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Summary

Background Home gas appliance use has been associated with child respiratory illness

but prospective data on the relationship between infant exposure and the development of

child allergic disease has not been readily available.

Objectives (a) To determine if home gas appliance use is associated with increased risk

of house dust mite (HDM) sensitization. (b) To examine whether any association between

current home gas use and airway obstruction is influenced by HDM sensitization.

Methods Design: an 8-year follow-up birth cohort study of children born during 1988 and

1989. Participants: a population-based sample (n � 498) of children who participated in

the Tasmanian Infant Health Survey (TIHS) and resided in Northern Tasmania in 1997

(84% of eligible children). Main outcome measures: (a) Skin prick test reaction to nine

allergens, including Dermatophagoides pteronyssinus (Der p 1) and Dermatophagoides

farinae (Der f 1). (b) Spirometric lung function indices, including forced expiratory

volume in one second (FEV1) and forced vital capacity (FVC).

Results The relative risk for home gas appliance use at 1 month of age and HDM

sensitization was 1.98 (1.04, 3.79) in a cohort analysis with confounder matching. Current

home gas use was also associated with HDM sensitization (ARR 1.73 (1.43, 2.76)).

Current home gas use was related to a stronger (P � 0.006) reduction in the FEV1 : FVC

ratio among HDM-sensitive children (adjusted difference 2 6.2% (2 10.0 to 2 2.4)) than

non-HDM-sensitive children (adjusted difference 2 0.3% (2 2.5 to 1.8)).

Conclusion Indoor pollutants from gas combustion may increase the likelihood of initial

sensitization to HDM and play a role in the development of atopic asthma. HDM-

sensitized children may be more vulnerable to indoor pollutant-induced airway obstruction.

The ability of this study to detect such effects may partly reflect unflued gas appliance use

among this sample.
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Introduction

Evidence of the capacity of air pollutants to influence

immune responses in airway epithelium is accumulating [1].

Nitrogen dioxide (NO2), a common indoor pollutant
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produced by fossil fuel combustion such as gas cookers or

heaters [2], has been shown to exert several effects on

mucosal epithelium, including oxidative damage with the

release of cytokines TNF-a, IL-8 and GM-CSF and other

proinflammatory mediators, leading to a priming of

eosinophils such as eosinophil cationic protein (ECP), an

effect which is blocked by fluticasone propionate and

beclomethasone dipropionate [1,3]. In addition, NO2 expo-

sure can induce cilary dyskinesia, increase epithelial

permeability and contribute to increased allergen penetration

into submucosal sites [1]. In a review of air pollution and

allergic disease, Wardlaw and Burge [4] highlighted two

areas for special attention: whether air pollutant exposure (a)

increased the risk of atopic sensitization and (b) enhanced

allergen responsiveness among atopic individuals [4].

Animal studies have provided some support that gaseous

pollutants may promote sensitization but the data are

inconclusive [4]. NO2 exposure has been shown to up-

regulate the immune responses to HDM allergen and the

subsequent immune-mediated pulmonary inflammation in

rats [5]. Occupational asthma, as a model of human adult

sensitization, suggests that cigarette smoking is an adjuvant

for specific IgE production [4]. There has been a lack of

prospective studies with regard to air pollutants and child

sensitization. Progress in this area has been hampered by a

paucity of infant exposure data, difficulty of measuring

long-term pollutant exposure in a population-based setting

and disease misclassification, resulting from the use of

respiratory symptom report rather than biological measure-

ments of lung function, and a direct measurement of

sensitization to classify affected children.

The question of enhanced allergen responses in estab-

lished sensitization has been partially addressed by

experimental studies in patients with established asthma.

Among 10 adult asthmatics with house dust mite (HDM)

sensitization, exposure to NO2 (400 ppb) and sulphur

dioxide (SO2) (200 ppb) reduced the Dermatophagoides

pteronyssinus (Der p 1) allergen load required to induce a

specified level of airway obstruction by 61% [6] and

exposure to N02 (400 ppb) resulted in a greater drop in

forced expiratory volume in 1 s (FEV1) after exposure to a

fixed dose HDM challenge among adults with HDM-

sensitive asthma [7]. Similarly, concomitant exposure to

diesel exhaust particles (DEP) has been shown to potentiate

the nasal allergic response to ragweed pollen among

ragweed-sensitive subjects [8] and allergen challenge

increased ECP, particularly after NO2 exposure in seasonal

allergic rhinitis [9]. These studies demonstrate symptom

exacerbations due to air pollutants in individuals with

established allergic disease but the role of gaseous

pollutants in the initiation of allergen sensitization remains

to be elucidated.

In a birth cohort study in Tasmania, we have recently

reported that living room gas heater use in infancy was

associated with subsequent child asthma [10]. We present

here a 1997 follow-up study which examines the relation-

ship between domestic gas appliance use during infancy

and childhood and the development of HDM sensitization

and child lung function.

Methods

The Tasmanian Infant Health Survey (TIHS)

This birth cohort study operated from hospitals where

approximately 93% of births in Tasmania, Australia,

occurred [11]. The sample of eligible infants represented

approximately one-fifth of live births in the state from

1988 to 1995, with an overall state-wide response rate

during this period of 89% [10]. Infants born were scored

to assess the risk of sudden infant death syndrome (SIDS)

using a local predictive model based on maternal age,

birthweight, infant sex, breastfeeding, season of birth and

duration of second stage of labour [12]. Multiple births

were automatically included. The eligibility criteria and

study methods are discussed in more detail elsewhere

[11,13]. Research assistants obtained data on three

occasions. The first interview was conducted in hospital

on the fourth day of life. A home interview was

conducted during the fifth postnatal week. The third

interview was conducted by phone when the infant was

approximately 10 weeks postnatal age. Biological valida-

tion of questionnaire data on infant exposure to tobacco

smoke was provided by a 1995 sub-study using infant

urinary cotinine levels [13]. Home gas appliance use is

defined as the positive report of gas cooking or gas heater

use in the living room. A 1985±1986 survey reported that

86% of the gas-heated Tasmanian homes used bottled gas

for heaters of portable or fixed type [14]. Thus these

results pertain to gas combustion heaters rather than

modern ducted gas central heating. In 1988/1989, 609

(88% of eligible) infants had a TIHS interview at 1 month

of age in Northern Tasmania.

The 1997 Childhood Allergy and Respiratory Health Study

(CARHS)

A follow-up study of cohort participants was conducted in

Northern Tasmania in 1997 through school records.

Eligible children and their parents were asked to attend

the Launceston General Hospital for a parental interview

and child assessment. The parental questionnaire included

eight questions on asthma and wheeze from the Interna-

tional Study of Asthma and Allergy in Childhood (ISAAC)

[15] and also questions on cooking fuel, home heating and

other factors.
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Baseline lung function measures were obtained as

follows: the children were asked to perform forced

expiratory manoeuvres standing without a nose clip,

following a standard protocol [16], using an Alpha

compact spirometer which was calibrated at the beginning

of every session. Skin prick testing (SPT) was used to

assess the cutaneous reaction to exposure to the house

dust mites Dermatophagoides pteronyssinus (Der p 1) and

Dermatophagoides farinae (Der f 1), cat, dog, alternaria,

ryegrass, cow's milk, egg and peanut (Hollister-Stier

purified allergen extracts supplied by Bayer, Sydney,

Australia) and positive (histamine 10 mg/mL and 1 mg/

mL) and negative (glycerine) controls. Weal allergen

reactions of 3 mm or greater at 15 min were classified as

positive [17]. In 1997, 596 children who had participated

in the TIHS in 1988 or 1989 were identified as residing in

the northern region of Tasmania (excluding offshore

islands) during 1997. Of these, 499 (84%) agreed to

participate in the 1997 CARHS study but SPTs were not

carried out on one autistic child. For these 498 children,

456 had prospective data on home gas use in infancy

available. For the 18 children with exposure to home gas

use in infancy, nine were exposed to gas cooking only,

eight to gas heaters only and one to both. For the 60

children exposed to home gas use in 1997, the number of

children was 25, 31 and 4, respectively. A high proportion

of the gas heaters in infancy or 1997 were unflued. In

1997, of the 35 children with home gas heaters, 20 were

of the unflued type. During infancy, six of the nine infants

who lived in a home with a gas heater were exposed to an

unflued gas heater. The mean age at follow-up testing was

8.71 (SD � 0.59) years. The proportion of 1988±1989

TIHS infants with home interview data who were

followed-up did not differ by whether home gas was

used in infancy.

Statistical methods

Relative risks were calculated with test-based 95%

confidence intervals [18]. The effect of individual con-

founders was assessed by stratified analysis. The Breslow-

Day test was used to examine differences between stratum-

specific risk estimates [18]. To control simultaneously for

multiple confounders and to obtain confidence intervals for

relative risk estimates, a generalized linear model with a

log link function and binomial error structure was used

[19]. A matched cohort analysis was used to further assess

the effect of home gas appliance use in infancy on HDM

(either Der p 1 or Der f 1) sensitization [20]. Multiple linear

regression models were used to examine the effect of

exposure on continuous outcomes, such as the lung

function measures of FEV1, forced vital capacity (FVC)

and the ratio of FEV1 to FVC with adjustment for relevant

covariates (Table 3). We conducted the analyses using SAS

version 6.12 [21].

Results

Home gas appliance use and HDM sensitization

Exposure to domestic gas appliance during infancy was

prospectively associated with an increased risk of sensitiza-

tion to several predominantly indoor aeroallergens, includ-

ing HDM allergens, but not to the predominantly outdoor

allergen ryegrass (Table 1). Examining by type of appli-

ance, the relative risk for HDM sensitization for home gas

cooking during infancy was 2.21 (1.02, 4.76) and for gas

heaters was 1.43 (0.53, 3.89). Home gas appliance use in

infancy was not strongly related to subsequent asthma (RR

1.30 (0.74, 2.29)). HDM sensitization was related to asthma

(RR 1.65 (1.32, 2.06)). The absolute risk difference was an

Table 1. The prospective relation between home gas appliance use in infancy and child sensitization to common allergens

Outcome

Proportion (%) of children

with home gas with outcome

(n/total n)

Proportion (%) of children

without home gas with outcome

(n/total n)

Univariate

relative risk

(95%CL) P value

Dust mite Der p 1 sensitization 44.4% (8/18) 21.5% (94/438) 2.07 (1.11, 3.86) 0.022

Dust mite Der f 1 sensitization 33.3% (6/18) 10.3% (45/438) 3.25 (1.52, 6.94) 0.002

House dust mite sensitization* 44.4% (8/18) 22.4% (98/438) 1.99 (1.07, 3.69) 0.030

Alternaria sensitization 16.7% (3/18) 3.7% (16/438) 4.57 (1.52, 13.70) 0.007

Cat sensitization 11.1% (2/18) 2.5% (11/438) 4.42 (10.6, 18.51) 0.032

Dog sensitization 5.6% (1/18) 0.0% (0/438) 0.039²

Ryegrass sensitization 22.2% (4/18) 17.1% (75/438) 1.30 (0.52, 3.24) 0.575

Food sensitization** 0.0% (0/18) 0.0% (0/438) ±

*Skin prick reaction of greater than or equal to 3 mm to either mite allergen. **Skin prick reaction of greater than or equal to 3 mm to

cow's milk, egg or peanut. ²Fisher exact two-tailed P-value.
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excess of 22 HDM-sensitized children per 100 children

exposed to home gas in infancy (Table 1).

To prepare for the selection of confounders for the

multivariate analyses, we examined more than 40 other

factors, to see how they each related to both home gas use

in infancy and HDM sensitization. The infant factors of

most relevance are summarized in Table 2. Private health

insurance, plastic mattress liner use, sheepskin use and

early solid food introduction were associated with a higher

risk of HDM sensitization and differences in home gas use

(Table 2). The following infant factors had little associa-

tion with HDM sensitization: teenage motherhood, male

sex, multiple birth, premature birth, head circumference at

birth . 37 cm, use of a pillow or natural fibre mattress or

any quilt at 1 month of age, postnatal smoking by other

household residents (excluding mother), history of a cold

by 1 month of age, more than 3 siblings in 1997 or low

maternal education in 1997, with relative risk estimates

between 0.80 and 1.25 for HDM sensitization. Among the

child factors examined, the current use of a feather quilt

was inversely associated with mite sensitization. We then

examined the effect of confounding factors or effect

modifiers on the association between gas use in infancy

and HDM sensitization using stratification. Individual

adjustment for the factors listed above, in Table 2, or

season of birth, multiple birth or duration of second stage of

labour, 1997 feather quilt use, child's fish consumption

frequency, or child exposure to active smoking in the same

room, did not alter the point estimate for the gas±HDM

association by 10% or more, except for the following

factors: adjustment for the confounding effect of use of a

plastic mattress liner at 1 month or family history of

asthma, which each increased the risk estimate to 2.27. The

stratification procedure revealed two factors that were

possible modifiers of the gas±HDM association. The

magnitude of the association was greater (P � 0.042) in

homes where the infant's bedroom windows were always

closed at night (RR 3.76 (1.64, 8.62)) compared with

homes where they were sometimes or always open (RR

1.23 (0.50, 3.03)). Similarly, the strength of association was

greater (P � 0.038) for infants who slept in rooms which

were painted within the last year (RR 4.27 (1.88, 9.71))

compared with other infants (RR 1.16 (0.43, 3.13)).

Each of the 18 children with infant home gas exposure

was then matched with unexposed children in relation to

plastic mattress liner use, sheepskin use, early introduction

of solid food and private health insurance. For one exposed

child, health insurance data were not available, so this child

was matched with two unexposed children with the same

confounder profile who also had missing insurance data.

The matched estimate was obtained using data on 360

children in 11 matched sets. The relative risk for home gas

appliance use in infancy and subsequent HDM sensitization

in this matched analysis was 1.91 (1.05, 3.56). Further

adjustment for the confounding effect of 1997 feather quilt

use increased this home gas±HDM estimate (ARR 1.98

Table 2. Confounder identification: the univariate relative risk for home gas use in infancy and child house dust mite sensitization by

selected infant characteristics

Infant variables

RR (95% CL)

Home gas in infancy P-value

RR (95% CL)

HDM sensitization P-value

Private health insurance at birth 1.84 (0.72, 4.67) 0.200 1.48 (1.08, 2.04) 0.015

Use of a plastic mattress liner 0.30 (0.12, 0.79) 0.015 1.43 (1.01, 2.03) 0.039

Solid food introduced by phone 0.79 (0.29, 2.16) 0.643 1.44 (1.04, 2.01) 0.030

interview at 10 weeks

Sheepskin used at 1 month interview 0.71 (0.21, 2.39) 0.582 1.34 (0.94, 1.92) 0.110

or parent stated that would be used in

cold winter weather

More than six residents in 1.50 (0.51, 4.44) 0.461 1.28 (0.84, 1.93) 0.250

household at birth

Family history of asthma at birth 0.66 (0.24, 1.80) 0.413 1.16 (0.84, 1.61) 0.360

Carpet use in infant bedroom 0.37 (0.13, 1.06) 0.063 1.09 (0.61, 1.93) 0.779

Infant bedroom relative humidity . 75% 0.71 (0.10, 5.05) 0.730 1.00 (0.53, 1.89) 0.989

at home interview

Infant exclusively breast-fed 0.89 (0.34, 2.34) 0.818 0.93 (0.66, 1.32) 0.690

at home interview

Infant exposed to active 0.79 (0.32, 1.96) 0.617 0.92 (0.66, 1.27) 0.600

smoking in same room

Mother smoked during pregnancy 1.01 (0.41, 2.52) 0.981 0.86 (0.62, 1.20) 0.373
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(1.04, 3.79)). Examining weal size as a continuous

outcome, after adjustment for the matching variables and

feather quilt use, the adjusted difference in mean weal size

between children with home gas use in infancy compared

with those without was 1.21 (0.18, 2.25) mm greater for

Der p 1 (P � 0.023) and 1.39 (0.66, 2.10) mm greater for

Der f 1 (P � 0.0002).

The cross-sectional association between child home gas

use and HDM sensitization (unadjusted relative risk 1.53

(1.01, 2.33)) increased after adjustment for infant plastic

mattress liner use, sheepskin use, early introduction of solid

food, private health insurance, family history of asthma,

resident number in 1997, exposure to active smoking in

same room in 1997 and 1997 feather quilt use (ARR 1.73

(1.43, 2.76)).

The association between current home gas use and mite

sensitization was stronger (P � 0.016) among children

who lived in the same postcode address as their birth

address. Among the 128 children who had not changed

residence since birth, the risk estimates of gas appliance use

and mite sensitization were: 1997 home gas use ARR 2.83

(1.62, 4.95); 1997 gas cooking ARR 2.33 (1.16, 4.66); and

1997 gas heater use ARR 3.42 (1.41, 8.30). Similar results

were obtained when SPT wheal size reaction to Der p 1 or

Der f 1 was used as an outcome measure.

The interaction between current home gas use, HDM

sensitization and lung function

The relations between home gas appliance use, HDM

sensitization and lung parameters after adjustment for other

determinants of lung function are shown in Table 3. Home

gas use in infancy or childhood was associated with a

significant FEV1 reduction. The effect of home gas in

infancy on FEV1 : FVC ratio was reduced after additional

adjustment for HDM sensitization (mean difference

2 2.4% (95% CL 2 5.7, 0.9)) consistent with the effect

on lung function mediated partly through mite sensitiza-

tion. The mean difference in the FEV1 : FVC ratio

associated with the characteristics listed in Table 3 was

similar among children regardless of whether or not they

were sensitized to HDM, with the exception of current

home gas use.

There was evidence of a strong interaction between

current home gas use and HDM sensitization in relation to

the mean difference in FEV1 : FVC ratio. That is, the

FEV1 : FVC ratio was significantly (P � 0.002) reduced

by 6.2% with current home gas exposure in HDM-

sensitized children (mean difference in FEV1 : FVC ratio

2 6.2% (95% CI 210.0 to 2 2.4)), but not significantly

(P � 0.758) changed in children who were not sensitive to

HDM (mean difference in FEV1 : FVC ratio 2 0.3% (95%

CI 22.5 to 1.8)). Adjustment for relevant covariates further

increased the interaction between HDM sensitization,

current gas use and lung function (Fig. 1). The interaction

persisted after further adjustment for the factors listed in

Table 2, the study entry scoring characteristics, feather

quilt use in 1997, use of medications in the preceding 24 h,

use of steroid, antihistamine or other medications in the

preceding week, or whether beta agonists had been used in

the past 24 h or past year. We then examined the effect of

current home gas use among child subgroups. Among

Table 3. Adjusted difference in mean spirometric values between children with and without home gas appliances in infancy, ETS

exposure, HDM sensitization or asthma ever

Adjusted difference

in mean FEV1 (mL)

with 95% confidence

interval between

children with and

without the variable P-value

Adjusted difference

in mean FVC (mL)

with 95% confidence

interval between

children with and

without the variable P-value

Adjusted difference

in FEV1/FVC (%)

(with 95% confidence

interval) between

children with and

without the variable P-value

Home gas appliance use

during infancy (1988 to 89)

2116.1 (2213.1 to 219.1) 0.019 261.3 (2185.0 to 62.4) 0.332 23.2 (26.5 to 0.1) 0.060

Home gas use during

childhood (1997)

225.5 (279.8 to 22.9) 0.036 213.2 (283.5 to 57.1) 0.713 22.0 (23.9 to 20.2) 0.034

House dust mite

sensitization

226.1 (267.1 to 14.9) 0.213 1.4 (239.5 to 66.7) 0.616 22.0 (23.44 to 20.65) 0.004

Child exposed to indoor

smoking

246.6 (283.6 to 29.7) 0.014 155.2 (268.3 to 178.8) 0.492 21.6 (22.8 to 20.4) 0.017

Asthma ever 23.2 (239.7 to 33.3) 0.864 132.3 (214.8 to 79.5) 0.180 21.7 (22.9 to 20.3) 0.008

All estimates adjusted for child height (cm), child age (years), child sex, season of lung function (3-month periods) and technician.
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children with asthma ever, the mean difference in the

FEV1 : FVC ratio associated with current home gas was

2 6.5% (P � 0.026) among HDM-sensitive children and

1.0% (P � 0.591) among non-HDM-sensitive children.

Among children with no asthma, the mean difference in the

FEV1 : FVC ratio associated with current home gas was

2 5.5% (P � 0.051) among HDM-sensitive children and

0.8% (P � 0.578) among non-HDM-sensitive children.

Thus, among HDM-sensitive children, the adverse effect of

current home gas use on this lung function measure was of

similar magnitude among children with or without asthma

ever.

Discussion

In this birth cohort, indoor gas appliance use was associated

with an increased risk of allergic sensitization in children.

These findings are consistent with previous animal studies

showing that pollutant exposure may promote sensitization

to inhaled allergens [4]. Exposure to 70 p.p.m. NO2

promoted the sensitization of guinea-pigs to aerosolized

albumen [22] and exposure of rats to 5 p.p.m. NO2 resulted

in higher levels of allergen-specific IgE and increased

pulmonary inflammation following HDM immunization

[5]. Intranasal DEP administration has been found to

increase the IgE level of nasal washings in 11 human

volunteers [23] and the specific IgE response to allergens in

mice [24]. In primates, additional exposure to ozone

resulted in increased positive skin pricks to platinum

compared with exposure to platinum alone [25]. There is

evidence that NO2 can potentiate the early and late airway

responses to inhaled allergen in sensitized asthmatics [7]

and increase the inflammatory mediator (mast cell tryptase,

ECP) release to inhaled allergen in allergic rhinitis [9].

Previous studies have not found gas cooking to be

positively associated with atopic sensitization but exposure

was measured concurrently [26] or recalled for age 11 [27]

rather than measured in the postnatal period as in this study.

Here, the prospective association between home gas

appliance use in infancy and subsequent HDM sensitization

was based on a small number of exposed individuals and

direct personal exposure measures were not available. This

potentially important finding will need to be replicated in

other studies which measure personal exposure to fossil

fuel combustion products during early infancy on a larger

number of children before a causal inference can be clearly

established. However, it was noteworthy that in this study

the prospective association persisted after adjustment for

many possible confounding factors by individual stratifica-

tion and a matched cohort analysis. In addition, a similar

cross-sectional association was demonstrated based on the

larger sample of 60 children with current home gas

exposure. Furthermore, home gas use in infancy was also

associated with increased sensitization to other indoor

aeroallergens and the relation between home gas use and

HDM sensitization was modified by a ventilation practice,

bedroom window closure.

Strengths of this study include prospective exposure data

and the availability of biological parameters to define the

outcomes of atopy and airway obstruction among the child

sample. The results are not likely to be influenced by

differential follow-up as the proportion of TIHS children

followed up from infancy did not differ by whether they

were exposed to home gas. The study sample was not

representative of all live births in the geographical area but

the eligibility criteria were well defined and the potential

effects of the scoring system components were examined in

the analysis and found not to be important. Thus, the TIHS

selection criteria are unlikely to affect the generalizability

of these results. Other generalization issues to consider here

are that the gas heaters used in 1988 were predominantly of

combustion type using bottled gas [14] and that Tasmania

has low levels of outdoor pollution. The gas heaters used at

the time of the study may be more likely to expel fossil fuel

combustion products than modern flued central heating. A

1992 Australian study reported that of 121 homes with

Fig. 1. Adjusted difference (95%

confidence interval) in mean FEV1 : FVC

ratio associated with current home gas

appliance use in childhood among HDM-

sensitized children and non-HDM-

sensitized children. With adjustment for

child height, age, sex, season of testing,

technician, and whether child is exposed

to active smoking in the same room in

1997. The difference in the effect of home

gas use on lung function is significant

(P � 0.006).
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unflued gas appliances, 83% recorded mean daily NO2

levels of greater than 40 ppb, with 31% greater than

120 ppb [28] using personal child exposure monitors. Thus

it is likely that our findings would not be observed to the

same extent in homes that used modern gas-fired central

heating or pilot-light-free gas cooking with ventilation.

Another issue is that heavy outdoor pollution could

potentially confound any relation between indoor pollutants

and atopic disease. We would still contend that modern

infants and children spend the majority of their time

indoors, thus indoor exposure to pollutants would be

important even in communities with greater levels of

outdoor pollution, but the contribution of indoor pollutants

may be more difficult to detect. The association here

between home gas use and asthma (RR 1.30 (0.74, 2.29)) is

of similar magnitude to that reported for gas heater use and

asthma from our larger (n � 6378) cross-sectional study

(ARR 1.33 (1.12, 1.57)) [10], and the wider confidence

intervals here reflect in part the smaller study sample in this

prospective study. In addition, in the 1995 follow-up study,

the relation between gas appliance use in infancy and

subsequent asthma was higher in certain subgroups, such as

children who had not changed address since infancy or

children who slept as infants with the bedroom door open

[10]. Here, the association between home gas use and HDM

sensitization was also more marked among children

residing in the same postcode address since birth.

Exposure to home gas appliances in infancy was

associated with an increased risk of being sensitized to

other possible indoor aeroallergens, such as cat, dog and

alternaria. This may reflect sensitization to multiple

allergens among exposed children but it is interesting that

home gas use in infancy was not associated with increased

sensitization to ryegrass, an outdoor aeroallergen (Table 1).

This may indicate that home gas appliance use in infancy is

not influencing host immune function in a general way but

acting at the site of the human airway and is consistent with

a mechanism involving concomitant exposure to both NO2

and indoor allergen or exposure to both over a short time

period. Possible mechanisms include disorders of epithelial

immune function [4] due to cytokine-induced up-regulation

[1], airway epithelial damage with increased allergen

presentation or decreased allergen clearance [29] or

alteration of the allergenicity of indoor allergens by

physical coating or submicronic (, 0.1 mm) particle

formation [30]. Our study examined home gas use, an

indirect measure of higher levels of indoor NO2. Although

the principle active component of gas combustion is likely

to be NO2, the finding of a residual positive relation

between gas cooking and respiratory symptoms after

controlling for NO2 levels [31] suggests other combustion

products, such as volatile organic compounds or particu-

lates, may also be important.

Ventilation and air circulation practices will influence

the effect of indoor pollutants from home gas appliances.

The Oslo birth cohort study has recently reported findings

consistent with the hypothesis that poor ventilation

strengthens the effect of indoor pollutants [32]. The

positive relation between home dampness or plasticizer

exposure index and early bronchial obstruction were

stronger in homes with lower air exchange rates, implicat-

ing volatile chemical compounds in vapour phase or

adsorbed particulate matter [32]. In the 1995 asthma

follow-up study, we reported that the association between

gas heater use and asthma was stronger among children

who, as infants, slept with the bedroom door open at night

compared with those who slept with the door always closed

[10]. Here, the adverse effect of home gas use was stronger

if the bedroom windows were always closed at night at 1

month of age. These findings highlight the importance of

air circulation and indicate that the adverse effect of gas use

may operate while the child is sleeping in bed, with a

concomitant high HDM exposure, rather than in other sites

such as the kitchen where peak NO2 levels would be likely

to be higher. Our finding in relation to the possible

enhancement of the adverse effect of gas fumes if the

bedroom was recently painted could indicate a multiple

pollutant effect, but this may have occurred by chance due

to the large number of possible factors examined. Thus

replication in other studies is required before any firm

conclusions can be made.

We used the reduction in the ratio of FEV1 to FVC as a

measure of airway obstruction. The association between

home gas use in infancy and a reduction in the FEV1 : FVC

ratio was partly explained by the effect of HDM

sensitization on lung function. However, among HDM-

sensitive children, a further drop in the FEV1 : FVC ratio

was associated with current home gas use. HDM allergen

levels in Australian homes are generally found to be

considerably higher than the threshold proposed for

sensitization, particularly in bedding [33]. It is likely that

most children in Fig. 1 had constant high HDM antigen

exposure at night, providing a background for gas fumes to

act as an important variable cofactor enhancing pollutant±

allergen interaction. Our observation that gas cooking

during infancy or childhood was associated with a

reduction in FEV1 is consistent with the report of an

FEV1 reduction associated with current gas cooking in the

1958 UK birth cohort study [27] and among women [26].

However, overall, the epidemiological data on gas cooking

and lung function have been conflicting [34].

This inconsistency has also been found in the wider work

on the role of nitrogen dioxide and other gaseous pollutants

in the respiratory health of children [34±36]. Two cross-

sectional population-based studies have found a non-

significant tendency for the association between gas
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cooking [26], NO2 [31] and respiratory symptoms to be

stronger among atopic individuals. The 1958 UK birth

cohort study reported that the cross-sectional relation

between gas cooking and FEV1 reduction was concentrated

among current asthmatics [27], a group that is likely to

have an over-representation of mite-sensitized individuals.

Here, the marked difference in effect of current gas use on

the FEV1 : FVC ratio depending on HDM sensitization

(Fig. 1) shows that the inconsistency between previous

studies may be, in part, because pollutant inhalation leads

to different airway effects depending on allergen sensitiv-

ity. Although this may be of particular clinical importance

for mite-sensitized asthmatics, it should be noted that the

adverse effect of current home gas on the FEV1 : FVC ratio

was of similar magnitude for HDM-sensitized children with

no report of asthma.

In addition to the methodological problems outlined

well by Samet and Utell [35] in epidemiological studies of

the health effects of poor indoor air quality, host

differences in allergen sensitivity and environmental

differences in allergen exposure are likely to also

determine pollutant-induced respiratory effects, making

this a complex issue to investigate. Here, the opportune

combination of prospective postnatal exposure measure-

ments, the use of unflued gas appliances, lack of a

confounding effect of outdoor pollution, data on a range

of relevant confounders or effect modifiers, and biological

outcome measurements during childhood assisted our

assessment. In conclusion, the findings from this birth

cohort study suggest that exposure to indoor gas

combustion products promotes initial HDM sensitization

and also increases airway obstruction among HDM

sensitized individuals. Although difficult to measure, the

contribution of indoor pollutants to the increasing problem

of childhood allergic disease must be better understood in

view of the important potential public health implications

for atopic disease prevention and management.

Acknowledgements

We thank: the parents, infants and children who partici-

pated in these studies; the research staff for data collection

and collation; and the hospitals participating in the cohort

and follow-up studies. We thank the Tasmanian Depart-

ment of Education, Cultural and Community Development

and the Catholic Education Office for their co-operation

and the Asthma Foundation of Tasmania for equipment

loan. The Tasmanian Infant Health Survey was supported

by the US National Institutes of Health Grant 001

HD28979±01A1, the Tasmanian State Government, the

Australian Rotary Health Research Fund, the National

Health and Medical Research Council of Australia, the

National Sudden Infant Death Syndrome Council of

Australia, the Sudden Infant Death Research Foundation

of Victoria and other constituent organizations, the

Community Organizations' Support Program of the Depart-

ment of Human Services and Health, Zonta International,

Wyeth Pharmaceuticals, and the Tasmanian Sanatoria

After±Care Association. Dr Ponsonby held a National

Health and Medical Research Council PHRDC Fellowship.

The Public Health Research and Development Committee

of the National Health and Medical Research Council,

Australia, funded the 1997 follow-up study. Part of the

analysis of this project was funded by the Tasmanian

government, Blundstone's Pty Ltd and a grant from Coles

Supermarkets to the Canberra Region Medical Foundation.

References

1 Krishna MT, Holgate ST. Inflammatory mechanisms under-

lying potentiation of effects of inhaled aeroallergens in

response to nitrogen dioxide in allergic airways disease. Clin

Exp Allergy 1999; 29:150±4.

2 Samet JM. Nitrogen dioxide. In: Samet JM, Spengler JD, eds.

Indoor Air Pollution: A Health Perspective. Baltimore: John

Hopkins University Press, 1991:170±86.

3 Davies RJ, Rusznak C, Calderon MA et al. Allergen±irritant

interaction and the role of corticosteroids. Allergy 1997; 52

(Suppl. 38):59±65.

4 Wardlaw AJ, Burge S. Sensitisation and enhanced allergen

responsiveness. Clin Exp Allergy 1995; 25 (Suppl. 3):56±9.

5 Gilmour MI, Park P, Selgrade MJ. Increased immune and

inflammatory responses to dust mite antigen in rats exposed to

5 p.p.m. NO2. Fundam Appl Toxicol 1996; 31:65±70.

6 Devalia JL, Rusznak C, Herdman MJ et al. Effect of nitrogen

dioxide and sulphur dioxide on airway response of mild

asthmatic patients to allergen inhalation. Lancet 1994;

344:1668±71.

7 Tunnicliffe WS, Burge PS, Ayres JG. Effect of domestic

concentrations of nitrogen dioxide on airway responses to

inhaled allergen in asthmatic patients. Lancet 1994;

344:1733±6.

8 Diaz-Sanchez D, Tsien A, Fleming J, Saxon A. Combined

diesel exhaust particulate and ragweed allergen markedly

enhances human in vivo nasal ragweed-specific IgE and skews

cytokine production to a T helper cell 2-type pattern. J

Immunol 1997; 158:2406±13.

9 Wang JH, Duddle J, Devalia JL, Davies RJ. Nitrogen dioxide

increases eosinophil activation in the early-phase response to

nasal allergen provocation. Int Arch Allergy Immunol 1995;

107:103±5.

10 Ponsonby AL, Couper D, Dwyer T et al. The relation between

infant indoor environment and subsequent asthma: a prospec-

tive cohort study. Epidemiology 2000; 11:128±35.

11 Dwyer T, Ponsonby AL, Newman NM et al. Prospective

cohort study of prone sleeping position and sudden infant

death syndrome. Lancet 1991; 337:1244±7.

12 d'Espaignet ET, Dwyer T, Newman NM et al. The develop-

ment of a model for predicting infants at high risk of sudden

Indoor gas use and child allergic disease 1551

q 2001 Blackwell Science Ltd, Clinical and Experimental Allergy, 31, 1544±1552



infant death syndrome in Tasmania. Paed Perinat Epid 1990;

4:422±35.

13 Dwyer T, Ponsonby AL, Couper D. Tobacco smoke exposure

at one month of age and subsequent risk of SIDS ± a

prospective study. Am J Epidemiol 1999; 149:593±602.

14 Australian Bureau of Statistics. National Energy Survey.

Household Appliances, Facilities and Insulation, Australia

1985±86. Canberra: Australian Bureau of Statistics, 1987.

15 Worldwide variation in prevalence of symptoms of asthma,

allergic rhinoconjunctivitis and atopic eczema: The Interma-

tional Study of Asthma and Allergies in Childhood (ISAAC)

Steering Committee. Lancet 1998; 351:1225±32.

16 Quanjer PH. Lung volumes and forced ventilatory flows.

Working Party Report on Standardisation of Respiratory

Function Tests. European Community for Coal and Steel.

Official position of the European Respiratory Society. Eur

Respir J 1994; 11 (Suppl. 3):55±60.

17 Peat JK, van den Berg RH, Green WF, Mellis CM, Leeder SR,

Woolcock AJ. Changing prevalence of asthma in Australian

children. BMJ 1994; 308:1591±6.

18 Breslow NE, Day NE. Statistical Methods in Cancer Research,

2: The Design and Analysis of Cohort Studies. Lyon:

International Agency for Research on Cancer, 1987.

19 McCullagh P, Nelder JA. Generalised Linear Models. London:

Chapman & Hall, 1989.

20 Greenland S, Rothman KJ. Introduction to stratified analysis.

In: Rothman KJ, Greenland S, eds. Modern Epidemiology, 2nd

edn. Philadelphia: Lippincott±Raven, 1998:253±80.

21 SAS/STAT User's Guide Version 6, Volumes 1 and 2, 4th edn.

Cary, North Carolina: SAS Institute Inc., 1990.

22 Matsumura Y. The effects of ozone, nitrogen dioxide and sulphur

dioxide on the experimentally induced respiratory disorder in

guinea-pigs. The effects of sensitisation with albumin through the

airways. Am Rev Respir Dis 1970; 102:430±7.

23 Diaz-Sanchez D, Dotson AR, Takenaka H, Saxon A. Diesel

exhaust particles induce local IgE production in vivo and alter

the pattern of IgE messenger RNA isoforms. J Clin Invest

1994; 94:1417±25.

24 Murancka M, Suzuki S, Kiozumi K. Adjuvant activity of

diesel-exhaust particles for the production of IgE antibody in

mice. J Allergy Clin Immunol 1986; 77:616±23.

25 Biagini RE, Moorman WJ, Lewis TR, Bernstein IL. Ozone

enhancement of platinum asthma in a primate model. Am Rev

Respir Dis 1986; 134:719±25.

26 Jarvis D, Chinn S, Luczynska C, Burney P. Association of

respiratory symptoms and lung function in young adults with

use of domestic gas appliances. Lancet 1996; 347:426±31.

27 Moran SE, Strachan DP, Johnston IDA, Anderson HR. Effects

of exposure to gas cooking in childhood and adulthood on

respiratory symptoms, allergic sensitisation and lung function

in young British adults. Clin Exp Allergy 1999; 29:1033±41.

28 Pilotto LS, Douglas RM, Attewell RG, Wilson SR. Respira-

tory effects associated with indoor nitrogen dioxide exposure

in children. Int J Epidemiol 1997; 26:788±96.

29 Rasmussen RE, Mannix RC, Oldham MJ, Phalen RF. Effects

of nitrogen dioxide on respiratory tract clearance in the ferret.

J Toxicol Environ Health 1994; 41:109±20.

30 Emberlin J. Interaction between air pollutants and aeroaller-

gens. Clin Exp Allergy 1995; 25 (Suppl. 3):33±9.

31 Garrett MH, Hooper MA, Hooper BM, Abramson MJ.

Respiratory symptoms in children and indoor exposure to

nitrogen dioxide and gas stoves. Am J Respir Crit Care Med

1998; 158:891±5.

32 éie L, Nafstad P, Botten G, Magnus P, Jaakkola JJK.

Ventilation in homes and bronchial obstruction in young

children. Epidemiology 1999; 10:294±9.

33 Sporik R, Hill DJ, Thompson PJ et al. The Melbourne house

dust mite study: long term efficacy of house dust mite

reduction strategies. J Allergy Clin Immunol 1998; 101:451±

6.

34 Chauhan AJ. Gas cooking appliances and indoor pollution.

Clin Exp Allergy 1999; 29:1009±13.

35 Samet JM, Utell MJ. The risk of nitrogen dioxide: what have

we learnt from epidemiological and clinical studies? Toxic Ind

Health 1990; 6:247±62.

36 Hasselblad V, Eddy DM, Kotchmar DJ. Synthesis of

environmental evidence: nitrogen dioxide epidemiology stu-

dies. J Air Waste Manage Assoc 1992; 42:662±71.

1552 A.-L. Ponsonby et al.

q 2001 Blackwell Science Ltd, Clinical and Experimental Allergy, 31, 1544±1552


