intervals were selected to differentiate
between effects defined a priori as ‘‘immediate’’ (up to 1 day
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lag), ‘‘delayed’’ (2–5 days lag) and ‘‘prolonged’’ (0–5 days lag).
A fourth cumulative lag interval was defined as the best
cumulative lag. The criteria for selecting this lag were the
strength of the association, the absence of important differ-
ences between constrained and unconstrained distributed-lag
models, and the lowest heterogeneity across cities in the
pooled analysis for that lag interval.

In order to estimate the net effect of PM10 on respiratory
mortality, the association was evaluated in bipollutant models,
including NO2 and O3 in turn, at the same cumulative lag
interval used to analyse the PM10 effect. The model including
O3 was restricted to the hot season.

The shape of the exposure–response curve between PM10 and
respiratory mortality was estimated by using the metasmooth-
ing approach [20]. The relationship was first explored at the
city level with city-specific Poisson regression models in which
the pollutant was added nonparametrically. The predicted
values of the relative risk log of daily death were then computed
in each city for 5-mg?m-3 increments between 10 and 100 mg?m-3.
These predicted values, together with their confidence intervals,
were finally combined by using a random-effects meta-analysis.

The second part of the analysis consisted in studying the
individual effect modifiers of the PM10–respiratory mortality
association, using a case-crossover design. Control days were
selected by means of the time-stratified approach [21], which
divides the study period into monthly strata, selecting control
days for each case on the same day of the week in the stratum.
Control for seasonal and long-term trend was obtained by
design, whereas the other time-varying covariates were
adjusted for by modelling with city-specific conditional logistic
regression models [13].

The covariates tested as possible effect modifiers were age, sex,
recent hospitalisations for selected diseases (as an indicator of
acute health problems), and hospitalisations in the previous
2 yrs (as an indicator of chronic conditions). The PM10 effect was
evaluated in the categories of each individual covariate and
statistical tests were performed to test for effect modification
[22, 23]. Since age modified the PM10–respiratory mortality
association, the stratum-specific estimates of the other variables
were standardised by age (two groups: 35–84 and o85 yrs),
using the relative frequencies of the overall age distribution as
weights. Effect modification was considered to be clearly
present when the p-value of the relative effect modification
(REM) was ,0.05; it was considered to be suggested when the
effect estimate in one stratum was twice that of the referent
stratum, and the p-value ranged from 0.05 to 0.20; when a
variable had more than two strata (e.g. age groups), an effect
modification was also considered to be suggested if a dose–
response trend was observed.

All the analyses were conducted with SAS (version 8.2; SAS
Institute, Cary, NC, USA), R (version 2.10.0; Institute for
Statistics and Mathematics, WU Wien, Vienna, Austria) and
STATA (version 10.0; StataCorp, College Station, TX, USA).

RESULTS
There were 19,629 respiratory deaths in the study population,
which accounted for 7.1% of all deaths by natural causes
(n5276,205). Table 1 shows the number of natural and

respiratory deaths in the 10 cities for the entire period and
during the cold (October to March) season. The respiratory/
natural death ratio did not differ among the cities, with the
exception of Taranto, whose percentage was high (11%).
Respiratory deaths were more frequent in the cold season,
when 57.1% of respiratory deaths occurred. Chronic obstruc-
tive pulmonary disease (COPD) and lower respiratory tract
infections accounted for 77.8% of the respiratory deaths. An
average of 57% of respiratory deaths occurred in hospital; 60%
of deceased subjects had been hospitalised in the previous
2 yrs, excluding the last 28 days, during which 51% had been
hospitalised. Almost 50% had one of the chronic diseases we
had selected as potentially susceptible conditions.

The daily concentrations of PM10 ranged from 53.9 mg?m-3 in
Turin to 30.3 mg?m-3 in Cagliari. NO2 showed a higher
variability, with the lowest values in Taranto (26.3 mg?m-3)
and the highest in Milan, Turin and Rome (59.2, 66.0 and
62.4 mg?m-3, respectively) (table 2). The apparent temperature
shows a clear North–South gradient, with the lowest values in

TABLE 1 Study population in 10 Italian cities

Study

period
Age yrs

o35 o65 o85

Respiratory deaths

Milan 2001–2005 4391 (8.5) 4174 (9.2) 2262 (12.2)

Mestre 2001–2005 421 (4.6) 392 (5.0) 168 (5.9)

Turin 2001–2005 2781 (7.6) 2622 (8.3) 1236 (10.4)

Bologna 2001–2005 1719 (8.5) 1656 (9.1) 852 (11.0)

Florence 2001–2005 1450 (8.6) 1402 (9.2) 746 (11.2)

Pisa 2001–2005 361 (8.1) 348 (8.6) 180 (10.9)

Rome 2001–2005 6077 (5.9) 5724 (6.4) 2521 (7.8)

Cagliari 2002–2005 463 (6.7) 441 (7.5) MI

Taranto 2001–2005 562 (11.0) 526 (12.2) 228 (11.0)

Palermo 2002–2005 1404 (6.6) 1289 (7.1) 464 (7.4)

Total 2001–2005 19629 (7.1) 18574 (7.8) 8657 (9.6)

Natural deaths

Total 2001–2005 276205 239624 90070

Cold season#

Respiratory deaths

Milan 2001–2005 2572 (9.2) 2446 (10.0) 1331 (13.1)

Mestre 2001–2005 263 (5.3) 247 (5.8) 110 (6.8)

Turin 2001–2005 1578 (8.1) 1499 (8.9) 696 (11.0)

Bologna 2001–2005 968 (8.9) 933 (9.5) 478 (11.3)

Florence 2001–2005 790 (8.8) 765 (9.5) 418 (11.7)

Pisa 2001–2005 195 (8.6) 187 (9.0) 94 (10.6)

Rome 2001–2005 3467 (6.3) 3272 (6.9) 1475 (8.4)

Cagliari 2002–2005 269 (9.9) 259 (11.1) MI

Taranto 2001–2005 289 (8.1) 266 (8.6) 121 (11.2)

Palermo 2001–2005 811 (7.0) 741 (7.5) 264 (7.6)

Total 2002–2005 11202 (7.6) 10615 (8.3) 4987 (10.2)

Natural deaths

Total 2001–2005 129026 111439 41166

Data are presented as n (%) or n. Estimated percentages over natural-cause

mortality are shown. MI: missing information. #: October to March.
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Milan, Mestre and Turin, and the highest in Palermo, Taranto
and Cagliari. No important differences in humidity or atmos-
pheric pressure were observed among the cities.

The effect of PM10 on respiratory mortality was prolonged,
starting at 0 days lag and remaining up to 2 days lag (fig. 1); a
similar pattern was observed for natural mortality. Conversely,
some instability between single-lag, constrained and uncon-
strained distributed-lag models emerged for the PM10 effect on
respiratory mortality on the fifth and sixth days. The hetero-
geneity of the effects across the cities remained low up to the
fourth day but increased significantly for longer latencies
(table 3). Therefore, a cumulative lag interval of 0–3 was chosen
as the most consistent latency for analysing the effect of PM10 on
respiratory mortality in further analyses, though the highest
cumulative effect was observed at 0–5 days. An increase of
10 mg?m-3 in PM10 was correlated with an increase of 2.29% in
respiratory mortality, a greater effect than that for natural
mortality (0.80%, 95% CI 0.41–1.19%) at lag 0–2 (table 3). The
sensitivity analysis controlling for the 0–6 days lag apparent
temperature above the median (instead of the 0–1 days lag)
provided very similar results, being slightly higher for natural
mortality and respiratory mortality overall; in the warm season,
however, the effect on respiratory mortality decreased, although
only very little. The PM10–respiratory mortality association was
more influenced by COPD (2.02%, 95% CI 0.18–3.89%) than by
pneumonia and acute bronchitis (1.68%, 95% CI -0.60–4.0%) at
0–3 days lag (table 3). No heterogeneity was observed across
cities for the effect of PM10 on lower respiratory tract infections,
whereas it was observed for delayed effects on COPD.

Analysis of PM10–respiratory mortality association by season
revealed a 6.2-fold greater effect in the warm than in the cold
season; it was only 3.7-fold greater for natural mortality
(table 4). Since both higher PM10 concentration and influenza
epidemics have winter peaks, a sensitivity analysis was carried
out of the PM10–respiratory mortality association without
controlling for influenza epidemics. The respiratory mortality
increased only slightly to a value of 2.39% (95% CI 1.13–3.66%).
This result supports the idea that controlling for influenza
cannot explain the seasonal differences observed in the effect
of PM on respiratory mortality.

There was no evidence of a threshold in the exposure–response
curve when the effect estimates for all of the cities were pooled
and the relationship appeared to be linear (fig. 2). Neither NO2

nor O3 affected the impact of PM10 on respiratory mortality in
bipollutant models, whereas a contemporaneous increase of
NO2 reduced the impact of PM10 on natural mortality (table 5).

Table 6 shows the combined estimates of the effect of PM10 on
respiratory mortality in nine cities (Cagliari provided no
individual data on effect modifiers), stratified by age group,
sex, site of death, recent hospitalisations and chronic diseases,
using 0–3 days lag. A suggestion of effect modification was
present for females (increased risk of respiratory mortality
3.11%, 95% CI 1.15–5.11%) compared with males (1.22%, 95%
CI -0.64–3.12%) (REM p50.175) and for chronic disease
sufferers (4.90%, 95% CI 1.09–8.87%). Notably high risks of
dying from respiratory disease, although without evidence of
effect modification, were found in subjects aged o85 yrs
(3.24%, 95% CI 1.36–5.17%), subjects who died out of hospital
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(2.97%, 95% CI 0.52–5.47%), those who had been hospitalised
between 29 days and 2 yrs prior to death (2.46%, 95% CI 0.75–
4.19%), those who were not hospitalised during their last
28 days (2.62%, 95% CI 0.69–4.59%) and those with a chronic
pulmonary disease (2.90%, 95% CI 0.26–5.61%).

DISCUSSION
We found a greater effect of PM10 on respiratory mortality than
on all natural-cause mortality. The effect was stronger in the
warm than in the cold season. The most consistent effect,
which was not heterogeneous across cities, was observed for
the cumulative 4-day exposure (lag 0–3 days). The effect of
PM10 was not influenced by a contemporaneous increase of

NO2 or O3 concentration. The effect increased linearly with the
PM10 concentration without a threshold. Females and subjects
with a previously diagnosed chronic condition were likely to
be more susceptible to the effect of PM10.

Most previous studies that analysed the short-term effect of
increasing PM levels on cause-specific mortality have reported a
greater effect on respiratory mortality than on natural or CV
mortality [9, 24–29]. The only exception is a study carried out in
the UK [30], which found no effect on either natural, respiratory
or CV deaths. Of three other studies, one found a smaller effect
on respiratory mortality than on CV mortality [31], while the
other two reported similar effects on respiratory, natural and CV
mortality in Europe [32] and in Shanghai [11].
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FIGURE 1. Pooled results. Association between particulate matter with a 50% cut-off aerodynamic diameter of 10 mm, and a) respiratory- and b) natural-cause mortality,

by cause of death and lag (single-lag and distributed-lag models). Percentage increases of risk are shown with 95% confidence intervals, relative to a 10-mg?m-3 increase in

the pollutant. Data shown are for 10 Italian cities in 2001–2005. h: single-lag models; &: distributed-lag models.

TABLE 3 Pooled results: association between particulate matter with a 50% cut-off aerodynamic diameter of 10 mm#, and natural
or respiratory mortality by specific cause of death at different lags in 10 Italian cities

Cause of death Subjects n Lag" days Increased risk % (95% CI) p-value+

Natural 276205 0–1 0.69 (0.40–0.98) 0.693

2–5 0.49 (0.06–0.93) 0.001

0–5 0.93 (0.40–1.46) 0.001

0–2 0.80 (0.41–1.19) 0.246

Respiratory 19629 0–1 1.59 (0.54–2.66) 0.617

2–5 2.34 (1.13–3.57) 0.022

0–5 3.08 (1.59–4.59) 0.044

0–3 2.29 (1.03–3.58) 0.311

COPD 9753 0–1 1.25 (-0.30–2.82) 0.753

2–5 1.94 (-0.13–4.05) 0.034

0–5 2.79 (0.64–4.99) 0.291

0–3 2.02 (0.18–3.89) 0.465

LRTI1 5513 0–1 1.05 (-0.84–2.98) 0.475

2–5 1.48 (-0.69–3.71) 0.553

0–5 2.30 (-0.39–5.05) 0.284

0–3 1.68 (-0.60–4.00) 0.668

Data shown are for the study period 2001–2005. COPD: chronic obstructive pulmonary disease; LRTI: lower respiratory tract infection. #: measured as 10-mg?m-3 increase

in concentration; ": cumulative lags represented immediate (0–1 days), delayed (2–5 days) and prolonged (0–5 days) effects; +: heterogeneity test (null hypothesis is

perfect homogeneity of city-specific results); 1: including acute bronchitis and pneumonia.
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Finally, five of the most recent studies found a PM effect on
respiratory mortality that was twice that on natural or CV
mortality, in Europe (Dublin, Ireland) [33], in the USA [4, 10,
34] and in South-East Asia (Shanghai, China) [35]. Our results
for effect size are thus a confirmation of previous evidence,
apart from a study [36] that showed three-fold higher estimates
of respiratory mortality for specific components of PM2.5, such
as copper and titanium. This could suggest that studies that
use more specific measures of exposure are better at detecting
important effects on the respiratory system.

We analysed the effect of PM10 separately for the cold and
warm seasons. A clear seasonal modification of the PM10 effect
was evident for both natural and respiratory mortality, effects
being greater in the warm season than in winter, but the effect
on respiratory deaths was twice that on natural deaths. This
result seems more noteworthy if we consider that respiratory
mortality accounts for a lower proportion of total mortality in
warm seasons (6.5%) than in cold (7.8%) and that even the
effect of PM10 on natural mortality increases during summer.
Furthermore, a high heterogeneity across the cities charac-
terised the effect of PM10 on respiratory mortality in the heat.
Greater risks of dying as a result of PM in summer than in
winter increases have been reported in both Europe [26, 30]

and Asia [29]. Seasonal differences in PM effects on mortality
may be due to the interaction of PM with temperature or to
behaviour and ventilation patterns, which could also explain
the inter-city differences [4, 37]. We controlled for seasonality in
our analysis, but we could not control for behavioural factors.
Neither of these factors would, however, have explained the
greater impact of PM on respiratory mortality than on natural
mortality in the warm season. Furthermore, we also considered
the hypothesis of a seasonal misclassification of death by re-
spiratory cause versus CV diseases. 15% of deaths classified as
due to heart failure occurred in chronic respiratory disease
patients, but the higher frequency of this possible miscoding
was observed in cold (16%, 95% CI 14.3–17.7%) than in hot
season (13%, 95% CI 11.3–14.7%). Our results suggest that
specific problems affect respiratory patients in summer and that
the effect varies from city to city.

We chose a cumulative lag of 0–3 days to analyse the effect of
PM10 on respiratory mortality. Earlier studies have reported an
association of PM increase with death on the same day, a

TABLE 4 Pooled results: association between particulate matter with a 50% cut-off aerodynamic diameter of 10 mm#, and natural
or respiratory mortality by season in 10 Italian cities

Cause of death Cold season" Hot season+

Lag days Increased risk % (95% CI) p-value1 Lag days Increased risk % (95% CI) p-value1

All 0–2 0.56 (0.12–1.01) 0.061 0–2 2.05 (1.27–2.85) 0.089

Respiratory 0–3 1.22 (-0.18–2.65) 0.596 0–3 7.57 (2.25–13.17) 0.007

Data shown are for the study period 2001–2005. #: measured as 10-mg?m-3 increase in concentration; ": October to March; +: April to September; 1: heterogeneity test

(null hypothesis is perfect homogeneity of city-specific results).
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FIGURE 2. Pooled results: exposure–response relationship between particu-

late matter with a 50% cut-off aerodynamic diameter of 10 mm (PM10) concentration

and increased risk respiratory mortality in 10 Italian cities. Data shown are for 10

Italian cities in 2001–2005. —: exposure–response curve; ---: 95% CI.

TABLE 5 Pooled results: association between particulate
matter with a 50% cut-off aerodynamic diameter
of 10 mm#, and natural or respiratory mortality"

from models adjusted for nitrogen dioxide (NO2)
and ozone (O3) in 10 Italian cities

Increased risk % (95% CI) p-value+

Natural mortality

Single-pollutant model 0.80 (0.41–1.19) 0.246

Model with NO2 0.32 (-0.08–0.73) 0.363

Single-pollutant model1 2.05 (1.27–2.85) 0.089

Model with O3
1 2.13 (1.34–2.92) 0.230

Respiratory mortality

Single-pollutant model 2.29 (1.03–3.58) 0.311

Model with NO2 2.23 (0.58–3.90) 0.512

Single-pollutant model1 7.49 (2.17–13.08) 0.006

Model with O3
1 7.45 (2.17–13.00) 0.013

Data shown are for the study period 2001–2005. #: measured as 10-mg?m-3

increase in concentration; ": from unconstrained distributed lag models, using

0–2 days for natural-cause mortality and 0–3 days for respiratory-cause

mortality; +: heterogeneity test (null hypothesis is perfect homogeneity of city-

specific results); 1: April to September.
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couple of days thereafter and up to a week later. Three of these
studies adopted a 0–6-day lag interval [9, 25, 26], but the most
frequently adopted interval was the cumulative lag of 0–
1 days, chosen on the basis of the effects on natural and CV
mortality [10, 11, 24, 27–32, 34, 35]. Though choosing a
common lag for the different mortality outcomes made it
easier to compare them, the cumulative lag of 0–1 days may
have resulted in an underestimation of the effect on respiratory
mortality. Some studies show differences in the lag structure

between PM and cause-specific mortality, with the increasing
risk of death after PM exposure declining more slowly for
respiratory deaths than for natural and CV deaths [4, 28, 32].
In two studies, a 3-day interval was chosen for analysing
respiratory mortality [4, 36]. We used other criteria to choose
the best lag; our choice of the 0–3-day lag was dictated not only
by the strength of the association, but also by the absence of
heterogeneity across the cities and the consistency between
different lag models.

TABLE 6 Pooled results: association between particulate matter with a 50% cut-off aerodynamic diameter of 10 mm (PM10)# and
respiratory mortality by demographic characteristics, location of death and chronic conditions in nine Italian cities"

Variable Subjects+ n (%) Increased risk % (95% CI) p-value

REM1 Heterogeneitye

All subjects 19166

Age yrs

35–64 1033 (5.4) 1.39 (-4.63–7.79) 0.608

65–74 2522 (13.2) 0.11 (-3.48–3.82) 0.727 0.222

75–84 6953 (36.3) 1.72 (-0.44–3.93) 0.921 0.816

o85 8657 (45.2) 3.24 (1.36–5.17) 0.578 0.916

Sex##

Males 9890 (51.602) 1.22 (-0.64–3.12) 0.400

Females 9276 (48.398) 3.11 (1.15–5.11) 0.175 0.588

Location of death##

Out of hospital 6183 (32.3) 2.97 (0.52–5.47) 0.120

With last discharge 2–28 days before death 1121 (5.8) 0.39 (-6.25–7.50) 0.493 0.925

In hospital 10822 (56.5) 1.52 (-0.22–3.30) 0.349 0.992

Nursing home 1040 (5.4) 1.81 (-3.53–7.46) 0.708 0.472

Hospital admission in the last 0–28 days before death##

No 9441 (49.3) 2.62 (0.69–4.59) 0.386

Yes 9725 (50.7) 1.96 (0.13–3.81) 0.629 0.858

Hospital admission from 29 days to 2 yrs before death##

No 7665 (40.0) 1.76 (-0.35–3.91) 0.274

Yes 11501 (60.0) 2.46 (0.75–4.19) 0.618 0.610

Chronic conditions##,""

Diabetes (ICD-9 250) 1699 (8.9) 3.63 (-1.87–9.44) 0.556 0.151

Hypertension (ICD-9 401–405) 3625 (18.9) 3.07 (-0.16–6.40) 0.531 0.791

Myocardial infarction (ICD-9 410, 412) 619 (3.2) 4.52 (-5.22–15.26) 0.654 0.798

Cardiac ischaemic diseases (ICD-9 410–414) 2547 (13.3) 1.02 (-2.73–4.91) 0.508 0.498

Diseases of pulmonary circulation (ICD-9 415–417) 1127 (5.9) 0.87 (-8.03–10.63) 0.823 0.908

Dysrhythmias (ICD-9 427) 2590 (13.5) 0.70 (-3.01–4.56) 0.430 0.728

Heart failure (ICD-9 428) 2514 (13.1) 1.41 (-2.68–5.67) 0.775 0.047

Cerebrovascular diseases (ICD-9 430–438) 2763 (14.4) 1.95 (-1.53–5.56) 0.979 0.255

Chronic pulmonary diseases (ICD-9 490–505) 5964 (31.1) 2.90 (0.26–5.61) 0.644 0.103

Chronic conditions##,"" n

0 9621 (50.2) 2.19 (0.31–4.11) 0.284

1 2749 (14.3) 4.90 (1.09–8.87) 0.216 0.813

2 2727 (14.2) 0.16 (-3.45–3.91) 0.340 0.783

o3 4069 (21.2) 2.30 (-0.65–5.35) 0.951 0.337

Data shown are for the study period 2001–2005. REM: relative effect modification; ICD-9: International Classification of Diseases, 9th revision. #: association was

assessed at lag 0–3 days, and exposure was measured as an increase of 10 mg?m-3 in PM10; ": all cities except Cagliari; +: the 463 patients from Cagliari are not included

here; 1: derived from the difference between the coefficient of the stratum and the coefficient of the reference category (for each chronic condition, the reference category

is the group of subjects without the disease); e: heterogeneity test (null hypothesis is perfect homogeneity of city-specific results); ##: data standardised by age, with

weights equal to relative frequencies of subjects in the age groups 35–84 and o85 yrs from the nine cities analysed; "": based on primary or secondary diagnoses from

any hospital admission that occurred between 29 days and 2 yrs before death.
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Here, we have not explored the effects of PM10 on respiratory
mortality for longer time intervals. Two earlier studies have
done so. One of them found a suggestion of displacement of
respiratory mortality (known as harvesting) in the second week
[33], while the other attributed this apparent phenomenon to the
degrees of freedom used in the distributed-lag model [28].

We found that the PM10 effect on respiratory mortality was not
influenced by the contemporaneous presence of either NO2 or
summer O3 at the same 0–3 days lag. Results inconsistent with
ours were reported in the only earlier study to perform this
analysis: in the Netherlands, HOEK and BRÜNEKREEF [26] found
an important reduction of the PM effect when NO2 was added
to the model.

Our results for the exposure–response curve are consistent
with earlier studies [5, 20]. Very few articles are available on
specific causes of death [7, 8], but most of the studies dealing
with the impact of pollutants on total mortality showed not
only a similarly shaped exposure–response curve, but also
similar differences in the strength of the effects on total and
respiratory mortality.

We found that females were more than twice as susceptible to
particulate matter than males, even after adjusting for age. The
relevant results in earlier studies have been inconsistent. Two
articles reported higher risks in females, but only in selected
groups, such as black females and elderly females [24, 25].
Another study [4] found higher risks of respiratory death in
females of all ages and females were reported to be at a higher
risk of hospitalisation for respiratory diseases 3 days after a
peak level of PM10 [38]. Only one study [10] found a higher risk
of respiratory mortality in males, although females presented a
higher risk of total mortality. Further studies will doubtless
address the topic of sex-related susceptibility more thoroughly;
however, a higher female susceptibility to air pollution has been
postulated because of the greater female reactivity to smoking,
and has been justified by differences in the effective dose
increasing the final effect in females. Sex differences have been
reported for airborne gas adsorption and gas–blood barrier
permeability, for vascular transport and organ accumulation of
toxic chemicals and, finally, for a sex-linked hormonal status,
which alters the vascular effects of diesel exhaust [39].

We found no effect modification by age, though respiratory
mortality was more than twice as high in subjects aged
o85 yrs than in younger subjects. Our results confirm those
found in the literature: FISCHER et al. [9] reported an increased
risk of dying of COPD or pneumonia only for selected groups
of elderly subjects and FRANKLIN et al. [10] found a higher risk
of dying of respiratory disease in subjects aged o75 yrs than in
younger subjects.

This is the first study on respiratory mortality to use previous
hospital diagnoses for assessing susceptibility due to chronic
diseases. A previous study found an increased effect of PM on
respiratory mortality in patients with heart failure, but the
disease data were obtained from the concurrent causes
reported on death certificates [4]. We found that people who
had a chronic disease, but were not hospitalised in their last
month of life, were more susceptible to the particulate matter
effect. However, the effect did not increase proportionally to
the number of chronic diseases, nor were any specific diseases

identified as effect modifiers. A study carried out previously in
the same Italian cities as the present study identified recent
episodes of heart failure and pulmonary circulation impair-
ment as conditions of susceptibility for all natural deaths [23].
The lower number of respiratory deaths we studied here could
justify the negative results in identifying specific diseases that
can modify the PM10 effect. Alternative explanations are
possible for the negative results in patients with two or more
chronic diseases: their generally poor condition may have
prevented their exposure to air pollution or have played a
more important role in causing death.

Finally, the issue of the location of death deserves discussion.
We found a higher risk of dying of respiratory disease for
subjects who died out of hospital and had not been hospitalised
in their last month of life. Dying in hospital could be interpreted
as a consequence of a severe clinical condition; this was the
conclusion suggested in a study that found a higher risk of
dying among COPD patients who had visited an emergency
ward or had been admitted to an intensive care unit [25].
However, hospitalisation may constitute a temporary protective
factor against air pollution and death, since hospitalised patients
might be less exposed or might receive effective treatment for
their diseases. A possible interpretation of our data is that the
very high PM10–mortality association for people who died out
of hospital depended on probable exposure or being at such a
severe stage of disease that they were deemed unable to benefit
from intensive treatments, and were consequently not hospita-
lised. The still high, but not statistically significant, increased
risk for people who died in hospital indicates that they are
somehow more protected despite their severe conditions. The
very low risk of those who died out of hospital but had recently
been discharged may be due to protection given by therapy.
Two previous studies specifically analysed the site of death with
similar results and a similar interpretation for respiratory
diseases [26] and all natural diseases [4].

Conclusions
We are able to draw the following conclusions from the present
study. 1) Respiratory mortality was more affected by PM10 than
was natural mortality and the PM10 effect was slightly longer
lasting for respiratory mortality. 2) Females and chronic disease
sufferers were likely to be susceptible to the PM10 effect.
3) Specific problems affect respiratory patients in summer, but
the summertime PM10 effect was heterogeneous across the
cities; studying the composition of PM10 could help to explain
both the inter-city differences and the increased effect of PM10

during the summer. 4) The real effect of PM10 on respiratory
mortality may be even higher than has so far been ascertained;
more specific definitions of exposure, as well as an increasing
ability in reducing the misclassification of respiratory deaths,
should improve the validity of the estimates.
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