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Recent studies have demonstrated acute effects of air
pollution on pulmonary function [1–5], respiratory symp-
toms [1–3, 5] and medication use [1, 3] in groups of chil-
dren, using air pollution indicators such as particles with a
50% cut-off aerodynamic diameter of 10 µm (PM10), sul-
phur dioxide (SO2) and black smoke (BS). In some of
these studies [4, 5] it was not possible to disentangle the
effects of the separate air pollution indicators. Effects could
be seen below the 1987 World Health Organization (WHO)
air-quality guidelines [6]. These WHO air quality guide-
lines for Europe were based on older epidemiological stu-
dies using indicator pollutants such as total suspended
particulates (TSP), BS and SO2, at higher concentrations of

these pollutants than encountered in most European areas
today. The concentration and composition of air pollution
have changed over the last decades in many areas of
Europe [7]. Components such as SO2 and airborne, coarse
particulates have decreased owing to emission abatement
measures and changes in energy production, industrial
processes and space heating. Levels of other pollutants such
as nitrogen dioxide (NO2) and ozone (O3) have increased
during the same period, mostly through increased motor
vehicle traffic. Thus, information is needed to evaluate
how the response to air pollution depends on the composi-
tion of the current air pollution mixture. The possible dif-
ference in response to air pollution characterized by high
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ABSTRACT: The Pollution Effects on Asthmatic Children in Europe (PEACE) study
is a multicentre study of the acute effects of particles with a 50% cut-off aerodynamic
diameter of 10 µm (PM10), black smoke (BS), sulphur dioxide (SO2) and nitrogen
dioxide (NO2) on the respiratory health of children with chronic respiratory symp-
toms.

The study was conducted in the winter of 1993/1994 by 14 research centres in
Europe. A total of 2,010 children, divided over 28 panels in urban and suburban loca-
tions, was followed for at least 2 months. Exposure to air pollution was monitored on
a daily basis. Health status was monitored by daily peak expiratory flow (PEF) meas-
urements and a symptom diary. The association between respiratory health and air
pollution levels was calculated with time series analysis. Combined effect estimates of
air pollution on PEF or the daily prevalence of respiratory symptoms and bronchodi-
lator use were calculated from the panel-specific effect estimates. Fixed effect models
were used and, in cases of heterogeneity, random effect models.

No clear associations between PM10, BS, SO2 or NO2 and morning PEF, evening
PEF, prevalence of respiratory symptoms or bronchodilator use could be detected.
Only previous day PM10 was negatively associated with evening PEF, but only in loca-
tions where BS was high compared to PM10 concentrations. There were no consistent
differences in effect estimates between subgroups based on urban versus suburban,
geographical location or mean levels of PM10, BS, SO2 and NO2. The lack of associa-
tion could not be attributed to a lack of statistical power, low levels of exposure or
incorrect trend specifications.

In conclusion, the PEACE project did not show effects of particles with a 50% cut-
off aerodynamic diameter of 10 µm, black smoke, sulphur dioxide or nitrogen dioxide
on morning or evening peak expiratory flow or the daily prevalence of respiratory
symptoms and bronchodilator use.
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SO2 and particulate levels and air pollution characterized
by high levels of NO2 and diesel soot is of specific inter-
est. East European countries still experience the classical
type of air pollution, whereas west European countries ex-
perience more motor vehicle air pollution. A comparison
of health effects between urban areas and suburban or rur-
al areas is of interest to detect the effects of primary urban
emissions.

The Pollution Effects on Asthmatic Children in Europe
(PEACE) study was designed to study the relationship
between short-term changes in air pollution and lung func-
tion, respiratory symptoms and medication use. It is a col-
lection of panel studies that were conducted in the winter
of 1993/1994 in 14 different centres in Europe. All centres
used the same protocol for data collection and data analy-
sis. The design, methods and results of the individual pan-
els have been reported in a special issue of the European
Respiratory Review [8]. In this paper, the effect estimates
on respiratory health for the separate panels are used to
calculate combined effect estimates for various air pollu-
tants using meta-analysis techniques. In addition to com-
bining effect estimates of all locations, differences between
locations based on geographic location, urban/suburban
location and composition of air pollution mixture were
also investigated. The evaluation of differences in res-
ponse between subjects within a panel, such as asthmatics
versus nonasthmatics and atopics versus nonatopics, will
be the topic of a separate paper.

Materials and methods

PEACE study

The PEACE study was a collaboration of 14 European
centres: Amsterdam (The Netherlands), Kuopio (Finland),
Oslo (Norway), Berlin and Hettstedt (Germany), Pisa
(Italy), Athens (Greece), Kraków and Katowice (Poland),
Prague and Teplice (Czech Republic), Budapest (Hungary)
and Umeå and Malmö (Sweden). Each centre selected two
panels, one in an urban area and one in a suburban or rural
area (hereafter referred to as the suburban panel). The sub-
urban panel was selected from a community which had no
major traffic emissions, had no large industrial sources,
had sufficient size to select enough subjects and was close
to a site of an existing air pollution measurement network.
Suburban panels were included to evaluate differences in
the effects of air pollution caused by level and composi-
tion of air pollution, in panels paired by meteorological
characteristics.

Children aged between 6 and 12 yrs with chronic res-
piratory symptoms were selected by a parent-completed
screening questionnaire. The criteria for selection were:
reporting of wheeze (apart from colds), attacks of short-
ness of breath with wheezing, and/or dry cough (apart
from colds) in the last 12 months and/or doctor-diagnosed
asthma ever in life. To characterize the children fur-
ther, skin-prick tests to common allergens were applied,
lung function was measured and a detailed questionnaire
on housing characteristics, environmental tobacco smoke
(ETS) exposure and parental education was administered
to the parents. The methods are given in detail elsewhere
[8].

Peak expiratory flow (PEF) was measured each day in
the morning and in the evening for at least 2 months in the
winter of 1993/1994. Winter was chosen as the study sea-
son because in Europe the highest particle and SO2 con-
centrations usually occur in winter. The starting date in
each location was chosen such that the highest air pollu-
tion levels during winter were expected to occur during
the measurement period and the pollen season would not
have started. Starting dates ranged from November 1993
in Hettstedt, Germany, to February 1994 in Kuopio, Fin-
land. More detailed information is given elsewhere [8].
Three PEF measurements were performed in a standing
position, prior to medication use. All three readings were
noted in a diary. The highest of the three readings was
used for analysis. All subjects used the miniWright peak
flow meter (Clement Clarke, Essex, UK). A parent com-
pleted a daily diary for the child, recording the presence
and severity of respiratory symptoms and use of medica-
tion for respiratory symptoms. The symptoms in the diary
were cough, phlegm, runny/stuffed nose, woken up with
breathing problems, shortness of breath, wheeze, attack(s)
of shortness of breath with wheeze, fever, eye irritation
and sore throat. To avoid large changes in composition of
the reporting group of children on separate days, children
were included in the analysis if they had valid PEF meas-
urements and respiratory symptom data on >60% of the
days.

Concurrent air pollution measurements were performed
in both the urban and suburban locations. Daily 24-h mea-
surements of PM10, BS, SO2 and NO2 were made at sites
not influenced by nearby sources, i.e. background sites.
More information on the measurement methods is given
elsewhere [8–10].

All panels were analysed separately. The first 2 days of
each subject's data were removed to eliminate a possible
training effect. Individual daily PEF readings were trans-
formed into a daily population variable representing the
population mean for each day of the individual deviations
from the child-specific mean PEF [1, 2]. This was done
separately for morning and evening PEF, resulting in
∆PEFam and ∆PEFpm. The association between daily levels
of air pollutants and daily levels in  ∆PEFam and  ∆PEFpm
was calculated by means of linear regression weighted by
the number of reporting children on each day. Correction
for autocorrelation in the residuals was made. A first-
order autoregressive model was identified after inspection
of the partial autocorrelation function of the residuals.

The symptoms in the diaries were recoded to 0 (no
symptom) and 1 (slight, moderate or severe symptom) and
the daily prevalence was calculated. Daily prevalence was
defined as the fraction of children for whom the presence
of a respiratory symptom/medication use was reported from
those children providing valid diary data for that symptom
on that day. Daily prevalence was preferred above daily
incidence in order to obtain comparable results with ear-
lier studies [1–4]. The association between symptom  pre-
valence and air pollution was evaluated with logistic
regression but under the assumption of normally distrib-
uted residuals. This was done because when analysing
prevalence with binomial distributed residuals the residu-
als showed significant underdispersion. The observations
were weighted by the number of reporting children on
each day and correction for first-order autocorrelation in
the residuals was made after inspection of the residuals.
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The respiratory symptoms cough and phlegm and the
symptom combinations upper respiratory symptoms (run-
ny/stuffed nose, sore throat) and lower respiratory symp-
toms (shortness of breath, wheeze, asthma attacks) were
analysed. The prevalence of bronchodilator use (e.g. sal-
butamol (albuterol), fenoterol or terbutaline) was also ana-
lysed.

The explanatory variables were 24 h average concen-
trations of PM10, BS, SO2 and NO2, analysed separately
because of the high correlation (r>0.6) between the pollut-
ants. Current-day concentration (lag0), previous-day con-
centration (lag1), concentration 2 days before (lag2) and
the average of lag 0–6 days (7 day mean) were analysed
separately. The choice of these lags was based primarily
on findings in previous studies [1–3]. Minimum tempera-
ture, a dummy variable indicating normal school days ver-
sus holidays/weekends and time trend were included as
potential confounders. Time trend was included as a linear
and square-root term for the PEF analysis and as a third-
order polynomial in the prevalence analysis. The regre-
ssion slopes of the air-pollution components from the
linear and logistic regression models for each panel were
used to calculate combined effect estimates.

Statistical methods and analysis

A combined analysis of panel-specific effect estimates
using meta-analysis techniques was chosen over a pooled
analysis because of the computational complexity of the
latter. A pooled analysis, involving the creation of one
large data set of all individual data, would require interac-
tion terms for each term included in the regression equa-
tion to allow for, for example, panel-specific time trends.
Combined effect estimates were calculated for the regres-
sion slopes of lag0, lag1, lag2, and the 7 day mean on
∆PEFam,  ∆PEFpm and the prevalence of respiratory symp-
toms and bronchodilator use. For PEF, the effect is ex-
pressed as L·min-1 change in PEF, whereas for prevalence
the effect is expressed as an odds ratio (OR), both per 100
µg·m-3 increase in air pollution. A combined fixed effect
estimate was calculated as the weighted mean of the panel-
specific slopes with the weights inversely proportional to
the panel-specific variance. The standard error (SE) of the
combined slope was calculated as the inverse of the square
root of the sum of the weights [11]. This fixed effect mean
assumes that the variability in panel-specific slopes is
caused by sampling errors only and that there is no variance
present caused by other factors. Panel-specific regression
slopes and the combined regression slope were plotted
with 95% confidence intervals (CI). Heterogeneity of pan-
el-specific slopes was evaluated by a visual inspection fol-
lowed by a Chi-squared test for homogeneity [11]. In this
visual inspection, heterogeneity was suspected when the
combined slope was not contained in the 95% CI of all
panel-specific slopes [12]. In the case of homogeneity, the
combined slope calculated as a fixed effect was consider-
ed an appropriate estimate. A conservative cut-off point
of a p-value smaller than 0.25 was chosen to determine
heterogeneity. In case of heterogeneity (p<0.25), combined
effect estimates using random effect estimation were cal-
culated with the noniterative method with unequal wei-
ghts [11]. Random effect estimation takes into account
both the within-study and the between-study variance.

Next, combined effect estimates were calculated within
predefined strata. Location (urban versus suburban) was
used to evaluate the potential additional effect of urban air
pollution sources over suburban areas. Geographical loca-
tion was used to evaluate climatic influences or regional
differences in air pollution. Four groups were defined:
north (Umeå, Oslo, Malmö, Kuopio), west (Amsterdam,
Berlin), east (Hettstedt, Kraków, Katowice, Teplice, Pra-
gue, Budapest) and south (Pisa, Athens). Strata based on
concentrations of air pollution components were defined
to evaluate possible modification of effects by the compo-
sition of air pollution. BS measures the reflectance of
small particles and served as an indicator of fine black car-
bon particles emitted by traffic or coal combustion (soot).
SO2 served as an indicator of air pollution caused by fossil
fuel combustion with high amounts of sulphur such as
certain types of coal and oil. NO2 served as an indicator of
traffic-related air pollution, since motor vehicles emit
large amounts of NO which rapidly reacts to NO2. Strata
based on the ratio between the mean concentrations of
PM10 and BS served to indicate the proportion of carbon-
aceous particles within PM10.

To correct for other factors, a weighted multiple linear
regression was performed with the panel-specific regres-
sion slopes, with the inverse of the panel-specific variance
of the slope used as weights. The calculated SE of the re-
gression slope was corrected according to BERLIN et al. [13].
Separate independent variables were mean concentrations
of PM10, BS, SO2 and NO2, the ratio PM10/BS and geo-
graphical position. To evaluate unmeasured differences
between urban and suburban locations, a dummy indicator
for location was included in the regression models. Chil-
dren who were selected only on the basis of a positive
answer to the nightly dry cough question had a lower
prevalence of lower respiratory symptoms, upper respi-
ratory symptoms and phlegm than children selected on
asthma symptoms [14] and reacted differently to air pollu-
tion in the Finnish panels [15]. Thus, the reaction of a
panel to air pollution might be influenced by panel com-
position. This may affect the relationship between the
regression slopes and indicators of air pollution composi-
tion. The percentage of atopic children, the percentage of
children in a panel who were selected only on the basis of
a positive answer to cough and the mean prevalence of
bronchodilator use of a panel served as indicators of panel
composition and were, therefore, included in the regres-
sion models to adjust the results. This paper will focus
only on indicators of air pollution composition as possible
effect modifiers. A formal analysis of subgroups within
the PEACE panels, such as atopic children, children using
respiratory medication or children included on different
selection questions, will not be discussed in this paper and
will be the subject of a separate paper.

Results

A total of 66,879 questionnaires was handed out:
51,786 (77%) were returned and 8,308 (16%) children ful-
filled the selection criteria. The design called for 75 chil-
dren in each panel, i.e. a total of 2,100 children in 28
locations. From the 2,371 children who were enrolled,
2,010 were included in the analysis. The children included
in the analysis did not differ from the excluded children
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with respect to responses on screening questions, skin-
prick testing or lung function levels. The most important
characteristics of the panels and results of air pollution
measurements are summarized in table 1. A wide range of
air pollution concentrations were included, with low con-
centrations of both gaseous and particle components in
northern Europe, higher concentrations in western Europe
and the highest concentrations in central and southern
Europe. The ratio between the mean concentration of
PM10 and BS varied widely between sites, but did not
show a geographical pattern. More details on air pollution
have been published by HOEK et al. [9].

The weighted means of the panel-specific estimates of
the air pollutants on  ∆PEFam and  ∆PEFpm are presented in
table 2. PM10 and BS measurements were performed in
all 28 locations. No SO2 measurements were taken in
Kuopio suburban location or Athens suburban location and
no NO2 measurements were taken in Kraków urban and
suburban locations. For these components, 26 panel-spe-
cific regression slopes were available for each represen-
tation. Heterogeneity was predominantly present in the
effect estimates of the 7 day means of the air pollution
components. Most combined effect estimates were posi-
tive, but mostly nonsignificant. A positive association
means that an increase in air pollution is associated with
an increase in PEF, which is opposite to the expected asso-

ciation. A significant positive association was found bet-
ween SO2 lag2 and  ∆PEFam. The only significant negative
association was found for PM10 lag1 with  ∆PEFpm.

The OR calculated from the combined effect estimates
of the air pollutants on symptom prevalence and broncho-
dilator use are presented in table 3. In addition to the miss-
ing air pollution data in the above-mentioned locations,
the prevalence of bronchodilator use was very low and
showed little variation in Katowice urban location, and
Kraków suburban location, which resulted in nonconverg-
ing models. Most combined OR were below 1.00, with sig-
nificant OR for PM10 and SO2 lag0 on cough prevalence
and PM10, lag1 and 7 day mean, BS 7 day mean and SO2
lag2 on the prevalence of upper respiratory symptoms. An
OR <1 means that an increase in air pollution was associ-
ated with a decrease in prevalence, which is opposite to
the expected association. Heterogeneity was present for
all effect estimates of all components on all symptoms and
bronchodilator use, but most consistently for 7 day mean
effect estimates.

Stratification according to urban or suburban location
of the effect estimates of PM10 lag1 on  ∆PEFpm and on the
prevalence of upper respiratory symptoms, lower respira-
tory symptoms and bronchodilator use are presented in
table 4. PM10 lag1 estimates and upper respiratory sy-
mptoms, lower respiratory symptoms and bronchodilator

Table 1.  –  Characteristics of the (Pollution Effects on Asthmatic Children in Europe) panels

PM10*
µg·m-3

BS*
µg·m-3

PM10/
BS ratio†

SO2*
µg·m-3

NO2*
µg·m-3

Subjects
n

Atopic‡

%
Cough#

%
Bron.§

%

Umeå
(Sweden)
Malmö
(Sweden)
Kuopio 
(Finland)
Oslo
(Norway)
Amsterdam
(The 
  Netherlands)
Berlin
(Germany)
Hettstedt
(Germany)
Katowice
(Poland)
Kraków
(Poland)
Teplice
(Czech 
  Republic)
Prague
(Czech
  Republic)
Budapest
(Hungary)
Pisa
(Italy)
Athens
(Greece)

Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban

Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban
Urban
Suburban

Urban
Suburban

Urban
Suburban
Urban
Suburban
Urban
Suburban

13.4
11.5
22.9
16.2
17.7
13.0
19.3
11.2
45.3
44.4

52.3
43.0
40.3
32.9
68.7
73.8
60.1
56.1
74.3
32.4

52.7
49.6

60.9
52.1
61.6
69.5
98.8
50.0

4.6
5.3
8.2
4.5

12.6
7.9

27.6
13.1
16.5
13.6

24.5
22.0
42.0
25.5
55.5
57.9
34.9
42.7
58.9
22.0

29.4
20.8

48.9
30.6
19.7
29.3

109.2
33.5

2.9
2.2
2.8
3.6
1.4
1.6
0.7
0.9
2.7
6.0

2.1
2.0
1.0
1.3
1.2
1.3
1.7
1.3
1.3
1.5

1.8
2.4

1.2
1.7
3.1
2.4
0.9
1.5

2.7
4.0
6.0
4.0
6.0
-

12.4
3.4

13.2
8.5

42.3
26.1
83.3
64.9
55.7
56.0
41.3
14.0
74.8
19.9

113.9
30.8

49.7
41.0
15.7

8.2
72.4

-

25.0
15.3
20.7
8.9

28.4
13.7
49.3
15.3
46.4
26.5

38.3
21.2
26.5
26.1
68.7
69.5

-
-

48.8
12.5

44.7
12.9

35.3
25.4
68.1
32.7
74.9
19.7

75
72
78
82
85
84
56
68
55
71

50
66
75
63
72
73
73
76
91
77

66
68

76
63
68
60
87
80

54
61
50
55
64
64
41
49
51
41

60
59
33
19
49
30
7

53
16
26

48
81

40
58
81
59
16
22

15
17
28
34
54
58
36
55
38
44

4
3

21
10
35
15
51
31
56
36

2
14

45
33
0

19
53
31

10
22
18
8
3
7
3

10
4
3

17
8
2
5
1
3
1
1
3
1

5
20

2
5
4
6
4
7

*: mean concentration during the study period; †: ratio of mean concentrations; ‡: percentage of children in panel with one or more
positive skin-prick test reactions; #: percentage of children in panel selected only on basis of question on nightly coughing; §: mean
prevalence of bronchodilator (Bron.) use in panel during the study period. PM10: particles with a 50% cut-off aerodynamic diameter of
10 µm; BS: black smoke.
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use are presented because these have been reported fre-
quently in the literature. No clear difference could be de-
tected between the effect estimates in urban and suburban
locations. This was also the case for  ∆PEFam and the prev-
alence of cough and phlegm. Lag0, lag2 and 7 day mean
of PM10 and the other air pollutants and their representa-
tions did not show clear differences. Multiple regression
analysis did not show a clear difference between the effect
estimates in urban and suburban locations (data not
shown).

Stratification according to geographical location in
Europe (north, west, east, south) to evaluate climatic
influences or regional differences in air pollution did not
show consistent differences among locations for the effect
estimates on  ∆PEFam and  ∆PEFpm. As an example, PM10
lag1 and  ∆PEFpm are shown in table 4. The effect esti-
mates on the prevalence of upper respiratory symptoms,
lower respiratory symptoms and bronchodilator use are
also shown. In general, the effect estimates on symptom
prevalence    in the east stratum had the smallest confi-
dence intervals, probably caused by the large range in air
pollution concentrations and the relatively large number
of locations included. The north stratum had, for PM10
and BS, the highest OR for the respiratory symptoms
cough, phlegm, upper respiratory symptoms and lower
respiratory symptoms. Most of these were insignificant
except for BS lag1 on cough prevalence, namely 1.26
(95% CI 1.04–1.52). Further, some significant OR in the
unexpected direction could be seen in the east and west
strata. The stratum-specific OR for the 7 day mean con-
centrations were significant in the south stratum for cough

with BS 7 day mean (1.44; 95% CI 1.06–1.94) and SO2 7
day mean (2.26; 95% CI 1.30–3.92) and for phlegm with
SO2 7 day mean (3.24; 95% CI 1.83–5.75). None of the
other combined effect es-timates for the other representa-
tions, air pollutants or hea-lth outcomes showed a clear
pattern. Heterogeneity was still present within the strata.
The multiple regression analysis with the geographical
locations included as dummies re-sulted in mostly insig-
nificant differences between the loca-tions and there was
no consistent pattern (data not shown).

Stratification in tertiles of the ratio between the mean
concentration of PM10 and BS showed that most of the
combined effect estimates of PM10 on ∆PEFpm in the low
stratum were negative and in the medium and high strata
predominantly positive (table 5). This was also true for
effect estimates of BS (data not shown). Effect estimates
for lag1 of PM10 and BS became more positive with in-
creasing ratio. Adjusted regression analysis with the PM10/
BS ratio as a continuous variable showed that this trend
was borderline significant (p<0.10) for the effect esti-
mates of BS lag1 and of the 7 day means of PM10 and BS.
Significant positive combined effect estimates were
present  in the medium stratum for lag2 and the 7 day
means of PM10, significant negative effect estimates for
PM10 lag1 in the low stratum (table 5). BS also showed
significant positive combined effect estimates for lag2 and
7 day mean in the medium stratum (data not shown).
Effect estimates of PM10 and BS on  ∆PEFam and effect
estimates of SO2 and NO2 on both  ∆PEFam and  ∆PEFpm
were not significantly related to PM10/BS ratios (data not
shown).

Stratification on the PM10/BS ratio of the effect esti-
mates of PM10 lag1 and 7 day mean on the prevalence of
upper respiratory symptoms, lower respiratory symptoms
and bronchodilator use did not show a clear pattern (table
5). Lag1 effect estimates are presented because these have
been reported most frequently in the literature and 7 day
mean effect estimates because these showed most hetero-
geneity. Stratification on the PM10/BS ratio showed some
pattern for cough and phlegm. More specifically, in the
low stratum, the OR for PM10 and BS on cough and
phlegm prevalence were above 1.00 for lag1 and 7 day
mean, with the OR for BS 7 day mean on cough preva-
lence becoming significant (1.29; 95% CI 1.02–1.64). In
the other strata the OR were mostly below 1.00 (data not
shown). The effect estimates of the other representations
and other air pollutants were not related to the PM10/BS
ratio. There was no clear trend in the multiple regression
analysis with the PM10/BS ratio as a continuous variable
for all symptoms and air pollutants.

Stratification of the effect estimates on  ∆PEFam,  ∆PEFpm
and prevalence of symptoms and bronchodilator use on
the basis of mean concentration of PM10, NO2 or SO2 did
not show obvious patterns (data not shown). Stratification
of  ∆PEFpm effect estimates on tertiles of mean BS concen-
tration showed negative effect estimates for PM10 lag1 in
the highest tertile, but this trend was insignificant (data not
shown).

Discussion

The combination of the panel-specific estimates into an
aggregate estimate did not show a clear effect of air pollu-
tion on either PEF or the daily prevalence of respiratory

Table 2.  –  Combined effect estimates with 95% confi-
dence intervals (CI) of air pollution on peak expiratory flow
(PEF)

n*
∆PEFam

Mean (95% CI)
∆PEFpm

Mean (95% CI)

PM10
lag0
lag1
lag2
7 day mean

BS
lag0
lag1
lag2
7 day mean

SO2
lag0
lag1
lag2
7 day mean

NO2
lag0
lag1
lag2
7 day mean

28
28
28
28

28
28
28
28

26
26
26
26

26
26
26
26

0.5 (-0.1, 1.1)†

0.1 (-0.5, 0.7)‡

0.5 (-0.1, 1.1)†

0.2 (-1.6, 2.0)‡

0.5 (-0.1, 1.1)†

-0.1 (-0.9, 0.7)‡

0.3 (-0.6, 1.2)‡

0.9 (-1.6, 3.4)‡

0.2 (-0.2, 0.6)†

0.2 (-0.2, 0.6)†

0.6 (0.2, 1.0)†

0.6 (-1.3, 2.5)‡

0.7 (-0.2, 1.6)†

1.1 (-0.1, 2.3)‡

0.6 (-0.5, 1.7)‡

0.2 (-3.0, 3.4)‡

0.4 (-0.1, 0.9)†

-0.6 (-1.1, -0.1)†

0.2 (-0.5, 0.9)†

0.0 (-1.7, 1.7)‡

0.1 (-0.5, 0.7)†

-0.3 (-0.9, 0.3)†

0.4 (-0.2, 1.0)†

0.6 (-1.5, 2.7)‡

0.1 (-0.3, 0.5)†

0.0 (-0.4, 0.4)†

0.1 (-0.4, 0.6)†

0.2 (-0.5, 0.9)†

0.4 (-0.5, 1.3)†

0.0 (-0.9, 0.9)†

0.2 (-0.7, 1.1)†

0.6 (-3.1, 4.3)‡

Data are expressed in L·min-1·100 µg-1·m3. *: number of panel-
specific estimates; †: fixed effects model; ‡: random effects
model. ∆PEFam, ∆PEFpm: population mean of the individual
deviations from the child-specific mean of morning and evening
PEF, respectively; lag0: current-day concentration; lag1: previ-
ous-day concentration; lag2: concentration 2 days before; 7 day
mean: average of lag 0–6 days; PM10: particles with a 50% cut-
off aerodynamic diameter of 10 µm; BS: black smoke.
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symptoms or bronchodilator use. The only significant neg-
ative association was PM10 lag1 with evening PEF. Earlier
studies in general population samples of children showed
an effect of winter air pollution on lung function [16, 17],
but not on respiratory symptoms [4, 16, 17]. Other studies

 on winter air pollution in selected children showed a rela-
tion between air pollution and respiratory symptom preva-
lence [1–3], bronchodilator use [1, 3] and lung function
[1–4]. These studies were mostly conducted in children
with chronic respiratory symptoms. The lack of effect in
this study cannot be explained by low levels of exposure.
In all but the northern European locations, the air pollution
concentrations were similar to or even higher than the lev-
els in the studies mentioned above which showed effects.
The statistical power was also sufficient. In the case of the
daily prevalence of bronchodilator use or lower respira-
tory symptoms and a 10 µg·m-3 increase in PM10 lag1, an
OR of 1.01 would have reached statistical significance at
the 5% probability level. In addition, the same increase in
PM10 would have to be related to a reduction in PEF of

only 0.06 L·min-1 to become significant at the 5% proba-
bility level. In relative terms, this is a reduction of 0.02%,
assuming a mean PEF of 300 L·min-1. These are much
smaller effects than those that were calculated in a review
using data from earlier panel studies [18]. Other panel stu-
dies have analysed the incidence of respiratory symptoms
instead of prevalence [19]. Incidence data are affected less
by autocorrelation. Daily incidence was also analysed in
this study but, because of the low incidence of respiratory
symptoms within the panels, the power was lower than the
prevalence data. For example, the combined effect estima-
tes of PM10 lag1 were 0.91 (95% CI 0.78–1.07) on cough,
1.11 (95% CI 0.91–1.35) on phlegm, 0.88 (95% CI 0.76–
1.02) on upper respiratory symptoms, 1.04 (95% CI
0.85–1.27) on lower respiratory symptoms and 1.14 (95%
CI 0.80–1.64) on the incidence of bronchodilator use. In
addition, since there were no clear effects on incidence
and in order to be able to compare the results with most
earlier panel studies, a choice was made to present preva-
lence analysis.

Table 3.  –  Combined odds ratio (OR) and 95% confidence intervals (CI) for a 100 µg·m-3 increase in air pollution on
symptom prevalence and bronchodilator use

Cough Phlegm URS LRS Bronchodilator use

n* OR (95% CI) n* OR (95% CI) n* OR (95% CI) n* OR (95% CI) n* OR (95% CI)

PM10
lag0
lag1
lag2
7 day mean

BS
lag0
lag1
lag2
7 day mean

SO2

lag0
lag1
lag2
7 day mean

NO2

lag0
lag1
lag2
7 day mean

28
28
28
28

28
28
28
28

26
26
26
26

26
26
26
26

0.96 (0.92, 0.99)†

0.97 (0.92, 1.02)‡

0.99 (0.96, 1.03)†

0.90 (0.73, 1.09)‡

0.96 (0.92, 1.01)†

1.02 (0.95, 1.09)‡

0.99 (0.95, 1.04)†

0.95 (0.75, 1.21)‡

0.93 (0.89, 0.98)†

0.98 (0.93, 1.04)‡

0.94 (0.88, 1.00)‡

0.84 (0.69, 1.03)‡

0.96 (0.90, 1.02)†

1.00 (0.91, 1.08)‡

0.94 (0.88, 1.00)†

0.98 (0.72, 1.34)‡

28
28
28
28

28
28
28
28

26
26
26
26

26
26
26
26

0.99 (0.92, 1.05)‡

1.02 (0.94, 1.11)‡

0.98 (0.92, 1.05)‡

0.89 (0.71, 1.10)‡

1.02 (0.96, 1.08)†

1.03 (0.93, 1.14)‡

0.97 (0.88, 1.08)‡

0.90 (0.63, 1.28)‡

0.97 (0.92, 1.03)†

0.98 (0.91, 1.06)‡

0.96 (0.87, 1.06)‡

0.80 (0.60, 1.06)‡

0.98 (0.91, 1.06)†

0.98 (0.86, 1.12)‡

0.97 (0.86, 1.08)‡

0.79 (0.55, 1.15)‡

28
28
28
28

28
28
28
28

26
26
26
26

26
26
26
26

0.97 (0.94, 1.01)†

0.96 (0.92, 0.99)†

0.96 (0.93, 1.00)†

0.81 (0.69, 0.94)‡

0.98 (0.92, 1.04)‡

0.94 (0.89, 1.00)‡

0.93 (0.87, 1.01)‡

0.81 (0.70, 0.94)†

0.94 (0.89, 1.00)‡

0.96 (0.93, 1.00)†

0.95 (0.91, 0.98)†

0.83 (0.69, 1.00)‡

0.95 (0.89, 1.00)†

0.98 (0.93, 1.04)†

0.95 (0.89, 1.00)†

0.82 (0.59, 1.14)‡

28
28
28
28

28
28
28
28

26
26
26
26

26
26
26
26

0.93 (0.85, 1.01)‡

1.00 (0.91, 1.10)‡

0.94 (0.86, 1.03)‡

0.88 (0.62, 1.23)‡

0.93 (0.83, 1.04)‡

0.92 (0.81, 1.04)‡

0.93 (0.82, 1.04)‡

0.90 (0.55, 1.47)‡

0.96 (0.89, 1.04)†

0.99 (0.88, 1.13)‡

0.90 (0.78, 1.03)‡

0.88 (0.58, 1.33)‡

1.06 (0.89, 1.27)‡

0.91 (0.78, 1.05)‡

0.86 (0.72, 1.01)‡

0.89 (0.48, 1.67)‡

25
25
25
25

25
25
25
25

23
23
23
23

24
24
24
24

0.99 (0.93, 1.05)†

0.93 (0.86, 1.02)‡

0.99 (0.91, 1.07)‡

0.85 (0.66, 1.10)‡

0.99 (0.92, 1.06)†

0.94 (0.87, 1.02)†

0.97 (0.90, 1.05)†

0.88 (0.60, 1.29)‡

0.99 (0.92, 1.06)†

0.94 (0.88, 1.01)‡

0.97 (0.87, 1.08)‡

0.88 (0.68, 1.13)‡

0.96 (0.87, 1.06)†

0.98 (0.85, 1.12)‡

0.99 (0.89, 1.10)†

0.82 (0.52, 1.30)‡

*: number of panel-specific estimates. †: fixed effects model; ‡: random effects model. URS: upper respiratory symptoms; LRS: lower
respiratory symptoms; lag0: current-day concentration; lag1: previous-day concentration; lag2: concentration 2 days before; 7 day
mean: average of lag 0–6 days; PM10: particles with a 50% cut-off aerodynamic diameter of 10 µm; BS: black smoke.

Table 4.  –  Combined effect estimates with 95% confidence intervals (CI) of a 100 µg·m-3 increase in particles with a 50%
cut-off aerodynamic diameter of 10 µm (PM10) lag1 on ∆PEFpm (L·min-1) and symptom prevalence (odds ratio), stratified
on urban/suburban and geographical location

n* ∆PEFpm n* LRS n* URS n* Bronchodilator
use

Urban
Suburban
North
West 
East
South

14
14
8
4

12
4

-0.4 (-1.1, 0.3)†

-0.8 (-1.6, 0.0)†

-0.7 (-3.4, 2.0)†

-0.3 (-1.9, 1.3)†

-0.7 (-1.4, 0.0)†

-0.6 (-1.8, 0.6)†

14
14

8
4

12
4

1.00 (0.89, 1.11)‡

1.00 (0.83, 1.19)‡

1.11 (0.60, 2.07)‡

0.96 (0.71, 1.30)‡

1.04 (0.94, 1.14)†

0.91 (0.81, 1.02)†

14
14
8
4

12
4

0.95 (0.90, 1.00)†

0.97 (0.92, 1.02)†

1.00 (0.83, 1.20)†

0.91 (0.82, 1.02)†

0.97 (0.93, 1.01)†

0.94 (0.87, 1.02)†

14
14
8
4

10
4

0.95 (0.85, 1.06)‡

0.92 (0.80, 1.05)‡

0.94 (0.74, 1.18)†

0.83 (0.70, 0.99)†

0.89 (0.77, 1.03)‡

1.08 (0.96, 1.22)†

North: Umeå, Malmö, Kuopio, Oslo; West: Amsterdam, Berlin; East: Hettstedt, Kraków, Katowice, Teplice, Prague, Budapest; South:
Pisa, Athens. *: number of panel-specific estimates; †: fixed effects model; ‡: random effects model. lag1: previous-day concentration;
∆PEFpm: population mean of the individual deviations from the child-specific mean evening peak expiratory flow; LRS: lower respira-
tory symptoms; URS: upper respiratory symptoms.
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The lack of effect probably cannot be attributed to in-
correct specification of long-term time trends in the panel
analysis. Misspecification of long-term time trends in res-
piratory  symptom prevalence or  PEF can bias the relation
between acute effects and short-term changes in air pollu-
tion. A more detailed model was used to allow for training
effects and/or unspecified time trends, compared with ear-
lier panel studies [1–3, 5] in which linear trends or no
trends were specified. Trends in the PEACE panels were,
however, highly nonlinear. Residuals were checked and if
a period longer than 14 days was found with positive or
negative residuals this was corrected with dummy varia-
bles [8]. This procedure did not materially affect the effect
estimates. In addition, for the PEF effect estimates two
panels and for the symptom prevalence effect estimates
nine panels were selected which made a large contribution
to the combined effect estimate and had an effect estimate
opposite to that expected. These panels were reanalysed us-
ing a nonparametric function of time to allow a more flex-
ible relationship [20]. Specifically, loess was used with the
span selected by Akaike's Information Criterion. When
negative autocorrelation was present in the residuals, the
span was increased. The effect estimates obtained with
these models were similar to the effect estimates used here
[8]. Acute respiratory infections are known to influence
children's lung function [21] and episodes of respiratory
infections may have biased the effect estimates on PEF as
well as on symptom prevalence, depending on the associa-
tion in time between respiratory infections and air pollu-
tion. Fever was recorded in the diaries of the subjects as a
crude measure of infectious disease, but no sudden incre-
ases in the prevalence of fever were noted in any of the
panels. Fever may not be sensitive enough to detect respi-
ratory infections, but, unfortunately, no other data were
available to evaluate the influence of respiratory infections
for the PEACE study as a whole. However, data from a
sentinel system available in The Netherlands suggested that
influenza prevalence, as measured by the participating
family doctors in the sentinel system, was a predictor
of outcome variables in the Dutch panels. Furthermore,
adjustment for these influenza prevalence data resulted in

associations between air pollution and respiratory health
which were generally in the expected direction of more air
pollution leading to more cases of worse respiratory
health (S.C. van der Zee, unpublished data). It is, therefore,
possible that with more refined data on respiratory infec-
tions, the results may also be different in other locations. It
is also possible that subgroups within the panels, such as
asthmatics, nonmedication users or atopics, had a differ-
ent response. This will be explored in a separate paper.

Tests on heterogeneity indicated that differences existed
between some panel-specific estimates. These differences
were larger in the respiratory symptoms analysis than in
the analysis of the PEF data. The differences are unlikely
to be caused by differences in study design, methods or
data analysis because all centres used the same protocol
for fieldwork and data analysis [8]. A probable cause for
the larger heterogeneity might be linguistic and cultural
differences in respiratory symptom reporting and medica-
tion use, although an attempt was made to eliminate this
by backtranslating the diary forms. Factors which serve as
an indicator of the composition of air pollution, such as
mean concentrations of PM10, SO2 and NO2 were not able
to explain the variation. SO2 served as an indicator of fos-
sil fuel combustion with high sulphur amounts, whereas
NO2 served as an indicator for traffic-related air pollution.
By stratification on the mean level of SO2 and NO2, it was
hoped that information could be obtained on the interac-
tion between PM10 and these pollutants. Urban/suburban
locations did not show differences between effect estima-
tes. An explanation might be that the contrast between
urban and suburban areas was not large with regard to lev-
els of PM10 and BS [9]. Geographical location was not
able to explain much variation, in contrast to another Eu-
ropean multicentre study (Air Pollution and Health: a
European Approach (APHEA)) in which the distinction
between western and eastern European cities explained
heterogeneity in the effect estimates of BS and SO2 on
mortality [22].

In the PEACE study, the only significant negative asso-
ciation between air pollution and PEF was between PM10
lag1 and  ∆PEFpm in centres with high BS concentra-  tions

Table 5.  –  Combined effect estimates with 95% confidence intervals (CI) of a 100 µg·m-3 increase in particles with a 50%
cut-off aerodynamic diameter of 10 µm (PM10) on ∆PEFpm (L·min-1) and symptom prevalence (odds ratio), stratified on
tertiles of ratio PM10 and black smoke (BS)

PM10/BS ratio
Low Medium High

n* Mean (95% CI) n* Mean (95% CI) n* Mean (95% CI)

∆PEFpm
lag0
lag1
lag2
7 day mean

Upper respiratory symptoms
lag1
7 day mean

Lower respiratory symptoms
lag1
7 day mean

Bronchodilator use
lag1
7 day mean

9
9
9
9

9
9

9
9

8
8

0.2 (-0.6, 1.0)†

-0.9 (-1.7, -0.1)†

-0.7 (-1.5, 0.1)†

-2.3 (-5.0, 0.4)‡

0.96 (0.91, 1.02)†

0.90 (0.65, 1.23)‡

0.99 (0.89, 1.09)†

1.34 (0.84, 2.14)‡

1.01 (0.91, 1.12)†

0.81 (0.49, 1.36)‡

10
10
10
10

10
10

10
10

9
9

0.8 (-0.1, 1.7)†

-0.4 (-1.3, 0.5)†

1.4 (0.5, 2.3)†

2.5 (0.8, 4.2)†

0.96 (0.90, 1.01)†

0.75 (0.63, 0.90)†

0.92 (0.81, 1.04)†

0.62 (0.38, 1.00)‡

0.85 (0.68, 1.05)‡

0.82 (0.49, 1.37)‡

9
9
9
9

9
9

9
9

9
9

0.4 (-0.8, 1.6)†

-0.3 (-1.5, 0.9)†

0.3 (-0.9, 1.5)†

0.1 (-4.3, 4.5)‡

0.96 (0.89, 1.03)†

0.79 (0.59, 1.05)‡

1.12 (0.87, 1.44)‡

0.88 (0.47, 1.68)‡

0.99 (0.91, 1.08)†

1.14 (0.88, 1.47)†

*: number of panel-specific estimates; †: fixed effects model; ‡: random effects model. ∆PEFpm: population mean of the individual
deviations from the child-specific mean evening peak expiratory flow; low: ratio PM10/BS ð1.3; medium: 1.3 < ratio PM10/BS ð2.1;
high: ratio PM10/BS >2.1; lag0: current-day concentration; lag1: previous-day concentration; lag2: concentration 2 days before; 7 day
mean: average of lag 0–6 days.
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or in centres with a low ratio between PM10 and   BS. A
similar, but insignificant, trend was present in the preva-
lence analysis. Removal of the centre with extreme BS
concentrations (urban Athens) did not change these re-
sults. BS measures the reflectance of a sampled filter [23]
and does not account for the portion of aerosol mass that
does not absorb light [24]. The main fraction of light-
absorbing particles in ambient air is formed by elemental
carbon [25] and the size of the particles sampled with the
BS sampler is below 5 µm [24]. The formulae used to
transform reflectance to mass concentrations are based on
older studies in which the air pollution mixture was differ-
ent from that of today [25]. For this reason, the BS figures
should be interpreted as an indication of elemental carbon
and not as mass concentrations. Thus, there is a weak sug-
gestion that particulate matter mixtures with a relatively
high amount of elemental carbon, to which diesel and coal
combustion contribute [6], were more likely to affect PEF
than mixtures with low elemental carbon content. How-
ever, this is contradicted by the fact that in this study daily
variations in BS were not related to variations in PEF or
daily symptom prevalence.

Stratification of the associations between air pollution
and  ∆PEFam did not show clear patterns. This might be
explained by the timing of the morning PEF measure-
ment. This was taken just after getting up, which means
that a long period of indoor exposure preceded the meas-
urement. This may have obscured a possible association
of  ∆PEFam with outdoor air pollution.

The analysis of the PEACE data involved a large am-
ount of statistical testing. This implies that the few as-
sociations that were significant might have been due to
chance. By presenting all of the combined effect estimates
(tables 2 and 3) and not only the significant associations in
the expected direction, an attempt has been made to give
an overview of the possible trends in the data, regardless
of significance.

In conclusion, the Pollution Effects on Asthmatic Chil-
dren in Europe project did not show clear effects of parti-
cles with a 50% cut-off aerodynamic diameter of 10 µm,
black smoke, sulphur dioxide or nitrogen dioxide on morn-
ing or evening peak expiratory flow or the prevalence of
respiratory symptoms and bronchodilator use. Only the
previous-day concentration of particles with a 50% cut-off
aerodynamic diameter of 10 µm was associated with even-
ing peak expiratory flow, especially in locations where
black smoke was high compared with the concentrations
of these particles.
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