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Objective: The purpose of this study was to investigate dose–response
relationships between asthma symptoms and indoor nitrogen dioxide (NO2)
and house dust mite allergen (HDM) in children. Methods: Asthmatic
children from 18 primary schools in Adelaide, Australia, kept a daily
symptoms diary over 12 weeks. Home and classroom NO2 levels were measured
repeatedly in winter 2000. HDM levels were obtained from beds. Lung
function tests were performed at the beginning and at the end of the study
period. Results: Data on exposure and respiratory outcomes were gathered for
174 children. For school exposure, the estimated relative symptom rate (RR) for
a 10-ppb increase in NO2 for difficulty breathing during the day was 1.09
(95% confidence interval [CI] � 1.03–1.15), at night 1.11 (95% CI �
1.05–1.18), and for chest tightness at night 1.12 (95% CI � 1.07–1.17).
Significant symptom rate increases were also found for kitchen NO2 exposure.
This was supported by a negative dose–response relationship between percent-
age predicted forced expiratory volume in 1 second and NO2 (�0.39%; 95%
CI � �0.76 to �0.02) for kitchen exposure. Significant threshold effects
using a 10-�g/g cutoff point for HDM exposure were established in the
sensitized children for nighttime wheeze (RR � 3.62, 95% CI � 1.49–8.77),
daytime cough (RR � 1.64, 95% CI � 1.14–2.36), and daytime asthma
attack (RR � 1.95, 95% CI � 1.06–3.60). Conclusion: This study has
established reliable risk estimates for exacerbations of asthma symptoms in
children based on dose–response investigations of indoor NO2 and HDM. (J
Occup Environ Med. 2006;48:462–469)

A though the genesis of asthma is still
widely debated, it is generally ac-
cepted that there are a number of
environmental factors that seem to
be important as trigger factors for
acute asthma.1 The indoor environ-
ment can be a significant source of
asthma triggers such as house dust
mites (Dermatophagoides pteronys-
sinus; HDM) and nitrogen dioxide
(NO2). HDM are potent sensitizers
and an important risk factor in the
development of asthma.2 Subsequent
reexposure to high levels of HDM
has been related to current wheeze and
bronchial hyperresponsiveness,3 and
HDM concentration in beds has been
associated with the prevalence of re-
spiratory symptoms in adult partici-
pants (asthmatics and nonasthmatics).4

NO2, a product of gas combustion
processes, and its effect on the respi-
ratory system has been of interest in
relation to outdoor and indoor air
pollution. Several epidemiologic
studies have shown an increased risk
of acute asthmatic symptoms in chil-
dren in relation to NO2 measured
outdoors and indoors.5–7 A dose–
response relationship between NO2

and upper respiratory symptoms
rates was demonstrated in a cohort of
primary school children who were
exposed to either unflued gas or elec-
trical heating.8 A combined effect of
these two environmental asthma trig-
gers has also been observed, suggest-
ing an enhanced asthmatic response
in airways preexposed to NO2.9

In a recent randomized, controlled
trial in Australia, symptom rates in
asthmatic children were significantly
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reduced in the intervention group in
which unflued gas heaters in class-
rooms were replaced with flued gas
or electrical heaters.10 This study
involves a risk evaluation of indoor
pollution sources on an extended
sample of children originally re-
cruited for the intervention study.
The aims of this study were to deter-
mine: 1) independent dose–response
effects of indoor NO2 and HDM
exposure on asthma symptoms rates
and lung function (percentage pre-
dicted forced expiratory volume in 1
second [FEV1% predicted]), and 2)
whether daily exposure to high NO2

modifies symptoms and FEV1% pre-
dicted in households with high HDM
levels.

Materials and Methods

Study Design
Eighteen primary schools were

used as the source for selecting a
cohort of asthmatic primary school
children (5–13 years of age) with the
aim of determining the rate of daily
asthma symptoms in relation to ex-
posure to NO2 and HDM over 12
weeks during winter 2000. These
schools had taken part in a random-
ized, controlled trial of the respira-
tory effects of unflued gas heaters.10

In a random selection process, eight
of these schools had received heater
intervention (installation of electrical
or vented gas heaters), whereas the
remaining 10 schools continued to
operate with unflued gas heaters.

Child Recruitment
In the first instance, all children

visiting the selected 18 schools re-
ceived an information letter and a
questionnaire with the purpose to
identify the children who had been
diagnosed with asthma by a doctor
and to establish the use of unflued
gas appliances in their homes. Chil-
dren and parents were contacted at
least twice if the questionnaire was
not returned within a week. All chil-
dren with doctor-diagnosed asthma
were eligible to take part in the
study.

In the second stage of the recruit-
ment process, 118 asthmatic children
from households without unflued gas
appliances and 155 asthmatic chil-
dren from households using gas
cooking were invited to participate.
No unflued gas heating was present
in the selected households. Consent
was obtained from children and their
caregivers for lung function mea-
surements, skin prick testing, home
dust collection, and for daily symp-
toms information. The study was an-
nounced to the potential participants
in general terms as an indoor pollu-
tion study without specific reference
to NO2 and HDM monitoring.

Demographic and
Clinical Factors

Information in relation to age, gen-
der, ethnic background, education
level of parents, household smoking,
serious chest illness before the age of
2, and hay fever in the last 12 months
was obtained from the questionnaire
and included as potential confound-
ers in the regression models.

Skin Prick Testing
The children were tested for a

number of common allergens, in-
cluding HDM, using the immediate
method for skin tests.11 Allergens
were supplied by Hollistier-Stier
(Spokane, WA). The wheal size was
measured 10 minutes after the skin
prick test to the forearm. A mean
wheal size of 3 mm or greater was
regarded as positive in the presence
of a positive histamine and negative
saline control.12 Before skin prick
testing, the children had been asked
to stop taking antihistamines. All
children responded positive to hista-
mine and negative to saline control.

Outcomes
Symptom and Medication Rates.

Data from the daily symptoms diary
were collected by a market research
company every 2 weeks by tele-
phone interview with the caregivers/
parents over a period of 12 weeks
from June 1 to August 20, 2000. This
diary had been successfully used in

previous studies.6,13 Symptom rates
were calculated for each child as the
number of days of symptoms occur-
rence divided by the number of days
the symptoms diary was maintained.

Lung Function. Lung function
measurements were taken at baseline
during the first week of the study
(beginning of winter heating period
in schools) and repeated once in the
2 weeks after the end of the study
period. Measurements were taken
during school hours (9 AM to 3 PM).
Testing was performed using the Jae-
ger Toennis Master Scope direct
reading spirometer with software
version 4.34 using a standardized
protocol outlined by the Australian
Asthma Council.14 Percentage pre-
dicted forced expiratory volume in 1
second (FEV1) (� measured FEV1/
predicted FEV1) was used in the
analysis.

Exposure Measurements
Nitrogen Dioxide. Nitrogen dioxide

was measured using passive diffu-
sion badges according to the Austra-
lian standard AS 2365.1.2.15 Limit of
detection calculated over 6 hours
was 6 ppb and values below this
limit were allocated half this value.
Nitrogen dioxide in the classrooms
was measured on three occasions,
each time over 3 consecutive days
(Tuesday, Wednesday, Thursday),
resulting in 9 measurement days per
classroom. This occurred in three
weekly cycles of six schools per
week, extending the overall measure-
ment period over 9 weeks, not in-
cluding 2 weeks of school holidays.
Measurements were taken between
9 AM and 3 PM and NO2 was expressed
as time averaged over 6 hours for
each of the 9 days for each class-
room. Three monitors were placed in
different locations within the class-
rooms to account for spatial differ-
ences in NO2 concentration. Because
no spatial differences were ob-
served in classrooms heated electri-
cally or with vented gas heaters,
only two monitors were used in
these classrooms.
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Home NO2 exposure (gas cook-
ing) was based on 3 consecutive days
of monitoring. Parents/caregivers
were instructed to place two parallel
monitors on the kitchen bench and to
record hours of exposure from the
time children arrived back from
school until bedtime. For each of the
3 days, average NO2 kitchen levels
were calculated for each household.
School support officers and parents/
caregivers were trained in handling
the monitors, time recording, and in
storing the badges, including unex-
posed controls, in the provided
sealed containers in the fridge.

To capture the effect of intermit-
tent high NO2 exposure on symp-
toms rates and lung function, the
maximum of the daily time averaged
NO2 values across the measurement
days was selected as representative
exposures to be tested in the dose–
response models. Separate maxima
were used for the school and home
environments of each child. In addi-
tion, a single composite NO2 esti-
mate was also defined for each child
using the NO2 source (school or
kitchen) representing the highest ex-
posure level for that child during the
study period.

House Dust Mite Exposure. For
assessment of HDM exposure, the bed
environment was chosen because it
provides the best conditions for house
dust mite proliferation, and it is also
the site where people come into closest
contact with HDM.4,16 Sampling in
households was only conducted once,
because previous studies in Australia
and in Germany had shown that mite
concentrations in households were
highly reproducible with no major sea-
sonal differences.18,19 HDM level as-
sessment in classrooms before the
study had shown only negligible lev-
els, and this has been substantiated by
similar investigations in the school
environment.20,21

Dust was collected by vacuuming
the mattress, sheets, and bedcover(s)
over a 1-minute period with an Elec-
trolux Royal vacuum cleaner, which
was equipped with a viewer scope
filter holder. Cellulose filters were

folded, secured with clips, and stored
in zip-lock bags at �20°C until anal-
ysis. Hose nozzle and viewer scope
were brushed and cleaned with ace-
tone in between house visits.

Der p 1 concentration, the HDM-
specific protein responsible for the
allergic effect, was measured in the
sieved fine dust extracts (pore size
425 �m) by enzyme-linked immu-
nosorbent assays using commercially
available test kits of monoclonal an-
tibodies.17 The sample was extracted
using PBS-T 0.1 Tween20 at pH 7.4.
The plates were coated with 5H8
monoclonal mouse antibodies for
Der p 1. The limit of detection of Der
p 1 was 0.06 �g/g.

Statistical Analysis
Descriptive statistics were tabulated

for outcome variables, potential con-
founders, and exposure levels of nitro-
gen dioxide and house dust mites.
Regression models were fitted to in-
vestigate potential dose–response rela-
tionships between the NO2 levels at
school and in the kitchen, bed Der p
1 levels, and respiratory symptoms
and lung function. Separate models
were fitted for each respiratory out-
come. For NO2 exposures, all partic-
ipating children were considered,
whereas only mite-sensitive children
were included in the assessment of
HDM exposure. Zero-inflated nega-
tive binomial regression models
were fitted for the symptom counts
(with offset as the log number of
days in the study).22 Negative bino-
mial models were preferred over
Poisson regression models due to the
overdispersion indicated in Poisson
goodness-of-fit statistics. Zero-inflated
models were preferred due to the
high proportion of children with no
symptoms recorded during the study.
For simplicity, a constant term was
included for the zero-inflation part
of the model. Examination of the
presence/absence models of the
symptoms confirmed no specific
confounders were consistently re-
lated to the presence of symptoms.

For dose–response analysis of lung
function in relation to exposures, a

multiple regression model was fitted
after normality function was observed
to be valid using end-of-study lung
function values adjusted by baseline
levels.

In all models, standard errors were
adjusted for potential clustering by
school, and the models included the
set of predetermined potential con-
founders. All modeling was con-
ducted in the statistical package
STATA Version 7 using the “xtgee”
command for the multiple regression
and the “zinb” command with the
cluster option for the zero-inflated
negative binomial regression.22

Although NO2 was fitted as linear
exposure, Der p 1 levels were investi-
gated as linear and threshold (dichoto-
mized) terms in relation to symptoms
and lung function. The threshold value
of 10 �g of Der p 1 per 1 g of dust was
chosen, because current guidelines iden-
tify this level as the threshold for in-
creased risk of wheeze.23

Potential mediating effects of
HDM exposure were investigated in
the subset of mite-sensitive children
by fitting additional models with in-
teraction terms between nitrogen di-
oxide levels and Der p 1 levels.

Results

Study Population and
Descriptive Data

Of the 354 eligible children who
were invited to participate, data on
symptoms, exposure, and potential
confounders were obtained for 174
(49%) children. Fifty-one percent of
the parents declined the invitation.
Table 1 presents summary statistics
on health outcomes and exposure for
the study population. The children
ranged in age from 5 to 12 years
(mean, 8 years). Forty-six percent
were girls, 83% were Australian
born, and 80% of children had at
least one parent who had completed
high school. Twenty-two percent of
children had at least one smoker living
at home. A total of 36% reported hay
fever in the last year and 42% reported
a serious respiratory illness before the
age of 2. Of the daily asthma symp-
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toms, day and night cough were the
most frequently recorded and 75% of
the children took some form of asthma
medication at least once during the
study period. Of the 158 children from
whom permission was obtained to
conduct skin prick tests, 88 (56%)
reacted positively to HDM skin prick
testing.

NO2 Exposure and Relationship
to Asthma Symptoms and
Lung Function

Maximum time-averaged daily
NO2 concentration (6 hours) in class-
rooms ranged from 9 to 307 ppb
(median, 39 ppb) Maximum kitchen
levels ranged from 3 to 423 ppb

(median, 22 ppb). For 71% of chil-
dren, the maximum exposure level at
school was higher than the maximum
home exposure. Over half of the
children were exposed to NO2 levels
of 40 ppb and greater (Table 2) when
both school and home exposure were
considered.

Dose–response relationships be-
tween asthma symptoms and NO2

are expressed as adjusted relative
symptom rates (RR) associated with
10-ppb increments in NO2 (Table 3).
Statistically significant increasing
relative symptom rates were ob-
served with classroom levels of NO2

for difficulty breathing during the
day (RR � 1.09, 95% confidence

interval [CI] � 1.03–1.15) and night
(RR 1.11, 95% CI � 1.05–1.18),
chest tightness at night (RR � 1.12,
95% CI � 1.07–1.17), and difficulty
breathing after exercise (RR � 1.04,
95% CI � 1.01–1.09). In addition,
statistically significant increasing
relative symptom rates were ob-
served with kitchen levels of NO2 for
difficulty breathing at night (RR �
1.03, 95% CI � 1.01–1.05) and
asthma attacks at night (RR � 1.04,
95% CI � 1.00–1.07). Statistically
significant increasing dose–response
relationships were also seen for dif-
ficulty breathing during the day and
night and chest tightness at night
when the separate school and home

TABLE 1
Descriptive Statistics for Symptom and Medication Rates, Lung Function, Nitrogen Dioxide Levels at School and at Home,
and House Dust Mite Levels at Home

Description N Minimum Maximum Mean Median
Standard
Deviation Nonzero (%)

Symptom rate per week
Day wheeze 174 0 7.0 0.4 0.0 0.8 47
Night wheeze 174 0 2.8 0.2 0.0 0.4 38
Day difficulty breathing 174 0 6.8 0.3 0.0 0.8 43
Night difficulty breathing 174 0 6.8 0.2 0.0 0.6 29
Day chest tightness 174 0 3.1 0.3 0.0 0.5 44
Night chest tightness 174 0 2.5 0.2 0.0 0.4 34
Day cough 174 0 7.0 1.2 0.8 1.4 85
Night cough 174 0 7.0 0.9 0.5 1.2 82
Difficulty breathing after exercise 174 0 6.8 0.4 0.0 0.9 51
Day asthma attack 174 0 2.7 0.2 0.0 0.4 34
Night asthma attack 174 0 1.4 0.1 0.0 0.3 31
Miss school due to asthma 174 0 1.3 0.1 0.0 0.2 37
Healthcare facility visits due to asthma 174 0 0.3 0.1 0.0 0.1 35
Using any asthma medication 174 0 7.0 2.2 0.8 2.6 75
Using reliever medication 174 0 7.0 1.4 0.4 2.0 74
Using preventer medication 174 0 7.0 2.1 0.0 2.9 44

Lung function, percentage predicted forced
expiratory volume in 1 second

Baseline 146 69 146 104 104 13 100
Poststudy 151 61 153 109 110 16 100

Nitrogen dioxide levels at school (ppb)
Average classroom level 174 7 117 34 23 28 100
Maximum classroom level 174 9 307 69 39 63 100

Nitrogen dioxide levels at home (ppb)
Average kitchen level 174 3 147 20 13 22 100
Maximum kitchen level 174 3 423 38 22 53 100

Nitrogen dioxide levels at school/home (ppb)
Maximum (classroom, kitchen) 174 9 423 82 58 71 100

House dust mite levels (bed) (�g/g)
All children 174 0 171 10 1 24 99
Mite-sensitive 88 0 171 12 3 28 100
Not mite-sensitive 70 0 87 8 1 17 99

Age (yr) 174 5 12 8 9 2 100
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exposure terms were replaced with a
single composite term representing
the maximum exposure across both
school and home (not tabulated).
These dose–response relationships
are reflected in plots of the crude
mean symptom rates versus mean
maximum NO2 levels (school and
home) within the following five ex-
posure levels �20, 20–39, 40–59,
60–79, and 80� ppb (Fig. 1). Trans-
lating the symptom rates to a winter
heating period lasting 100 days, in-
creasing from a low NO2 level of 18
ppb up to 130 ppb corresponds to an
increase from a mean of 3 to 7 days
with difficulty breathing.

A statistically significant decrease
was observed in mean FEV1% pre-
dicted (�0.39% per 10 ppb NO2;
95% CI � 0.76 to �0.02; P � 0.04)
for maximum kitchen NO2 level with
adjustment for potential confounders
but not for school exposure (P �
0.3). The composite NO2 term was
marginally associated with a de-
crease in lung function (�0.25 per
10 ppb NO2, 95% CI � �0.51 to
�0.0005; P � 0.05).

Der p 1 Exposure and
Relationship to Asthma
Symptoms and Lung Function

Over one fourth of the children were
exposed to Der p 1 levels of 10 �g/g or
greater (Table 2). Mean concentration
of Der p 1 was significantly higher
(P � 0.02) in the beds of children who
were sensitized to HDM (12.1 �g/g)
compared with the nonsensitized chil-
dren (7.5 �g/g).

There were no consistent linear
dose–response trends in asthma
symptoms with Der p 1 levels, but a
threshold effect was observed using
a 10-�g/g cutoff point. Significantly
higher symptom rates were observed
for high versus low Der p 1 exposure
(�10 �g/g vs �10 �g/g Der p 1) for
night wheeze (RR � 3.62, 95% CI �
1.49–8.77), daytime cough (RR �
1.64, 95% CI � 1.14–2.36), and
daytime asthma attacks (RR � 1.95,
95% CI � 1.06–3.60) (Table 4). The
differential described by the model is

TABLE 2
Distribution of Nitrogen Dioxide Levels at School and at Home, and House Dust
Mite (HDM) Levels at Home (by mite sensitivity)

Nitrogen Dioxide
(ppb)

School
(maximum)

Home (kitchen)
(maximum)

Composite*
(maximum)

N Percent N Percent N Percent

�10 4 2.3 23 13.2 1 0.6
10–19.9 25 14.4 56 32.2 11 6.3
20–39.9 59 33.9 50 28.7 51 29.3
40–79.9 30 17.2 25 14.4 43 24.7
80� 56 32.2 20 11.5 68 39.1
Total 174 100.0 174 100.0 174 100.0

Mite-Sensitive
Not

Mite-Sensitive All Children

HDM (�g/g) N Percent N Percent N Percent

�2 41 46.6 44 62.9 93 53.5
2–9.9 21 23.9 12 17.1 36 20.7
10–19.9 17 19.3 7 10.0 27 15.5
20� 9 10.2 7 10.0 18 10.3
Total 88 100.0 70 100.0 174 100.0

*Based on the higher nitrogen dioxide exposure whether that be at school or at home.

TABLE 3
Adjusted* Relative Symptom and Medication Rates (RR) and 95% Confidence
Intervals (CIs) for Dose–Response by Maximum Nitrogen Dioxide (NO2) Level at
School and at Home Based on 16 Zero-Inflated Negative Binomial Models on
174 Asthmatic Children

Symptom

School Maximum NO2 Home Maximum NO2

RR† 95% CI P RR† 95% CI P

Wheeze
Day 1.01 0.97–1.06 0.6 0.98 0.92–1.04 0.5
Night 0.99 0.93–1.06 0.8 1.00 0.90–1.11 1.0

Difficulty breathing
Day 1.09 1.03–1.15 0.003 1.00 0.98–1.03 0.8
Night 1.11 1.05–1.18 �0.001 1.03 1.01–1.05 0.008

Chest tightness
Day 1.08 0.99–1.19 0.09 0.97 0.89–1.06 0.5
Night 1.12 1.07–1.17 �0.001 1.02 0.95–1.09 0.6

Cough
Day 1.01 0.99–1.03 0.5 1.01 0.97–1.05 0.7
Night 1.01 0.98–1.04 0.6 0.99 0.96–1.02 0.7

Difficulty breathing after
exercise

1.04 1.01–1.09 0.03 0.97 0.92–1.02 0.2

Asthma attacks
Day 1.03 0.98–1.08 0.2 1.00 0.95–1.05 0.9
Night 1.00 0.93–1.08 1.0 1.04 1.00–1.07 0.03

Missed school 1.01 0.97–1.06 0.6 0.93 0.87–1.00 0.05
Visited health care 1.02 0.90–1.16 0.8 1.01 0.77–1.33 0.9
Used asthma medication 0.99 0.95–1.03 0.6 1.01 0.99–1.03 0.4
Used reliever 0.99 0.96–1.03 0.6 1.03 1.00–1.06 0.07
Used preventer 0.99 0.96–1.03 0.8 1.0 0.98–1.02 0.8

*Adjusted for potential confounding by age, gender, household smoking, ethnic back-
ground, education level of parents, hay fever, and serious respiratory illness before the age of
2 and adjusted for clustering by school.

†RR per 10 ppb NO2.
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also evident in the mean symptoms
days, which translate to 4 days per
100 with wheeze at night for low
HDM exposure compared with 9
days for high HDM exposure. Der p
1 concentration in the bed was not
related to FEV1% predicted for the
subset of mite-sensitive children.

Nitrogen Dioxide/House Dust
Mite Interaction

When effect modification between
Der p 1 and maximum NO2 (school
and home) was tested in the sensi-
tized children, a statistically signifi-
cant interaction (P � 0.001) was
only found for wheeze at night. Al-
though an increasing dose–response
relationship with NO2 was seen for
households with low levels of Der p
1 (RR � 1.08, 95% CI � 1.00–
1.17), a statistically significant in-
verse relationship with NO2 was
seen for households with high levels
of Der p 1 (RR � 0.85, 95% CI �
0.79–0.92).

Discussion

Nitrogen Dioxide
Exposure levels reflecting the ma-

jor indoor NO2 sources were tested
with linear dose–response models to
evaluate the relationship between ex-
posure and rates of symptoms of
asthma in children over a 12-week
study period. Significant dose–
response relationships with increases
of 4% to 12% were demonstrated for
difficulty breathing (day and night
and after exercise) and chest tight-
ness (night) for an increment in NO2

of 10 ppb in maximum classroom
levels. This is consistent with the
findings from the randomized, con-
trolled trial showing a risk reduction
of approximately 60% for these
symptoms after removal of unflued
gas heaters in schools accompanied
on average by a reduction in NO2 of
30 ppb NO2.10 The results also com-
pare favorably with an average
asthma symptom increase of 20% to
30% established in a previous panel
study (NO2 increase of 44 ppb),
which was based on unflued gas
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Fig. 1. Mean symptom rates per week (difficulty breathing during the day and night, and chest
tightness at night) plotted against mean maximum nitrogen dioxide levels (composite of school
and home exposure) grouped as �20 ppb (n � 12), 20–39 ppb (n � 51), 40–59 ppb (n � 25),
60–79 ppb (n � 18), and 80� ppb (n � 68).

TABLE 4
Adjusted* Relative Symptom and Medication Rates (RR) and 95% Confidence
Intervals (CIs) for a Threshold Level of House Dust Mites From 16 zero-Inflated
Negative Binomial Models on Asthmatic Children Sensitive to Der p 1

Symptom

Der p 1 (bed) (N � 88
mite-sensitized children)

RR† 95% CI P

Wheeze
Day 2.11 0.91–4.92 0.08
Night 3.62 1.49–8.77 0.004

Difficulty breathing
Day 0.68 0.25–1.85 0.4
Night 0.83 0.32–2.11 0.7

Chest tightness
Day 0.67 0.42–1.07 0.09
Night 0.63 0.31–1.27 0.2

Cough
Day 1.64 1.14–2.36 0.008
Night 1.61 0.91–2.82 0.1

Difficulty breathing after exercise 1.04 0.41–2.63 0.9

Asthma attacks
Day 1.95 1.06–3.60 0.03
Night 0.80 0.20–3.13 0.7

Missed school 0.66 0.33–1.29 0.2
Visited health care 1.25 0.79–1.98 0.3
Used asthma medication 0.90 0.63–1.28 0.6
Used reliever 1.57 0.89–2.76 0.1
Used preventer 1.03 0.60–1.77 0.9

*Adjusted for potential confounding by maximum nitrogen dioxide level at school,
maximum nitrogen dioxide level at home, age, gender, household smoking, ethnic back-
ground, education level of parents, hay fever, and serious respiratory illness before the age of
2 and adjusted for clustering by school.

†RR Der p 1 �10 �g/g vs �10 �g/g.
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appliances generally found in the
home environment.6 Further evi-
dence comes from two recent studies
showing significant dose–response
evidence between NO2 and asthma
symptoms in children exposed to un-
flued gas heaters24 and in infants
exposed to gas cooking.25 These
results are supported by the 20% in-
crease in respiratory symptoms es-
tablished in a meta-analysis of some
of the earlier indoor studies (NO2

increase of 15 ppb).26 Despite lower
levels of NO2 exposure within
homes, we also found statistically
significant dose–response relation-
ships with increases of 3% to 4%
in nighttime symptoms (difficulty
breathing and asthma attacks) with
NO2 levels measured in the chil-
dren’s homes. The participants in
this study were allocated a home and
a school NO2 level, which was to
reflect an exposure scenario for the
whole winter period during which
the children had kept the symptoms
diary. This procedure may have led
to some nondifferential exposure
misclassification and a potential un-
derestimation of the risk estimates.

The decrease in FEV1% predicted
of 0.4% for an increment in NO2 of
10 ppb at home is comparable in
magnitude to that experienced in a
previous study of children exposed
to gas heating in Australia (�0.12%;
95% CI � –0.23 to �0.01 per 1 ppb
NO2).27 Lung function measure-
ments in this study were conducted
at the end of the heating season and
that may have minimized the oppor-
tunity to capture the full effect of
NO2 on lung function, which is of
particularly reversible nature in
children.28

House Dust Mites
In this study, Der p 1-sensitized

children were exposed to signifi-
cantly higher allergen levels than the
nonsensitized children. Although it
cannot be implied from this study
design that high Der p 1 levels in the
households had led to sensitization, it
is likely that these relatively young
children may have spent their entire

lives in these households. Several
other studies had similar findings.29–32

Children exposed to high levels of Der
p 1 at 2 years of age also have a higher
risk of developing asthma.33 Previous
studies have reported the prevalence of
symptoms in relation to Der p 1 levels
in children16,21 and in adults.4,34

The current study demonstrates an
increased risk in rates of wheeze,
cough, and asthma attacks in rela-
tion to Der p 1 levels measured in
beds of children. In this study, and
in accordance with the study by Ge-
hring,4 a threshold level with the
cutoff point at 10 �g/g Der p 1 best
describes the relationship after other
cutoff points below 10 �g/g had also
been explored. Although other studies
have reported significant correlations
between lung function measurements
and Der p 1 levels,16,21 in this study, a
dose–response relationship between
Der p 1 levels and FEV1% predicted
could not be established.

The type of symptom responses dif-
fered distinctly between NO2 and Der
p 1. This observation may indicate
separate mechanisms of airway in-
flammation as has been discussed
recently.35 Wheeze and cough may
indicate an allergic response, whereas
breathlessness and chest tightness may
be due to a neutrophilic or “asthma-
like” pathway.

Interaction
In this study, increasing levels of

NO2 did not potentiate the allergic
effect of Der p 1 in households with
HDM levels above threshold in the
subgroup of mite-sensitized children.
This study does not corroborate the
evidence gathered from clinical
studies, but interpretation has to be
cautious because the study was un-
derpowered to properly examine
the relationship with only few par-
ticipants exposed to above-thresh-
old levels of Der p 1 levels (N �
26). Further epidemiologic interac-
tion investigations should be con-
sidered.

Conclusion
It has been demonstrated that two of

the most prominent indoor pollutants
have the potential to exacerbate
asthma symptoms in children. NO2

and Der p 1 trigger distinct symptoms
that may indicate separate underlying
asthma disease processes. In light of
the strong evidence that the extent of
health effects is dose-dependent, expo-
sure should be minimized. Although a
successful reduction of HDM associ-
ated with health improvements has as
yet to be demonstrated, the effective-
ness of a reduction of NO2 exposure
has recently been demonstrated in a
heater replacement trial.
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