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ABSTRACT Short-term effects of air pollutants on respiratory mortality and morbidity have been
consistently reported but usually studied separately. To more completely assess air pollution effects, we
studied hospitalisations for respiratory diseases together with out-of-hospital respiratory deaths.
A time-stratified case-crossover study was carried out in six Italian cities from 2001 to 2005. Daily
particulate matter (particles with a 50% cut-off aerodynamic diameter of 10 mm (PM10)) and nitrogen
dioxide (NO2) associations with hospitalisations for respiratory diseases (n5100 690), chronic obstructive
pulmonary disease (COPD) (n538 577), lower respiratory tract infections (LRTI) among COPD patients
(n59886) and out-of-hospital respiratory deaths (n55490) were estimated for residents aged o35 years.
For an increase of 10 mg?m-3 in PM10, we found an immediate 0.59% (lag 0–1 days) increase in
hospitalisations for respiratory diseases and a 0.67% increase for COPD; the 1.91% increase in LRTI
hospitalisations lasted longer (lag 0–3 days) and the 3.95% increase in respiratory mortality lasted 6 days.
Effects of NO2 were stronger and lasted longer (lag 0–5 days). Age, sex and previous ischaemic heart disease
acted as effect modifiers for different outcomes.
Analysing multiple rather than single respiratory events shows stronger air pollution effects. The temporal
relationship between the pollutant increases and hospitalisations or mortality for respiratory diseases differs.
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Introduction
The impact of air pollutants on the respiratory system has been widely and consistently reported in recent
years. The short-term effects include decreases in pulmonary function [1], increases in inflammatory
markers [2] and respiratory symptoms [3], exacerbations of chronic obstructive pulmonary disease (COPD)
and infections [4–9], and increases in respiratory mortality [10–12].
The risk of dying from respiratory diseases associated with particulate matter (PM) (defined either as
particles with a 50% cut-off aerodynamic diameter of 10 mm (PM10) or 2.5 mm (PM2.5)) is close to 1% per
10 mg?m-3 in several studies worldwide [13], whereas PM effects on hospitalisations or emergency visits for
respiratory diseases tend to be higher (2–3%) and affect all ages [4, 6–9]. Nitrogen dioxide (NO2) and ozone
(O3) are associated with even larger increases per 10 mg?m-3 (near 3–6% and 5–6%, respectively) in asthma
exacerbations in children [6, 7, 14–16].
We have recently reported the results of the Italian EpiAir multi-city study (Air Pollution and Health:
Epidemiological Surveillance and Primary Prevention) on respiratory mortality that had effects ranging
from 2.3% per 10 mg?m-3 PM10 to 3.5% per 10 mg?m-3 NO2 [17, 18]. To complete the assessment of PM10
and NO2 effects on respiratory health, we studied emergency hospitalisations for respiratory diseases and for
COPD. We also considered out-of-hospital respiratory mortality, since our hypothesis was that the multiple
immediate respiratory effects of air pollutants should be considered together to give complete and valid
estimates of air pollution effects.
It has already been reported that latency differs with the type of respiratory event. Mortality is a prolonged
effect of PM (lasting 4–6 days) [19, 20], while hospitalisations and emergency visits are immediate (lag 0–
1 days and up to 3 days, respectively) [7–9], suggesting that subjects’ characteristics and patient
management may affect the probability of these different events. The stronger increase in out-of-hospital
than in-hospital mortality [17, 21] and recent studies on the protective effects of drugs against air pollutant
effects [22, 23] give support to our hypothesis that various respiratory outcomes have to be analysed
together as multiple effects of air pollutants.

Methods
Health events
We considered all emergency hospitalisations of subjects aged o35 years, who were residents of six Italian
cities (Bologna, Florence, Milan, Palermo, Rome and Turin), discharged from a hospital in their city,
between January 1, 2001 and December 31, 2005. We selected primary diagnoses of all respiratory diseases
(International Classification of Diseases, ninth revision (ICD-9) codes 460-519), COPD (ICD-9 codes 490492, 494, 496) as primary diagnosis, or secondary diagnosis when respiratory failure (ICD-9 codes 518.5,
518.8, 786.0) was the principal diagnosis, and lower respiratory tract infections (LRTI) (ICD-9 codes 466,
480–487) with COPD as secondary diagnosis; we also considered asthma diagnoses (ICD-9 codes 493).
Hospitalisations in the following 28 days with the same discharge diagnosis were excluded. Furthermore, we
considered all local deaths (ICD-9 codes 460–519) of residents aged o35 years, in the six cities during
2001–2005. We selected underlying respiratory causes of death reported in the local mortality registries. We
defined out-of-hospital deaths as those that occurred at home, in subjects who had not been hospitalised in
the previous 2 years, or had been discharged at least 28 days before death.
For each subject, sex, age and previous diseases identified from hospital diagnoses in the preceding 2 years
were analysed as potential effect modifiers. The diseases were selected based on the following criteria:
1) diseases related to oxidative stress, systemic inflammation, autonomous nervous system disorders,
coagulation disorders and atherosclerosis; 2) heart diseases that may have complicated the natural course of
respiratory diseases; and 3) chronic diseases that may generally impair vital functions, such as cancer,
chronic hepatic conditions and renal failure.
Data on influenza epidemics were defined, based on National Health Service Sentinel System data, as the 3week period of maximum incidence (generally occurring between January and March) in each city.

Environmental data
Air pollution data were provided by the Regional Environmental Agencies, which from 2001 to 2005
routinely monitored PM10 and NO2. A previously-defined algorithm [24] was developed to impute missing
values and to calculate daily averages for PM10 and NO2 in each city. For inclusion, monitored data of daily
measures per season had to be at least 75% complete.
Daily information on temperature, humidity and barometric pressure was provided by the Italian Air Force
Meteorological Service (Rome, Italy). Apparent temperature was calculated from air temperature and dewpoint temperature, a proxy of relative humidity [25].
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Statistical analyses
A time-series analysis was performed for each city to study the association between air pollutants and health
effects. A Poisson regression was applied, controlling for apparent temperature (lag 0–1 days, penalised
splines) and low temperature (lag 1–6 days, penalised splines), barometric pressure (lag 0 days, penalised
splines), temporary population decreases in the summer and during holidays (a three-level variable taking
into account vacation periods spent outside the city and decreased health service availability), and influenza
epidemics. Long-term trends and seasonality were controlled for by including a triple interaction of year,
month and day of the week in the regression models. Increases in hospitalisations and mortality
corresponding to 10 mg?m-3 increases in PM10 or NO2 were estimated and reported as percentages with
95% confidence intervals. More details about the analysis are reported in previous papers [17, 21] and
methods used to analyse hospitalisations have been fully described in a paper about the cardiovascular
effects of PM10 [26].
To explore the lag interval of the pollutants’ effects, we fitted single-lag models and cubic polynomial
distributed lag models [27, 28] for each city. 6-day lags were explored from 0 to 5 days preceding
hospitalisation or death. Cumulative lags were also analysed for three intervals selected a priori to
differentiate immediate (up to lag 1 day), delayed (lag 2–5 days) and prolonged (lag 0–5 days) effects. The
cumulative lag interval with the strongest effect and the lowest heterogeneity between cities in the pooled
analysis for that lag interval was used in further analysis as the best lag, but lag 0–3 days was preferred to lag
0–5 days for out-of-hospital mortality, in order to better compare the results with those of total respiratory
mortality [17].
To estimate the net effect of each pollutant on each respiratory event, the association was evaluated in twopollutant models.
A case-crossover analysis was carried out to investigate the potential modification of the effect of each
pollutant on the risk of any respiratory event in each city-specific regression model. A conditional logistic
regression was applied, selecting control days with a time-stratified approach (designed to control for
season, long-term trend and day of the week) [29], and considering the other covariates as in a Poisson
regression approach. Each individual effect modifier was tested by adding to the model an interaction term
between each potential effect modifier, one at a time, and the pollutant.
Finally, pooled estimates were obtained from city-specific results by applying a random-effects metaanalysis with maximum likelihood [30]. For each pooled estimate, we estimated the p-values of tests for
heterogeneity across cities.
All analyses were carried out using SAS software (Statistical Analysis System, version 8.2; SAS Institute, Inc.,
Cary, NC, USA) and R software (version 2.8.1; R Foundation for Statistical Computing, Vienna, Austria).

Results
There were 100 690 hospitalisations due to respiratory diseases in the study population from 2001 to 2005.
A total of 38 577 (39%) were due to COPD (24% of which had a principal diagnosis of respiratory failure)
and 9886 (10%) to LRTI in COPD sufferers. There were 5490 out-of-hospital respiratory deaths, accounting
for 30.7% of all respiratory deaths (n517 862). Most hospitalisations for respiratory diseases and COPD,
and most out-of-hospital deaths, were observed in Rome, Milan and Palermo, in decreasing order of
frequency (table 1). Hospitalisations for LRTI differed slightly; Florence joined Rome and Milan among the
cities with the highest values. Respiratory events were more frequent in the cold seasons (October to
March), when 56.6% of hospitalisations and 59.7% of out-of-hospital deaths occurred (table 1).
There were 185 out-of-hospital deaths related to asthma and 1874 asthma hospitalisations in the six cities
over the 5-year period.
Daily mean concentrations of PM10 ranged from 53.9 mg?m-3 in Turin to 34.8 mg?m-3 in Palermo. NO2
showed greater variability, with the lowest value in Florence (46.1 mg?m-3) and the highest in Milan, Turin
and Rome (59.2, 66.0 and 62.4 mg?m-3, respectively). The apparent temperature showed a clear North–
South gradient, with the lowest values in Milan, Turin and Bologna (11.5–13.8uC) and the highest in
Palermo and Rome (15.7–19.4uC). No important differences in humidity or atmospheric pressure were
observed between the cities. Complete data on pollutants and meteorological conditions have been reported
in previous papers [17, 21, 26].
The effects of both PM10 and NO2 on hospitalisations for respiratory diseases were immediate (lag 0–1 days),
and notable on hospitalisations for COPD, which increased the same day the pollutants increased and
decreased immediately after. Hospitalisations for LRTI increased later, on the second day (for PM10) or on the
third day (for NO2), and reached the strongest values on the fourth day (lag 3 days), suggesting that COPD
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TABLE 1 Multiple respiratory health events in subjects aged o35 years, by season and city, from 2001 to 2005
Hospitalisations for respiratory diseases

Out-of-hospital respiratory
deaths"

All respiratory diseases

COPD#

LRTI in COPD#

19 479 (19.3)
10 100 (10.0)
8716 (8.7)
8725 (8.7)
37 692 (37.4)
15 978 (15.9)
100 690 (100.0)

6538 (6.5)
3695 (3.7)
3883 (3.9)
2740 (2.7)
14 713 (14.6)
7008 (7.0)
38 577 (38.3)

1960 (1.9)
1060 (1.1)
859 (0.9)
1419 (1.4)
3238 (3.2)
1350 (1.3)
9886 (9.8)

1147 (20.9)
409 (7.4)
457 (8.3)
426 (7.8)
2400 (43.7)
651 (11.9)
5490 (100.0)

8376 (19.2)
4168 (9.5)
3653 (8.4)
3617 (8.3)
16 751 (38.3)
7147 (16.4)
43 712 (100.0)

2654 (6.1)
1423 (3.3)
1578 (3.6)
1040 (2.4)
6231 (14.3)
3039 (7.0)
15 965 (36.5)

840 (1.9)
409 (0.9)
350 (0.8)
587 (1.3)
1444 (3.3)
568 (1.3)
4198 (9.6)

432 (19.5)
169 (7.6)
187 (8.5)
181 (8.2)
981 (44.4)
261 (11.8)
2211 (100.0)

All seasons
Milan
Turin
Bologna
Florence
Rome
Palermo
Total
Warm seasons+
Milan
Turin
Bologna
Florence
Rome
Palermo
Total

Data are presented as n (%). Chronic obstructive pulmonary disease (COPD) was identified as principal diagnosis of COPD or respiratory failure with
COPD as secondary diagnosis; lower respiratory tract infections (LRTI) (bronchitis and pneumonia) were identified as principal diagnosis with COPD
as secondary diagnosis. #: percentage of all respiratory diseases; ": deaths of people without hospitalisations in the previous 2 years or with
hospitalisation but discharged at least 28 days before death, with estimated percentages of all respiratory deaths; +: from April to September.

patients with pulmonary infections are hospitalised later. Finally, out-of-hospital mortality was prolonged (lag
0–5 days), increased steadily until the third day and remained high until the sixth day (fig. 1).
A 10 mg?m-3 rise in PM10 gave an increased risk (IR) (95% CI) of hospitalisations for all respiratory diseases
of 0.59% (0.10–1.08%) and for COPD of 0.67% (-0.02–1.35%). Greater increases in risk were observed for
LRTI hospitalisations (1.91% (0.06–3.79%)) and for out-of-hospital respiratory mortality (3.95% (1.53–
6.43%)) (table 2).
A 10 mg?m-3 rise in NO2 gave an IR (95% CI) of hospitalisations for all respiratory diseases of 1.19% (0.23–
2.15%) and for COPD of 1.20% (0.17–2.23%). Greater increases were observed for LRTI (1.79% (95% CI 1.16–4.83%)) and for out-of-hospital mortality (6.92% (95% CI 3.53–10.42%)) (table 2). The heterogeneity
of the effects across cities was very low for both pollutants.
The effect estimates on asthma hospitalisations were estimated only for Rome (the city with the highest
frequency). We found the highest values at lag 0–5 days with important but not statistically significant IR
(95% CI) of 6.59% (-2.27–16.27%) for 10 mg?m-3 PM10 and 9.26% (-2.66–22.64%) for 10 mg?m-3 NO2
(data not shown). The low number of asthma events did not allow further consideration in the analysis.
To compare the effect sizes between the two pollutants, we estimated the strength of the effects of both
pollutants by the interquartile ranges of their concentrations (24.9 mg?m-3 and 25.9 mg?m-3 for PM10 and
NO2, respectively). NO2 had slightly stronger effects than PM10 at the best lag for each pollutant. The effects
on respiratory hospitalisations were 1.94% versus 1.47% at lag 0–1 days and 3.10% versus 1.53% at lag 0–
5 days, respectively. The effects on COPD hospitalisations were 3.13% versus 1.66% at lag 0–1 days; those
on LRTI hospitalisations were 4.71% versus 3.75%, respectively, at lag 0–5 days; and those on out-ofhospital deaths were 16.26% versus 11.25%, respectively, at lag 0–5 days. The complete results are reported
in the online supplementary table A.
The association between PM10 and hospitalisations was stronger in warm seasons, when compared with
cold seasons, for all respiratory events; it was 12 times stronger for respiratory diseases, 7.5 times stronger
for COPD and five times stronger for LRTI, indicating that seasons are also an effect modifier (online
supplementary table B). Out-of-hospital mortality differed slightly; although it increased 1.7 times in warm
seasons, the ratio was much lower than for hospitalisations and no effect modification was statistically
supported (online supplementary table B). The pattern of associations between NO2 and hospitalisations by
season was very similar to what has been seen for PM10.
In the two-pollutant models, when both PM10 and NO2 were considered, the effects remained but were
lower, especially for all respiratory diseases and out-of-hospital mortality, and statistical significance was not
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FIGURE 1 Pooled results showing the association between multiple respiratory outcomes and particles with a 50% cut-off
aerodynamic diameter of 10 mm (PM10) or nitrogen dioxide (NO2), by lag (from constrained distributed lag models), for
six cities in 2001–2005. Data are presented as percentage increases of risk of respiratory outcome, and 95% confidence
intervals, relative to a 10 mg?m-3 increase in PM10. In distributed lag models, a third-degree polynomial constrain for lags
from 0 to 5 days has been applied.

reached (table 3). The correlation between NO2 and PM10 varied between 0.22 and 0.79 across cities, as a
result of different sources and dispersion of the pollutants. This could explain the indeterminate results
regarding possible independent effects.
Table 4 (and online supplementary table C) shows the pooled estimates of PM10 effects on respiratory
hospitalisations and out-of-hospital mortality, stratified by age group, sex and hospital discharge diagnoses
in the previous 2 years. Age was clearly an effect modifier of out-of-hospital mortality, and people were
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0.597
0.718
0.634
0.330
0.651
0.522
0.987
0.729
0.033
0.837

0.53 (0.09–0.96)
0.59 (0.10–1.08)
0.60 (0.01–1.20)
0.35 (-0.21–0.92)
0.61 (-0.07–1.30)

0.67 (0.03–1.31)
0.75 (0.03–1.46)
1.09 (0.24–1.95)
0.73 (-0.36–1.83)
1.19 (0.23–2.15)

p-valuee

1.20 (0.17–2.23)
0.98 (-0.16–2.13)
0.86 (-0.50–2.23)
-0.01 (-1.27–1.27)
0.82 (-0.70–2.37)

0.67 (-0.02–1.35)
0.23 (-0.54–1.02)
-0.14 (-1.07–0.80)
-0.76 (-1.73–0.22)
-0.43 (-1.50–0.65)

IR (95% CI)

COPD"

0.574
0.736
0.724
0.413
0.766

0.580
0.817
0.475
0.184
0.424

p-valuee

-0.14 (-2.10–1.86)
-0.67 (-2.83–1.55)
1.13 (-1.48–3.81)
2.56 (-0.72–5.96)
1.79 (-1.16–4.83)

0.28 (-1.10–1.68)
0.57 (-0.95–2.12)
1.91 (0.06–3.79)
1.64 (-0.31–3.63)
1.49 (-0.65–3.68)

IR (95% CI)

LRTI in COPD+

0.589
0.853
0.820
0.118
0.714

0.837
0.880
0.655
0.154
0.585

p-valuee

0.15
1.14
3.54
6.92
5.99

(-2.47–2.84)
(-1.80–4.17)
(-0.04–7.25)
(3.53–10.42)
(1.92–10.22)

1.13 (-0.62–2.90)
1.85 (-0.17–3.90)
3.95 (1.53–6.43)
4.50 (2.19–6.86)
4.38 (1.57–7.26)

IR (95% CI)

0.767
0.820
0.264
0.194
0.521

0.898
0.376
0.437
0.517
0.639

p-valuee

Out-of-hospital respiratory deaths1

0.59 (0.10–1.08)
0.45 (-0.12–1.01)
1.19 (0.23–2.15)
0.86 (0.30–2.02)

IR (95% CI)
0.718
0.422
0.837
0.576

p-value#

All respiratory diseases

0.67 (-0.02–1.35)
0.54 (-0.41–1.49)
1.20 (0.17–2.23)
1.02 (-0.45–2.51)

IR (95% CI)

COPD

0.580
0.250
0.574
0.184

p-value#

Hospitalisations for respiratory diseases

1.91 (0.06–3.79)
2.14 (-0.74–5.11)
1.79 (-1.16–4.83)
2.01 (-1.78–5.94)

IR (95% CI)

LRTI in COPD

0.655
0.194
0.714
0.386

p-value#

3.95 (1.53–6.43)
2.93 (-0.14–6.09)
5.99 (1.92–10.22)
3.00 (-2.04–8.30)

IR (95% CI)

0.437
0.636
0.521
0.967

p-value#

Out-of-hospital respiratory deaths

IR are presented as %. Chronic obstructive pulmonary disease (COPD) was identified as principal diagnosis of COPD or respiratory failure with COPD as secondary diagnosis; lower
respiratory tract infections (LRTI) (bronchitis and pneumonia) were identified as principal diagnosis with COPD as secondary diagnosis. Note that the following lags were used in PM10
models: 0–1 days for respiratory hospitalisations, 0 days for COPD and 0–3 days for LRTI hospitalisations and out-of-hospital deaths. In NO2 models, lag 0–5 days was used for all the
outcomes apart from COPD hospitalisations, which were analysed at lag 0 days. PM10: particles with a 50% cut-off aerodynamic diameter of 10 mm; NO2: nitrogen dioxide. #: p-value of
heterogeneity test (null hypothesis is perfect homogeneity of city-specific results). Bold type indicates which best lag results were used in this analysis.

Single-PM10 model
Model with NO2
Single-NO2 model
Model with PM10

Model

TABLE 3 Pooled results of the increased risk (IR) in respiratory health effects associated with 10 mg?m-3 increase in PM10 or NO2 from models adjusted for other
pollutants, in six Italian cities from 2001 to 2005

IR are presented as %. Chronic obstructive pulmonary disease (COPD) was identified as principal diagnosis of COPD or respiratory failure with COPD as secondary diagnosis; lower
respiratory tract infections (LRTI) (bronchitis and pneumonia) were identified as principal diagnosis with COPD as secondary diagnosis. PM10: particles with a 50% cut-off aerodynamic
diameter of 10 mm; NO2: nitrogen dioxide. #: n5100 690; ": n538 577; +: n59886; 1: n55490, deaths of people without hospitalisations in the previous 2 years or with hospitalisation but
discharged at least 28 days before death; e: p-value of heterogeneity test (null hypothesis is perfect homogeneity of city-specific results). Bold type indicates the results that could be used
as the best lag results.

PM10 lag days
0
0–1
0–3
2–5
0–5
NO2 lag days
0
0–1
0–3
2–5
0–5

IR (95% CI)

All respiratory diseases#

Hospitalisations for respiratory diseases

TABLE 2 Pooled results of the increased risk (IR) in multiple respiratory health effects associated with 10 mg?m-3 increase in PM10 and NO2 at different lags, in
subjects aged o35 years in six Italian cities from 2001 to 2005
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TABLE 4 Pooled results of the increased risk (IR) in multiple respiratory health effects associated with 10 mg?m-3 increase in
PM10, in subjects aged o35 years, by demographic characteristics and previous diseases, in six Italian cities from 2001 to 2005

Hospitalisations for all respiratory diseases
Total
Age years
35–64
65–74
75–84
o85
Sex
Males
Females
Previous ischaemic heart diseases1
Hospitalisations for COPD
Total
Age years
35–64
65–74
75–84
o85
Sex
Males
Females
Previous ischaemic heart diseases1
Hospitalisations for LRTI in COPD
Total
Age years
35–64
65–74
75–84
o85
Sex
Males
Females
Previous ischaemic heart diseases1
Out-of-hospital respiratory deaths
Total
Age years
35–64
65–74
75–84
o85
Sex
Males
Females
Previous ischaemic heart diseases1

p-interaction+

n (%)

IR# (95% CI)

p-heterogeneity"

100 690 (100)

0.59 (0.10–1.08)

0.718

22 572
26 093
34 492
17 533

(22.4)
(25.9)
(34.3)
(17.4)

0.05 (-0.86–0.97)
0.54 (-0.52–1.61)
0.79 (0.06–1.52)
1.24 (0.25–2.23)

0.984
0.111
0.813
0.541

0.513
0.205
0.131

56 647 (56.3)
44 043 (43.7)
12 495 (12.4)

0.50 (-0.08–1.09)
0.79 (0.14–1.44)
1.59 (0.41–2.79)

0.310
0.740
0.697

0.473
0.074

38 577 (100)

0.67 (-0.02–1.35)

0.580

5939 (15.4)
11 640 (30.2)
15 092 (39.1)
5906 (15.3)

0.20
1.17
0.71
0.05

(-1.24–1.66)
(-0.60–2.97)
(-0.28–1.70)
(-1.49–1.61)

0.748
0.019
0.235
0.689

0.230
0.537
0.642

23 000 (59.6)
15 577 (40.4)
5466 (14.2)

0.93 (0.02–1.85)
0.22 (-0.73–1.18)
1.93 (0.33–3.55)

0.320
0.964
0.388

0.371
0.068

9886 (100)

1.91 (0.06–3.79)

0.655

1563
2569
3726
2028

(15.8)
(26.0)
(37.7)
(20.5)

0.78 (-3.41–5.15)
0.77 (-2.23–3.86)
2.42 (-0.19–5.10)
3.78 (0.45–7.22)

0.827
0.501
0.432
0.660

0.883
0.504
0.243

6344 (64.2)
3542 (35.8)
1227 (12.4)

2.46 (0.41–4.56)
1.27 (-1.36–3.96)
4.89 (0.29–9.69)

0.879
0.296
0.755

0.486
0.192

5490 (100)

3.95 (1.53–6.43)

0.344

288 (5.2)
575 (10.5)
1682 (30.6)
2944 (53.6)

-5.38 (-14.10–4.22)
4.00 (-2.98–11.48)
5.07 (1.01–9.30)
4.82 (1.81–7.92)

0.397
0.707
0.704
0.468

0.120
0.049
0.047

2550 (46.4)
2940 (53.6)
476 (8.7)

1.98 (-1.32–5.40)
6.15 (3.06–9.33)
3.42 (-3.40–10.72)

0.098
0.395
0.943

0.076
0.820

IR are presented as %. Chronic obstructive pulmonary disease (COPD) was identified as principal diagnosis of COPD or respiratory failure with
COPD as secondary diagnosis; lower respiratory tract infections (LRTI) (bronchitis and pneumonia) were identified as principal diagnosis with COPD
as secondary diagnosis. PM10: particles with a 50% cut-off aerodynamic diameter of 10 mm. #: risk estimated at the best lag, hospitalisations for all
respiratory diseases was lag 0–1 days, for COPD was lag 0 days, for LRTI in COPD was lag 0–3 days, and out-of-hospital mortality was lag 0–3 days;
"
: p-value of heterogeneity test (null hypothesis is perfect homogeneity of city-specific results); +: p-value derived from the model with the
interaction term (for each condition, the reference category is the group of subjects without the disease);1: discharge diagnosis in the period 29 days
to 2 years before death, for International Classification of Diseases (ninth revision) codes 410–414. Bold type indicates the total effects, the statistically
significant results within each variable, and the p-interaction values that identify an effect modification.

more likely to die at home if they were older: IR (95% CI) rose to 5.07% (1.01–9.30%) for subjects aged 75–
84 years and to 4.82% (1.81–7.92%) for those aged o85 years. Sex was a mild effect modifier, with females
(6.15% (3.06–9.33%)) being more likely to die at home than males (1.98% (-1.32–5.40); p-value for
interaction 0.076). In contrast, cancer patients were less likely to die at home (-5.32% (95% CI -16.64–7.53);
p-value for interaction 0.134).
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There was a higher IR (95% CI) for subjects aged o85 years being hospitalised for all respiratory disease of
1.24% (0.25–2.23%), compared with younger subjects, but the difference was not statistically significant. In
contrast, a previous diagnosis of ischaemic heart disease gave an increased risk of hospitalisation, suggesting
a possible effect modification on all respiratory diseases, with IR (95% CI) of 1.59% (0.41–2.79%), on
COPD exacerbation (1.93% (0.33–3.55%)), and on LRTI in COPD sufferers (4.89% (0.29–9.69%)). Among
non-cardiac diseases, only chronic liver disease possibly increased the likelihood of a hospitalisation for
LRTI. We did not find any evidence of modification of the effects of air pollution on respiratory diseases for
diseases of pulmonary circulation (ICD-9: 415–417), conduction disorders (ICD-9: 426), arrhythmias
(ICD-9: 427), heart failure (ICD-9: 428) and, among non-cardiac diseases, for cancer (ICD-9: 140–208),
diabetes (ICD-9: 250), cerebrovascular diseases (ICD-9: 430–438), chronic pulmonary diseases (ICD-9:
490–505) or renal failure (ICD-9: 584–588).

Discussion
We found an immediate increase in emergency hospitalisations for respiratory diseases associated with
PM10, and even more strongly associated with NO2. The largest and longest lasting effect was observed on
hospitalisations due to LRTI in COPD sufferers. All effects on hospitalisations were stronger in warm
seasons compared with cold seasons. Subjects with a previously diagnosed ischaemic heart disease showed
the strongest effects of PM10. The risk of dying out of hospital was much higher than that of being
hospitalised; it did not decrease over the cumulative 6-day exposure and did not show seasonal differences.
The immediate effect on hospitalisations for respiratory diseases confirms most results from previous
studies on adults [5, 8]. Longer cumulative lags have been consistently reported for respiratory
hospitalisations in children [14, 15]. The greatest effect has been observed on hospitalisations due to LRTI
in COPD sufferers; it lasted longer, up to 4 or 6 days for different pollutants, and it was consistent across
cities. Since we studied only pneumonia in COPD, we concluded that worsening COPD causes immediate
recourse to hospitalisation, while pulmonary infections in COPD patients took more time to become
serious, resulting in more time elapsed before hospitalisation for COPD patients who developed pulmonary
infections. Important increases in hospitalisations for LRTI associated with rises in PM10 or NO2 were
reported both in adults [31, 32] and in children [33]. Also, hospitalisations for chronic respiratory diseases
(COPD) associated with rising PM10 showed higher increases than those for all respiratory diseases, as has
already been reported [34]. Clearly, COPD patients are very likely to be susceptible to the short-term effects
of air pollutants [9, 31, 35–37].
A slightly stronger effect of NO2 than PM10 on respiratory hospitalisations has been reported in some
previous studies of both pollutants [6, 14], but the difference was small or not appreciable. However, the
literature shows that NO2 had a stronger effect than PM10 on child morbidity and on adult mortality, and in
our study the NO2 effects on hospitalisation for respiratory diseases and for COPD were almost twice as
large as those due to PM10. While this supports the conclusion that NO2 has a greater effect on respiratory
health, the variability of the correlation between the two pollutants prevents us from drawing a clear
conclusion regarding their independent effects.
The warm season exacerbates the effects of pollutants, especially those related to NO2, although a complete
explanation for this can still not be found in the literature.
The elderly and those with previous ischaemic disease were more likely to be hospitalised following PM
increases, but no effect modification was appreciated. The same effect has been previously reported for
other cardiac diseases [22] and the most elderly subjects [38]. It is noteworthy that we did not find any
modification with age of the risk of hospitalisations due to specific respiratory diseases (COPD and LRTI),
which are likely to be influenced by other factors.
The high estimates of out-of-hospital mortality we found here for PM10, and even more for NO2, were
consistent with the results we found for total respiratory mortality [17, 18], and confirm the stronger effect
of NO2 than PM reported in other studies [19, 39]. However, the higher increases in mortality than in
hospitalisations, which we found for both pollutants, contrast with the results of most previous studies that
reported higher risks of respiratory hospitalisations than of respiratory mortality [7–9, 13]. Although not
excluding the possibility that different habits of recourse to hospitals may explain this disagreement, the
more likely explanation is, in our opinion, the shorter lag time (0–1 days) used in most studies in contrast
to the prolonged lag (0–5 days) we used here and in previous studies analysing total respiratory mortality
[17, 18]. Shorter lag times have usually been considered more suited for natural mortality; however,
previous studies that used a lag of 0–6 days [19, 20, 39] found higher estimates of respiratory mortality
associated with both PM and NO2. Conversely, it has been demonstrated that the effect of air pollution on
mortality spreads over 2 days [27].
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Having no previous hospitalisations has previously been recognised as increasing mortality risk [17–19],
since it assumes hospitalisation functions as a temporary protective factor against air pollution and death,
because it reduces exposure and provides effective treatment for chronic diseases. This is the first time that
the factors linked to dying out of hospital were specifically analysed, and the results would suggest that very
old people are hospitalised less frequently, while the risk of dying related to air pollution does not seem to
be influenced by the presence of chronic diseases.
This study takes a new approach to assess the health effects of air pollution by analysing hospitalisations and
out-of-hospital mortality simultaneously as multiple effects. Not having been able to include emergency
visits among the respiratory effects of air pollution is clearly a limit of our analysis, given their importance
in assessing air pollutant effects [7, 16, 40]. However, this approach allowed us to obtain a more complete
picture of air pollution effects and to detect conditions of susceptibility for different outcomes.
Several conclusions can be drawn from the present study. 1) PM10 and NO2 increased hospitalisations and
mortality for respiratory diseases. 2) Subjects with previous cardiac ischaemic diseases were affected more
strongly by PM10 than their healthier counterparts. 3) Air pollution effects on hospitalisation in Italy are
stronger during the warm period of the year, confirming what has been already observed for mortality. 4) A
more complete picture of the short-term respiratory effects of air pollutants is obtained when both
hospitalisations and out-of-hospital deaths are examined. Air pollution suddenly aggravates COPD, leading
to immediate hospitalisation, and/or promotes respiratory infections that slowly lead to hospitalisation or
to death at home.
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