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Coarse and fine particles but not ultrafine particles in
urban air trigger hospital admission for asthma
in children

Amne Iskandar,1 Zorana Jovanovic Andersen,2 Klaus Bønnelykke,1

Thomas Ellermann,3 Klaus Kaae Andersen,2 Hans Bisgaard1

ABSTRACT
Background Short-term exposure to air pollution can
trigger hospital admissions for asthma in children, but it
is not known which components of air pollution are most
important. There are no available studies on the
particular effect of ultrafine particles (UFPs) on paediatric
admissions for asthma.
Aim To study whether short-term exposure to air
pollution is associated with hospital admissions for
asthma in children. It is hypothesised that (1) the
association between asthma admissions and air pollution
is stronger with UFPs than with coarse (PM10) and fine
(PM2.5) particles, nitrogen oxides (NOx) or nitrogen
dioxide (NO2); and (2) infants are more susceptible to
the effects of exposure to air pollution than older
children.
Method Daily counts of admissions for asthma in
children aged 0e18 years to hospitals located within
a 15 km radius of the central fixed background urban air
pollution measurement station in Copenhagen between
2001 and 2008 were extracted from the Danish National
Patient Registry. A time-stratified case crossover design
was applied and data were analysed using conditional
logistic regression to estimate the effect of air pollution
on asthma admissions.
Results A significant association was found between
hospital admissions for asthma in children aged
0e18 years and NOx (OR 1.11; 95% CI 1.05 to 1.17),
NO2 (1.10; 95% CI 1.04 to 1.16), PM10 (1.07; 95% CI
1.03 to 1.12) and PM2.5 (1.09; 95% CI 1.04 to 1.13);
there was no association with UFPs. The association was
stronger in infants than in older children for all pollutants,
but no statistically significant interaction was detected.
Conclusion Short-term exposure to air pollution can
trigger hospital admission for asthma in children, with
infants possibly being most susceptible. These effects
seemed to be mediated by larger particles and traffic-
related gases, whereas UFPs showed no effect.

INTRODUCTION
Asthma is the most common chronic disease in
children and the main cause of emergency room
visits,1 hospital admissions2 and school absences.
The incidence of childhood asthma has increased in
recent decades in high-income countries, and envi-
ronmental factors have gained increasing attention
in attempts to understand the determinants of the
asthma epidemic.1 3 Exposure to air pollution
from traffic is ubiquitous in urban environments,

affecting millions of people. Children are possibly
more susceptible to the effects of air pollution than
adults because their lungs and immune systems are
developing, they inhale higher doses of air pollution
relative to adults due to differences in breathing
rates and patterns, and because they are generally
more active in environments with high levels of
pollutants when participating in sports and
outdoor play.4 Chronic exposure to traffic-related
air pollution in the early years of life has been
suggested to contribute to the development of
asthma in children,5e7 although evidence is mixed.8

Short-term exposures of several days to elevated
levels of air pollution have been shown to trigger
exacerbations of asthma leading to increased rates
of emergency room visits9 10 hospital admissions
for asthma,9 11e19 wheezing symptoms20 and
decreased peak expiratory flow.21 However, many
aspects of the relationship between air pollution
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Allé 34, 2820 Gentofte,
Denmark;
bisgaard@copsac.com

Received 11 April 2011
Accepted 10 November 2011
Published Online First
9 December 2011

252 Thorax 2012;67:252e257. doi:10.1136/thoraxjnl-2011-200324

Paediatrics

 on M
arch 13, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-200324 on 9 D

ecem
ber 2011. D

ow
nloaded from

 
 on M

arch 13, 2024 by guest. P
rotected by copyright.

http://thorax.bm
j.com

/
T

horax: first published as 10.1136/thoraxjnl-2011-200324 on 9 D
ecem

ber 2011. D
ow

nloaded from
 

 on M
arch 13, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-200324 on 9 D

ecem
ber 2011. D

ow
nloaded from

 
 on M

arch 13, 2024 by guest. P
rotected by copyright.

http://thorax.bm
j.com

/
T

horax: first published as 10.1136/thoraxjnl-2011-200324 on 9 D
ecem

ber 2011. D
ow

nloaded from
 

 on M
arch 13, 2024 by guest. P

rotected by copyright.
http://thorax.bm

j.com
/

T
horax: first published as 10.1136/thoraxjnl-2011-200324 on 9 D

ecem
ber 2011. D

ow
nloaded from

 
 on M

arch 13, 2024 by guest. P
rotected by copyright.

http://thorax.bm
j.com

/
T

horax: first published as 10.1136/thoraxjnl-2011-200324 on 9 D
ecem

ber 2011. D
ow

nloaded from
 

http://thorax.bmj.com/
http://thorax.bmj.com/
http://thorax.bmj.com/
http://thorax.bmj.com/
http://thorax.bmj.com/
http://thorax.bmj.com/


and childhood asthma are not fully understood, including
susceptibility by age and gender as well as which pollutants are
most relevant. Ultrafine particles (UFPs; particulate matter with
aerodynamic diameter <0.1 mm), the smallest fraction of
particulate matter generated mainly by traffic, have been
suggested to have particularly strong effects in the airways due
to a high level of pulmonary deposition and their ability to cause
inflammation and oxidative stress.22 However, epidemiological
data have not been able to confirm this hypothesis, possibly due
to lack of data on UFPs.14 19 20

We have studied the effects on hospital admissions for asthma
in children aged 0e18 years in Copenhagen, Denmark related to
short-term changes in exposure to UFPs, nitrogen oxides (NOx)
and particulate matter with aerodynamic diameter #10 mm and
2.5 mm (PM10 and PM2.5), and tested for the effect modification
by age (infants (0e1 years), preschool children (2e5 years) and
school children (6e18 years)) and gender.

METHODS
Study population
Hospital admissions due to asthma were obtained from the
Danish National Patient Registry (DNPR) which is managed by
the National Board of Health. We extracted daily counts of
hospital admissions for asthma (ICD-10 codes J45-J46) among
children aged 0e18 years between 15 May 2001 and 31
December 2008. Asthma admissions were extracted from eight
hospitals located within a 15 km radius (average 6 km) from the
central fixed background urban air pollution measurement
station in Copenhagen.

Air pollution and meteorology
The pollutant and meteorological data were measured by the
Danish National Environmental Research Institute at a fixed
urban background measurement station (20 m height) in the
centre of Copenhagen with low contributions from local streets.
Main streets are located about 300 m west and 50 m east of the
monitor, with 26 000 and 56 000 vehicles passing per working
day, respectively. For the study period (May 2001 to December
2008), daily (24 h, midnight-to-midnight) mean concentrations
were available for PM10 (SM200 Monitor, Opsis, Sweden), PM2.5

(TEOM Ambient Particulate Monitor, Thermo Fisher Scientific
Inc., Waltham, Massachusetts, USA), nitrogen dioxide (NO2)
and NOx (M200A; API, Ry, Denmark), UFPs (Differential
Mobility Particle Sizer, Roskilde, Denmark) and meteorology
(dew point, wind speed, global radiation), with missing data on
days with equipment malfunctions. Although the total numbers
of particles included particles of 10e700 nm in diameter, we
define them as UFPs in this study because particles <100 nm in
aerodynamic diameter (by definition, UFP) comprised more than
75% of the total concentration measurements.

Study design and statistical analyses
A case crossover design was used to assess the association
between hospital admissions for asthma in children and air
pollution levels in Copenhagen between May 2001 and
December 2008. The case crossover design was developed to
examine the association between transient short-term exposure
and the risk of acute events in the case-only design.23 The design
compares a subject’s exposure immediately prior to the case-
defining event (index time) to the same person’s exposure at
otherwise similar reference times (control periods), with refer-
ence and index times forming a matched caseecontrol set. As
each person serves as its own control, potential confounding for
all personal characteristics is accomplished, while control for

time-varying factors is accomplished by choosing a referent time
close in time to the index time. We applied the time-stratified
referent selection approach15 by comparing air pollution
concentration on the day of hospital admission for asthma with
to air pollution concentrations on other days falling on the same
day of the week in the same calendar month as the asthma
admission. This means that, if the index day is a Monday, then
control days are the remaining Mondays in the same month that
year, resulting in 3e4 reference periods. We performed condi-
tional logistic regression separately for each pollutant, using the
moving average of 5-day levels of air pollutants (mean of lag
0e4) as the main exposure proxy and, additionally, considered
concentrations on the same day (lag 0), previous day (lag 1) and
up to 4 days (lag 4) of the hospital admission, based on results
from our previous study.19 The potential effect modification of
an association between air pollution and hospital admissions for
asthma by gender and three age groups (infants (0e1 years),
preschool children (2e5 years) and school children (6e18 years))
were evaluated by introducing interaction terms into the model
and tested by the Wald test. Two-pollutant models were fitted
for the 5-day moving average to examine the robustness of one-
pollutant association. Effects estimates were reported as OR
associated with interquartile range (IQR) increases in air pollu-
tion concentration. The meteorological conditions, which may
affect the risk of hospital admission for asthma as well as the
levels of air pollution, were controlled by fitting the daily mean
dew point, wind speed and global radiation by restricted cubic
splines with three degrees of freedom for the same lag as the
pollutants in the model. The natural logarithm was applied to
normalise the air pollutants before the statistical analysis.
Several sensitivity analyses were performed, including fitting the
logistic regression model without wind speed and fitting the
data with an alternative statistical model for Poisson data in
time series format (ie, Generalised Additive Model (GAM)), with
adjustment for meteorology and calendar time with restricted
cubic splines. Only complete cases were considered in the
analyses. The analyses were conducted using the software R,
Version 2.12.0.

RESULTS
A total of 8226 hospital admissions for asthma were recorded
among children aged 0e18 years in the eight study hospitals in
Copenhagen between 15 May 2001 and 31 December 2008, with
a mean of 2.95 admissions per day. Of the 8226 hospital
admissions, 2765 (33.6%) were for infants (0e1 years), 2892
(35.2%) for preschool children (2e5 years) and 2569 (31.2%) for
school children (6e18 years). The majority of admissions were
boys (67.3%).
Air pollution and meteorological conditions in Copenhagen

between 2001 and 2008 are shown in table 1, and the correla-
tions between pollution and weather are shown in table E1 in
the online supplement. The yearly distribution of air pollution
levels and meteorological conditions are given in table E2 in the
online supplement. The monthly number of asthma admissions
during the study period and the monthly levels of NOx and UFPs
are shown in figure 1. The variation in hospital admissions over
time showed approximately the same temporal variation as that
of NOx, indicating similar patterns of higher levels in winter and
lower levels in summer, while the variations in UFPs did not
correlate well with asthma admissions.

Air pollution and risk of hospital admission for asthma
We detected a significant positive association between hospital
admissions for asthma in children and air pollution measured
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as NOx, NO2, PM10 and PM2.5, whereas a weak positive and
non-significant association was detected with UFPs (table 2).
The highest risk estimate per increase in IQR of 5-day mean air
pollution levels prior to hospital admission for asthma was
observed for NOx (1.11; 95% CI 1.05 to 1.17), followed by NO2

(1.10; 95% CI 1.04 to 1.16), PM2.5 (1.09; 95% CI 1.04 to 1.13)
and PM10 (1.07; 95% CI 1.03 to 1.12). No significant effect

modification between air pollution levels and asthma hospital
admissions were detected by age or gender (table 2).
The effect of NOx was slightly attenuated but significant in

all two-pollutant models, except for NO2 (table 3) which
showed a stronger association with hospital admissions for
asthma than any other pollutant. The effect of NO2 was also
slightly attenuated in two-pollutant models, except for PM2.5

and UFPs. The effect of PM10 and PM2.5 was slightly attenu-
ated in two-pollutant models, except for the effect of PM10

which was slightly enhanced in the model with PM2.5.
The effect of UFPs diminished after adjustment for other
pollutants.
The associations between asthma admissions and single-day

levels of air pollution up to 4 days prior to admission showed
statistically significant associations for lag 3 (1.09; 95% CI 1.03
to 1.15 and 1.07; 95% CI 1.01 to 1.13) and lag 4 (1.09; 95% CI
1.03 to 1.15 and 1.08; 95% CI 1.02 to 1.14) for NOx and NO2,
for lag 2 (1.04; 95% CI 1.00 to 1.08) and lag 3 (1.06; 95% CI 1.02
to 1.11) for PM10, and lag 1, lag 2 and lag 3 for PM2.5, with
the strongest association at lag 3 (1.09; 95% CI 1.04 to 1.13)
(figure 2). No significant association was found between any
single-day levels of UFPs and asthma admission.
Higher effect estimates of exposure to NOx, NO2, and PM2.5

were observed for hospital admissions for asthma in boys, but
no statistically significant difference was detected between
genders (table 2). The effects of exposure to PM10 and UFPs on
hospital admissions for asthma were identical in boys and girls.
We did not detect significant modification of the effect of air
pollution on hospital admissions for asthma by age, but we
found a stronger association in infants than in preschool and
school children which was consistent for all pollutants.
We found slightly attenuated effects but statistically signifi-

cant positive associations between hospital admissions for
asthma and NOx, NO2, PM2.5 and PM10 without wind speed in
the model (see table E3 in online supplement). Similarly, when
modelling hospital admissions for asthma with the Poisson
GAM model, almost identical results were observed (see table E4
in online supplement).

DISCUSSION
Our study showed that ambient levels of particulates PM10 and
PM2.5 and gases NOx and NO2 are associated with childhood
hospital admissions for asthma in Copenhagen with an increase
in the rate of admission of approximately 10% per IQR increase
in air pollution levels.

Table 1 Air pollutant levels and meteorological conditions in urban background in Copenhagen
(May 2001-December 2008)

N* (days) Mean (SD) Median (IQR)

Percentile

25th 75th

Air pollutant (unit)

NOx (ppb) 2645 14.46 (8.08) 12.48 (8.62) 9.07 17.69

NO2 (ppb) 2645 11.34 (4.96) 10.48 (6.53) 7.68 14.21

PM10 (mg/m
3) 2569 26.18 (12.84) 23.7 (13.4) 17.9 31.3

PM2.5y(mg/m3) 1773 10.32 (5.39) 8.98 (4.8) 7.01 11.81

UFPs (particles/cm3) 1653 6398.24 (3203.85) 5839.13 (3812.86) 4138.22 7951.08

Meteorological factors (units)

Dew point (C) 2679 5.16 (6.03) 5.2 (9.43) 0.81 10.24

Wind speed (m/s) 2619 4.13 (1.49) 3.89 (1.99) 2.99 4.98

Global radiation (W/m2) 2679 116.8 (97.51) 95.72 (162.8) 26.77 189.57

*Number of days with available measurements of pollutants.
yPM2.5 is measured with TEOM that measures about 30% too low particle mass due to evaporation of part of the particle mass inside
the instrument.

Figure 1 Number of hospitalised children with asthma during the study
period (dashed lines) and average monthly air pollution measured as (A)
nitrogen oxides (NOx) in parts per billion and (B) ultrafine particles
(UFPs) in particles/cm3 (solid lines).
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We found no association between asthma admissions and
UFPs, suggesting that adverse effects of acute exposures to air
pollution on airways in children are more likely mediated by
larger particles and/or gases. We previously studied similar
exposures in the Copenhagen Prospective Study on Asthma
Birth Cohort and found that several days of exposure to NO2

and NOx triggered episodes of ‘wheezing’ in infants born to
mothers with asthma,20 whereas no significant association was
detected with UFPs. Another Danish study of hospital admis-
sions in school children (5e18 years) detected an association of
borderline significance with PM2.5 and weaker and non-signifi-
cant associations with UFPs.15 The effects associated with
UFPs in both studies were similar and slightly stronger than
those observed with PM10,15 20 but the study with hospital
admissions showed that PM2.5 and not UFPs mediated the
effect of particles.15 Both of these studies with follow-up until
2004 were limited by a large number of missing data on UFPs
which were first available in Denmark in May 2001. In the
present study on hospital admissions in children aged
0e18 years and UFP data from 2001 to 2008, we found that

hospital admissions for asthma were triggered by several days’
exposure to larger particles PM10 and PM2.5 but not to UFPs.
This finding is in agreement with a study reporting acute
effects of PM10 but no effect of UFPs on peak expiratory flow
in children aged 7e12 years with asthma.21 Similarly, a study in
dogs failed to detect an effect of acute exposure to UFPs on
airway reactivity or immune response.24 On the other hand,
three studies in adults with asthma showed that respiratory
effects related to air pollution were mediated by UFPs and not
by larger particles.24 25 Overall, the evidence regarding the
effects of UFPs on asthma is limited and conflicting, warranting
more research.
The main limitation of this study is the assessment of air

pollution exposure from a single background monitor as a proxy
for personal exposure. Depending on the traffic intensity, wind
direction and speed and building topography, the concentration
of pollutants can vary considerably between sites within a city.
The resulting exposure misclassifications introduce bias into our
analysis which is not possible to quantify owing to lack of
information on personal exposure. Furthermore, it can be argued
that exposure misclassification may be larger for UFPs than for
larger particles,15 which may explain the lack of association with
this fraction of particulate matter. A 15 km radius from the
central urban background measurement station represents the
municipality limits of Copenhagen City with a similar popula-
tion and traffic density and is assumed to be representative of air
pollution levels measured at the central urban background
measurement station. We have previously shown that the levels
of UFPs at this site correlate well with the levels at a monitoring
site at the kerbside (2 m height) of a busy street 3000 m away

Table 3 Association* between air pollution (per IQR increase in mean
5-day (lag 0e4) levels) and hospital admission for asthma in children:
two-pollutant models

n OR (95% CI) p Value

NOx 8155 1.11 (1.05 to 1.17) <0.01

Adjusted for NO2 8155 1.12 (0.96 to 1.31) 0.15

Adjusted for PM10 8155 1.08 (1.01 to 1.14) 0.02

Adjusted for PM2.5 6329 1.10 (1.03 to 1.17) <0.01

Adjusted for UFPs 7004 1.10 (1.03 to 1.18) <0.01

NO2 8155 1.10 (1.04 to 1.16) <0.01

Adjusted for NOx 8155 0.99 (0.85 to 1.16) 0.89

Adjusted for PM10 8155 1.08 (1.01 to 1.15) 0.02

Adjusted for PM2.5 6329 1.12 (1.05 to 1.19) <0.01

Adjusted for UFPs 7004 1.13 (1.05 to 1.22) <0.01

PM10 8155 1.07 (1.03 to 1.12) <0.01

Adjusted for NOx 8155 1.05 (1.00 to 1.09) 0.04

Adjusted for NO2 8155 1.04 (1.00 to 1.09) 0.06

Adjusted for PM2.5 6315 1.09 (1.00 to 1.18) 0.05

Adjusted for UFPs 7004 1.08 (1.03 to 1.14) <0.01

PM2.5 6329 1.09 (1.04 to 1.13) <0.01

Adjusted for NOx 6329 1.07 (1.02 to 1.11) <0.01

Adjusted for NO2 6329 1.06 (1.02 to 1.11) 0.01

Adjusted for PM10 6315 1.02 (0.94 to 1.10) 0.67

Adjusted for UFPs 5692 1.08 (1.03 to 1.13) <0.01

UFPs 7004 1.06 (0.98 to 1.14) 0.14

Adjusted for NOx 7004 1.00 (0.91 to 1.08) 0.91

Adjusted for NO2 7004 0.97 (0.89 to 1.06) 0.56

Adjusted for PM10 7004 0.99 (0.92 to 1.08) 0.90

Adjusted for PM2.5 5692 0.99 (0.91 to 1.08) 0.85

*Adjusted for dew point, wind speed and global radiation.
IQR, interquartile range; NOx, nitrogen oxides; NO2, nitrogen dioxide; PM10, PM2.5,
particulate matter with aerodynamic diameter #10 mm and 2.5 mm; UFPs, ultrafine
particles.

Table 2 Association* between air pollution (per IQR increase in mean
5-day (lag0-4) levels) and hospital admission for asthma in children, and
effect modification by gender and age

Pollutants Subgroup n OR (95% CI) p Valuey
NOx Overall 8155 1.11 (1.05 to 1.17)

Gender Boys 5508 1.13 (1.06 to 1.20) 0.34

Girls 2647 1.08 (1.00 to 1.17)

Age Infants (0e1 years) 2741 1.12 (1.04 to 1.21) 0.97

Preschool children
(2e5 years)

2873 1.11 (1.02 to 1.20)

School children
(6e18 years)

2541 1.10 (1.02 to 1.20)

NO2 Overall 8155 1.10 (1.04 to 1.16)

Gender Boys 5508 1.11 (1.05 to 1.18) 0.44

Girls 2647 1.08 (0.99 to 1.17)

Age Infants (0e1 years) 2741 1.10 (1.02 to 1.19) 1.00

Preschool children
(2e5 years)

2873 1.10 (1.02 to 1.19)

School children
(6e18 years)

2541 1.10 (1.02 to 1.20)

PM10 Overall 8155 1.07 (1.03 to 1.12)

Gender Boys 5508 1.07 (1.02 to 1.12) 0.93

Girls 2647 1.07 (1.00 to 1.14)

Age Infants (0e1 years) 2741 1.11 (1.05 to 1.18) 0.20

Preschool children
(2e5 years)

2873 1.03 (0.97 to 1.10)

School children
(6e18 years)

2541 1.07 (1.00 to 1.14)

PM2.5 Overall Overall 6329 1.09 (1.04 to 1.13)

Gender Boys 4338 1.10 (1.05 to 1.15) 0.33

Girls 1991 1.06 (0.99 to 1.13)

Age Infants (0e1 years) 2161 1.11 (1.04 to 1.18) 0.62

Preschool children
(2e5 years)

2236 1.06 (1.00 to 1.13)

School children
(6e18 years)

1932 1.09 (1.01 to 1.16)

UFPs Overall Overall 7004 1.06 (0.98 to 1.14)

Gender Boys 4756 1.06 (0.97 to 1.15) 0.93

Girls 2248 1.06 (0.95 to 1.20)

Age Infants (0e1 years) 2369 1.08 (0.97 to 1.22) 0.71

Preschool children
(2e5 years)

2464 1.07 (0.96 to 1.20)

School children
(6e18 years)

2171 1.02 (0.91 to 1.15)

*Adjusted for dew point, wind speed and global radiation.
yWald or likelihood ratio test for interaction.
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(Spearman correlation coefficient (RS)¼0.62) and a rural moni-
toring site located in an agricultural area 30 km west of
Copenhagen (RS¼0.80).15 This indicates that the daily oscilla-
tions in traffic-related air pollutants on busy streets due to
variation in traffic intensity, weather conditions and other
factors are also reflected by urban background monitoring, and
that a radius of 15 km from the background monitor is reason-
able for the assessment of daily variations in population expo-
sure. However, in the same study we showed that correlation
between measurements of the urban background (20 m) and
kerbside (2 m) monitor was lower for UFPs (RS¼0.62) than for
PM2.5 (RS¼0.86) and PM10 (RS¼0.65) and was lowest for the
smallest fractions of UFPs,15 implying larger exposure misclas-
sification for UFPs than for larger particles, and probably a larger
bias towards zero in UFP effect estimates. We therefore cannot
exclude the possibility that the lack of effect of UFPs in this
study is due to differential exposure misclassification. On the
other hand, we have earlier linked exposure to the same UFP
data (and not with larger particles) in Copenhagen to hospital
admissions for stroke in the same nine hospitals using the same

epidemiological design (within 15 km radius from the central
measurement station).26

Various factors may modify the effect of air pollution on
asthma. No significant evidence for effect modification by
gender or age was found. However, boys seemed to be slightly
more susceptible to outdoor air pollution than girls, since the
risk estimates related to NOx and PM2.5 are higher. The effects of
exposure to air pollution on asthma exacerbations are suggested
to be stronger in children than in adults,4 as corroborated by two
studies17 27 but not confirmed by a study reporting similar
effects for children (3e15 years) and adults (15e49 years).10

Seasonality and associations with air pollution of asthma
admissions in children have been shown to vary with age,12

showing the highest association with hospital admission rates
for asthma among the youngest children (<2 years). One study
found a stronger association between hospital admissions for
asthma and air pollution in school children (age 6e18 years)
than in preschool children (age <6 years)17 whereas, in our
earlier birth cohort study, greater effects of air pollution on
wheezing were seen in infants (aged 0e1 years) than in children

Figure 2 Effect estimates with 95% CI
of risk of asthma exacerbation per
increase in interquartile range (IQR) for
(A) nitrogen oxides (NOx), (B) nitrogen
dioxide (NO2), (C) particulate matter
with an aerodynamic diameter #10 mm
(PM10), (D) particulate matter with an
aerodynamic diameter 2.5 mm (PM2.5)
and (E) ultrafine particles (UFPs). The
effect estimates are calculated for lags
between zero and 4 days in air
pollution.
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aged 2e3 years.19 Other studies did not assess the susceptibility
to air pollution by age.11 13e16 19

The strengths of our study include the long time series of
daily measurements of UFP data (2001e8) which made it
possible, for the first time, to investigate the association
between UFPs and hospital admissions for asthma. A further
strength of our study is the high quality of the hospitalisation
register data derived from the DNPR. A validity study of DNPR
data on asthma diagnoses in children aged 6e14 years showed
that data on discharge asthma diagnoses were correct in 91% of
cases, with medical records serving as the gold standard.28

Furthermore, the use of a time-stratified case crossover design
minimises the effects of long-term seasonal trends and serial
autocorrelation in the data and provides for full adjustment for
confounders. We adjusted for possible effects of seasonal and
long-time trends in air pollution levels or hospital admissions for
asthma in the case crossover design by matching the air pollu-
tion level on the day of admission to hospital for asthma with
the levels on the same weekday in the same month. Similarly, in
time-series analyses (see online supplement), we modelled the
calendar time by restricted cubic spline and thus adjusted for
seasonal and long-varying trends. Finally, our findings were
robust to a different modelling approach, using a time-series
analysis with the GAM which used a different model of mete-
orology and long-term trends (see table E4 in online supple-
ment). The risk of hospital admission for asthma using GAM
was estimated to be 10% (95% CI 5% to 16%) per IQR increase
for NOx (see table E4 in online supplement). The GAM analysis
also indicated that infants were more sensitive to air pollution
than preschool children and school children.

Our study also has some limitations. Caution should be
taken when interpreting results from two-pollutant models
with PM10 and PM2.5 (correlation coefficient r¼0.93) as well as
NOx and NO2 (r¼0.85) as the effect estimates of these highly
correlated variables may be artifacts of colinearity. Furthermore,
the air pollution data were measured at a single background
monitoring station and there were no residential or school and
kindergarten addresses. Finally, we cannot exclude the possi-
bility that the lack of effect of exposure to UFPs in this study is
due to a potentially larger measurement error in UFP data than
in data on larger particles and gases, and thus higher exposure
misclassification for UFPs which would bias estimates towards
zero.

CONCLUSIONS
Short-term exposure to ambient air pollution increases the risk
of admission to hospital for asthma among children. Gases (NOx

and NO2) and coarse and fine particles (PM2.5 and PM10)
mediate the adverse effects whereas UFPs have no effect.
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Table E1. Correlation matrix showing the mutual correlations between pollutants and 
meteorological conditions during May 2001 to December 2008. DP is dew point, WS is wind speed 
and GR is global radiation.  

Correlation NOx NO2 PM10 PM2.5 UFPs DP WS GR
NOx 1 0.93 0.37 0.28 0.45 -0.14 -0.47 -0.22
NO2 1 0.43 0.33 0.51 -0.13 -0.50 -0.20
PM10 1 0.85 0.40 0.11 -0.18 0.01
PM2.5 1 0.26 -0.02 -0.16 -0.05
UFPs 1 -0.01 -0.38 0.16
DP 1 -0.13 0.43
WS 1 -0.25
GR 1
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Table E2. The yearly distribution of air pollution levels and meteorological conditions in urban background in Copenhagen during May 
2001 to December 2008 
  

Mean (SD) 
2001 2002 2003 2004 2005 2006 2007 2008 

NOx 14.85(8.89) 13.58(8.06) 15.66(9.21) 14.88(7.84) 14.9(8.05) 15.87(7.89) 13.05(7.6) 12.98(6.68) 

NO2 11.33(4.6) 10.63(4.95) 12.27(5.66) 11.51(4.87) 11.72(5.07) 12.83(4.99) 10.01(4.35) 10.34(4.28) 

PM10 24.85(13.03) 30.06(15.95) 30.5(16.11) 24(9.46) 25.69(12.02) 27.16(12.05) 24.18(10.7) 21.36(8.44) 

PM2.5 10.14(4.57) 9.71(4.48) 10.73(6.09) 11.7(6.53) 10.06(5.48) 9.54(3.96) 

UFP 8743.27(3244.44) 7600.48(3044.97) 9739.51(4763.64) 7358.38(2817.19) 5805.36(2992.58) 5071.17(2052.06) 5703.79(2588.12) 4741.38(2186.88) 

Dew point 7.87(5.74) 5.43(6.16) 4.52(6.6) 4.72(5.87) 4.65(6.18) 5.46(6.61) 5.3(5.26) 4.27(4.88) 

Wind speed 3.98(1.35) 4.15(1.43) 4.06(1.44) 4.18(1.43) 4.07(1.55) 3.92(1.3) 4.27(1.6) 4.35(1.69) 

Global radiation 132.88(103.23) 119.16(98.7) 117.83(95.89) 113.93(92.72) 119.92(94.96) 116.62(101.73) 111.05(93.62) 108.05(100.88) 
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Table E3. The change in the rate of hospitalizations for asthma among children, in the city of 
Copenhagen, with an interquartile range (IQR) increase in pollutant levels, adjusted for dew point 
and global radiation. 

Air pollutant n OR (95 % CI) p-value 
NOx 8208 1.07 (1.03-1.11) <0.01 
NO2 8208 1.07 (1.02-1.11) <0.01 
PM10 8208 1.07 (1.03-1.11) <0.01 
PM2.5 6329 1.08 (1.04-1.13) <0.01 
UFPs 7004 1.06 (0.99-1.13) 0.09 

 

Table E4. Results from generalized additive models using moving average of 5 days. The change in 
the rate of hospitalizations for asthma among children, in the city of Copenhagen, with an 
interquartile range (IQR) increase in pollutant levels, adjusted for dew point, global, day of the 
week and time trend.   

Air pollutant n OR (95 % CI) p-value 
NOx 7893 1.10 (1.05-1.16) <0.01 
NO2 7893 1.10 (1.04-1.16) <0.01 
PM10 7720 1.08 (1.03-1.12) <0.01 
PM2.5 5949 1.08 (1.03-1.12) <0.01 
UFPs 5938 1.04 (0.98-1.10) 0.25 

 


