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ABSTRACT
Objectives To examine the effect of extreme
temperatures on emergency department admissions
(EDAs) for childhood asthma.
Methods An ecological design was used in this study.
A Poisson linear regression model combined with a
distributed lag non-linear model was used to quantify
the effect of temperature on EDAs for asthma among
children aged 0–14 years in Brisbane, Australia, during
January 2003–December 2009, while controlling for air
pollution, relative humidity, day of the week, season and
long-term trends. The model residuals were checked to
identify whether there was an added effect due to heat
waves or cold spells.
Results There were 13 324 EDAs for childhood asthma
during the study period. Both hot and cold temperatures
were associated with increases in EDAs for childhood
asthma, and their effects both appeared to be acute. An
added effect of heat waves on EDAs for childhood
asthma was observed, but no added effect of cold spells
was found. Male children and children aged 0–4 years
were most vulnerable to heat effects, while children
aged 10–14 years were most vulnerable to cold effects.
Conclusions Both hot and cold temperatures seemed
to affect EDAs for childhood asthma. As climate change
continues, children aged 0–4 years are at particular risk
for asthma.

INTRODUCTION
Asthma is one of the most frequent chronic child-
hood illnesses worldwide.1 It was the most
common of the five most frequently reported long-
term conditions among Australian children aged
0–14 years in 2007–2008,2 and will continue to be
a major cause of disease burden in Australia over
the next two decades.2 Currently, there is no cure
for asthma, so it is particularly important to iden-
tify potential risk factors and vulnerable subgroups,
in order that targeted control and prevention strat-
egies can be developed. Although the aetiology of
asthma has not been fully elucidated, there is evi-
dence that environmental factors may trigger
asthma attacks.3–5 Previous studies have found an
inverse association between monthly ambient tem-
peratures and hospital admissions for asthma in dif-
ferent regions.6 7 However, little is known about
the impact of extreme temperatures on childhood
asthma.
Persistent extreme temperatures (ie, heat waves

and cold spells) have been found to adversely affect
mortality and morbidity.8–10 Some studies have

found that the effects of persistent extreme tem-
peratures on human health are due to the inde-
pendent effects of ambient daily temperature (main
effect) and of sustained periods of heat and cold
(added effect).8 11 12 Recently, Guo et al13 found a
significant relationship between cold spells and
paediatric outpatient visits for asthma in Shanghai,
China. However, to the best of our knowledge, to
date, no studies have specifically examined whether
the increased risk of childhood asthma during
extreme temperature periods is due to the main
effect of daily temperature fluctuations and/or the
added effect of persistent extreme temperatures.
There is a need to systematically explore the

impacts of daily extreme temperatures and of con-
secutive days of extreme temperatures on child-
hood asthma occurrence. This study attempted to
answer three questions: (1) what is the relationship
between extreme temperatures and emergency
department admissions (EDAs) for childhood
asthma? (2) is there any added effect due to heat
waves and cold spells? and (3) which subgroups are
most vulnerable to the effects of extreme
temperatures?

What this paper adds

▸ It has been reported that cold spells are
associated with childhood asthma.

▸ However, there is little information on whether
hot temperatures affect the incidence of
childhood asthma, and no study has examined
whether the increased risk of childhood asthma
during extreme temperature periods is due to
the main effect of daily temperature
fluctuations and/or the added effect of
persistent extreme temperatures.

▸ In this study, we found both hot and cold
temperatures were associated with increases in
emergency department admissions for
childhood asthma, and both of their effects
appeared to be acute; there was an added
effect of heat waves on childhood asthma.

▸ Male children and children aged 0–4 years
were more vulnerable to heat effects, while
children aged 10–14 years were more
vulnerable to cold effects.

▸ These findings may shed some light on the
possible future impact of climate change on
childhood asthma.
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MATERIALS AND METHODS
Study design
An ecological design was used in this study to assess the impact
of extreme temperatures on daily EDAs for childhood asthma.

Data collection
Brisbane is the state capital of Queensland, located on the east
coast of Australia. It has a subtropical climate, with mild winters
and hot summers. Children aged 0–14 years account for 18% of
the residential population in Brisbane.14

Electronic medical records containing EDA data for Brisbane
from 1 January 2003 to 31 December 2009 were retrieved
from Queensland Health. The EDA data were classified accord-
ing to the International Classification of Diseases, 10th revision
(ICD-10) and those coded as asthma (J45) in children aged 0–
14 years were selected. Daily weather data for the same period,
including maximum temperature, minimum temperature and
relative humidity, were provided by the Australian Bureau of
Meteorology. Daily mean temperature was calculated by aver-
aging the daily maximum and minimum temperatures. Air pol-
lution data, including daily average particular matter ≤10 mm
(PM10, mg/m3), daily average nitrogen dioxide (NO2, mg/m3)
and daily average ozone (O3, ppb) levels, were obtained from
the Queensland Department of Environment and Heritage
Protection.

Heat wave and cold spell definitions
To date, there are no standard definitions for either heat waves
or cold spells, mainly because of variations in population charac-
teristics and individual adaptation capability.15 16 In this study,
we identified heat waves and cold spells according to tempera-
ture intensity and duration: (1) the 5th and 6th percentiles of
daily mean temperature were defined as the cold threshold, and
the 95th and 96th percentiles of the daily mean temperature as
the heat threshold; and (2) a minimum of 2–4 consecutive days
with temperatures below the cold threshold or above the heat
threshold were required.

Data analysis
Stage I: estimating the main temperature effects
A Poisson generalised linear regression model combined with a
distributed lag non-linear model (DLNM) was used to estimate
the association between temperature and EDAs for childhood
asthma. As the relationship between temperature and morbidity
has been reported to be non-linear,17 a natural cubic spline with
5 degrees of freedom (df) was used to capture the non-linear
temperature effects. Previous studies have reported that there is
a lagged effect of temperature on morbidity,18 19 so we plotted
a three-dimensional figure of temperature effect on EDAs for
childhood asthma, which simultaneously incorporated non-
linear exposure–response relationships and lagged effects.

Yt�Poisson (mt)

Log (mt) = a+ bTt;l+ ns (RHt,4) + ns (PM10t, 4) + ns (O3t, 4)

+ ns (NO2t, 4) + ns (Timet, 7)+ hDOWt

where t is the day of the observation, Yt is the observed daily
EDAs for childhood asthma on day t, α is the model intercept,
Tt,l is a matrix obtained by applying the DLNM to temperature,
β is the vector of coefficients for Tt,l and l is the lag days, ns
(RHt, 4) is a natural cubic spline with 4 df for relative humidity,
ns(PM10t, 4) is a natural cubic spline with 4 df for PM10, ns

(O3t, 4) is a natural cubic spline with 4 df for O3, ns(NO2t, 4) is
a natural cubic spline with 4 df for NO2, ns(Timet,7) is a natural
cubic spline with 7 df for seasonality and long-term trend, and
DOWt is the categorical day of the week with a reference day of
Sunday.

After all the other parameters were confirmed, we checked
the temperature–asthma plot and chose the reference tempera-
ture by visual inspection. We evaluated the relative risk of EDAs
for childhood asthma associated with high temperature (26.5°C,
95th percentile of mean temperature) relative to the reference
temperature (chosen to be 24.0°C). Similarly, we evaluated the
relative risk of EDAs for childhood asthma associated with low
temperature (13.8°C, 5th percentile of mean temperature) rela-
tive to the reference temperature (24.0°C).

Stage II: examining the added effects of heat waves and cold
spells
Previous studies have documented that sustained periods of heat
and cold could produce an added effect on mortality independ-
ent of daily temperature effect.8 11 12 We analysed the residuals
of the stage I model to examine the potential added effects of
heat waves and cold spells. At stage II, we estimated the added
effects of heat waves and cold spells after removing the main
effects of temperature. We assumed a maximum lag of 21 days
for the delayed effects of heat waves and cold spells. EDAs for
childhood asthma on extreme temperature days were compared
with those on non-extreme temperature days.

Log (mt) = Log (mt1) + b1Ct;l+ b2Ht;l t = 1,2, ....,n

where Log (μt1) is the estimated EDAs for childhood asthma
counts on day t from the stage I model, Ct,l is a matrix applying
DLNM to cold spells, and Ht,l is a matrix applying DLNM to
heat waves.

All data analysis was conducted using the R statistical environ-
ment (V.2.15) with the ‘dlnm’ package used to fit the regression
model.20 The sensitivity analysis was performed by changing the
degrees of freedom for time, temperature and humidity, as well
as the definitions of hot and cold temperatures.

RESULTS
Characteristics of weather variables, air pollutants and daily
EDAs for childhood asthma
The summary statistics for weather variables, air pollutants and
EDAs for age- and gender-specific childhood asthma are given
in table 1. The average mean temperature and relative humidity
were 20.6°C and 57.3%, respectively. The average values for
O3, PM10 and NO2 were 12.6 ppb (range: 1.7–31.6), 16.0 mg/
m3 (4.4–355.2) and 7.0 mg/m3 (3.8–25.3), respectively. There
were 13324 EDAs for childhood asthma in Brisbane over the
study period. Among these EDAs, 8230 were males and 5094
were females, 8643 were children aged 0–4 years, 3398 were
children aged 5–9 years and 1283 were children aged 10–
14 years. The mean daily number of EDAs for asthma among
children aged 0–4 years (3.4) was greater than among children
aged 5–9 years (1.3) and 10–14 years (0.5).

Figure 1 illustrates the daily distribution of EDAs for child-
hood asthma in Brisbane over the study period, indicating a sea-
sonal pattern. Figure 2, which shows the monthly distribution
of childhood asthma, reveals that childhood asthma was more
prevalent in the months of February, May, June and July than in
other months in Brisbane.
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Association between temperature and EDAs for childhood
asthma
Figure 3 shows the exposure–response relationship between
daily mean temperature and EDAs for childhood asthma for dif-
ferent lag periods. It clearly shows that both cold and hot tem-
perature had significant effects on EDAs for childhood asthma,
and their effects occurred on the same day as exposure.
Extremely high temperatures had a particularly large effect on
EDAs for childhood asthma, although the effect of extremely
high temperatures was found in a region with few data points.
Figure 3 also shows that, for lag 0, the risks of cold temperature
decreased slightly when the temperature was below the 5th
percentile.

Table 2 shows the effects of high and cold temperatures at
several lags, revealing that male children and children aged
0–4 years were particularly sensitive to hot temperature, and

children aged 10–14 years were particularly sensitive to cold
effect. The fact that hot temperatures had a greater effect than
cold temperatures is indicated in figure 3 but appears not to be
reflected in table 2. This is mainly because the greatest effect of
heat is observed far above the 95th percentile, which is what is
reported in table 2. Further, in table 2, the magnitude of hot
and cold temperature effects on childhood asthma appeared to
be greatest at lag 0–21 days because of the cumulative effect esti-
mate we reported. In fact, the shortest lags are the most import-
ant and the effects of both hot and cold temperatures were
acute.

Added effects of heat waves and cold spells
Table 3 shows the daily excess EDAs for childhood asthma on
heat wave days and cold spell days as opposed to non-heat wave
days and non-cold spell days. Using a heat wave definition of
2 days with the temperature over the 95th or 96th percentile,
we found there was not a significant increase in EDAs for child-
hood asthma in heat waves. However, using a heat wave defin-
ition of 3 days with the temperature over the 95th or 96th
percentile, we found there were significant increases in EDAs
for childhood asthma in heat waves. There was no significant
increase in EDAs for childhood asthma during cold spells.

Sensitivity analysis results
To conduct the sensitivity analysis, we changed the degrees of
freedom (8–15 per year) for time to control for season. We also
altered the degrees of freedom (5–7) for temperature and
humidity. Further, we changed the definitions of high tempera-
ture (27.8°C, 99th percentile of mean temperature) and cold
temperature (11.9°C, 1st percentile of mean temperature) for
use in comparison with the reference temperature (24°C) and
estimation of the relative risk of EDAs for childhood asthma.
The results were similar (results not shown).

Figure 1 Time-series plot of the daily
distribution of emergency department
admissions (EDAs) for childhood
asthma.

Table 1 Summary statistics for daily climatic variables, air
pollutants and mean daily number of emergency department
admissions for childhood asthma in Brisbane, Australia, 2003–2009

Variables Mean SD Min

Percentile

Max25 50 75

Mean temperature (°C) 20.6 4.1 9.0 17.3 20.9 23.8 34.2
Relative humidity (%) 57.3 16.0 5.0 49.0 58.0 67.0 98.0
O3 (ppb) 12.6 3.9 1.7 9.9 12.3 14.9 31.6

PM10 (mg/m
3) 16.0 10.1 4.4 11.7 14.5 17.9 355.2

NO2 (mg/m
3) 7.0 4.2 0 3.8 6.0 9.7 25.3

Asthma 5.2 3.3 0 3 5 7 23
Aged 0–4 years asthma 3.4 2.4 0 2 3 5 15
Aged 5–9 years asthma 1.3 1.4 0 0 1 2 9
Aged 10–14 years asthma 0.5 0.8 0 0 0 1 6
Male asthma 3.2 2.4 0 1 3 5 15
Female asthma 2.0 1.7 0 1 2 3 11
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DISCUSSION
In recent years, the public health literature has increasingly
recognised that extreme temperatures have a significant health
impact on paediatric respiratory diseases.21 This study assessed
the effects of extreme temperatures on EDAs for childhood
asthma, and explored the added effects of heat waves and cold

spells. The results suggest that both hot and cold temperatures
were significantly associated with increases in EDAs for child-
hood asthma in Brisbane. Lagged effects of heat and cold on
EDAs for childhood asthma were observed. Male children and
children aged 0–4 years were particularly vulnerable to heat,
while children aged 10–14 years were more sensitive to cold.
Statistically significant added effects of heat waves were
observed, with seven to eight EDAs for childhood asthma per
day depending on the severity of the heat wave, although the
findings were mainly based on only 1 or 2 days of data.

Temperature can directly influence childhood asthma by affect-
ing inflammation pathways or airway hyper-responsiveness.22 In
addition, temperature may also indirectly affect asthma triggers,
such as viral infections,23 bacterial activity,24 the growth of
indoor allergens25 and time spent outdoors. This study found
cold temperature was significantly associated with an increase in
EDAs for asthma, which corresponds to previous findings from
China, Canada and the USA.13 22 26 The effect of cold tempera-
ture on childhood asthma may be due to the fact that low tem-
peratures facilitate bacterial survival in water droplets24 and
encourage cross-infection from crowding indoors. The literature
has documented that abrupt cooling of air enhances inflamma-
tion and thereby causes airway narrowing and exacerbates
asthma.27 To date, however, very few studies have found adverse
effects of high temperature on childhood asthma.28 Higher tem-
peratures can enhance the growth of indoor allergens, such as
moulds, mites and cockroaches,21 which play a role in the occur-
rence of asthma. Differing pollution patterns in summer and
winter indicate that levels of pollutants such as O3 and PM10

may be higher in hot weather.29 Direct and interaction effects of
pollutants on asthma are therefore more likely to be experienced
in summer periods, particularly as children often engage in
outdoor activities. It is very important to determine how high
temperature influences asthma, because the burden of asthma is
expected to increase in many developed countries30 and the

Figure 2 Box plot of the monthly
distribution of emergency department
admissions (EDAs) for childhood
asthma.

Figure 3 Three-dimensional graph of daily temperature effects on
emergency department admissions (EDAs) for childhood asthma. Access
the article online to view this figure in colour.
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average global surface temperature is projected to rise over the
coming decades.31

Understanding the lag pattern of heat and cold effects is
essential for the policy makers and community leaders who
develop response plans for periods of extreme temperatures.
Interestingly, in this study we found that both heat and cold had
acute effects. Previous studies investigating the effects of
extreme temperatures on morbidity found that cold effects are
not acute and last longer than heat effects.32 This inconsistency
can be partially explained by the different mechanisms of cold
effects on asthma. The temperature of exhaled breath has been
found to be a biomarker for asthma33 and may cause acute
effects in children on cold days. Cold temperature can produce
robust increases in intracellular Ca2+ levels, but can also
enhance expression of MUC5AC mRNA and intracellular and
secreted MUC5AC protein, which activates transient receptor
potential melastatin 8 (TRPM8),34 a trigger for childhood
asthma.

In line with other research in the USA, England and
Australia,6 35–38 we found that children aged 0–4 years in this
study were more vulnerable to heat effects, which may be partly
attributed to less self-care ability and under-developed thermo-
regulation capacity.21 Children aged 10–14 years may play out-
doors more often than younger children, which may increase
their exposures to cold temperatures. In young females, menar-
che usually occurs between the ages of 10 and 14,39 and the
concomitant increase in ovarian hormones might affect thermo-
regulation,40 making these children vulnerable to extremely
cold temperatures.

The results of this study suggest that there was a significant
added effect of heat waves on EDAs for childhood asthma when

heat wave was defined as an episode with extreme heat for more
than 3 consecutive days. As climate change continues, the fre-
quency, intensity, extent and duration of heat waves are
expected to increase,41 which might increase the burden of
childhood asthma in the coming decades.

No added effect of cold spells on EDAs for childhood asthma
was found in this study. Further, we found the effect of cold
temperatures declined slightly when the temperature was below
the 5th percentile (13.8°C). This could be because children take
more protective action (eg, wear more clothes) in extremely
cold temperatures or after the first day’s exposure to extreme
cold, so they are less exposed to extreme cold during a pro-
longed cold spell. Additionally, Brisbane has a subtropical
climate and rarely encounters really cold temperatures that last a
few days. Similar findings were observed in the study by Huang
et al investigating the effect of extreme temperatures on years of
life lost in Brisbane, Australia.42

This study has two major strengths. To our knowledge, this is
the first study to examine the main and added effect of extreme
temperatures on EDAs for childhood asthma. Second, an
advanced statistical method was used to quantify the tempera-
ture effect on EDAs for childhood asthma. Several limitations
should also be acknowledged. First, this is a single city study, so
the results must be interpreted with caution since the tempera-
ture–asthma relationship may vary geographically. However, the
method used here can be employed in future studies and other
geographical regions. Second, the ecological design used here
may result in some biases in exposure and/or outcome measures.
Third, the conclusion that heat waves had a statistically signifi-
cant effect on childhood asthma is based on only 1 or 2 days of
data, which introduces some uncertainty into the robustness of

Table 3 Emergency department admissions for asthma due to the added effect of heat waves and cold spells in Brisbane, Australia,
2003–2009

Heat waves Cold spells

Number of consecutive days Percentile* Days† Asthma‡ 95% CI Percentile* Days† Asthma‡ 95% CI

≥2 ≥95th 13 1 −1,3 ≤5th 19 −1 −2,1
≥96th 7 1 −2,3 ≤4th 11 0 −2,2

≥3 ≥95th 2 7 1,13 ≤5th 4 −1 −5,2
≥96th 1 8 1,15 ≤4th 2 −3 −7,1

≥4 ≥95th 0 – – ≤5th 1 −5 −14,3
≥96th 0 – – ≤4th 1 −5 −14,3

*The threshold cut-off which we used to define heat waves and cold spells.
†The number of heat wave and cold spell days.
‡The daily number of emergency department admissions for childhood asthma due to heat waves or cold spells.

Table 2 The effects of hot and cold temperatures on emergency department admissions for childhood asthma, with the 95th percentile
(26.5°C) and the 5th percentile (13.8°C) of temperature relative to the reference temperature (24°C)

Heat effect relative risk (95% CI) Cold effect relative risk (95% CI)

Children category Lag 0–1 days Lag 0–13 days Lag 0–21 days Lag 0–1 days Lag 0–13 days Lag 0–21 days

All ages 1.12 (1.02 to 1.22)* 1.53 (1.19 to 1.95)* 1.80 (1.27 to 2.57)* 1.45 (1.20 to 1.74)* 1.69 (1.12 to 2.55)* 1.25 (0.80 to 1.95)
0–4 years 1.17 (1.06 to 1.29)* 1.61 (1.22 to 2.14)* 1.92 (1.29 to 2.86)* 1.27 (1.03 to 1.58)* 1.56 (0.97 to 2.52) 1.06 (0.63 to 1.77)
5–9 years 0.93 (0.79 to 1.10) 1.13 (0.72 to 1.76) 1.27 (0.67 to 2.38) 1.67 (1.20 to 2.31)* 1.53 (0.74 to 3.15) 1.26 (0.58 to 2.73)
10–14 years 1.12 (0.89 to 1.42) 1.61 (0.84 to 3.11) 1.67 (0.67 to 4.27) 1.83 (1.38 to 2.58)* 1.96 (1.03 to 3.50)* 1.41 (0.77 to 3.62)
Male 1.13 (1.02 to 1.25)* 1.63 (1.22 to 2.20)* 2.11 (1.38 to 3.21)* 1.30 (1.04 to 1.62)* 1.69 (1.03 to 2.78)* 1.24 (0.73 to 2.12)
Female 1.08 (0.95 to 1.23) 1.37 (0.97 to 1.96) 1.42 (0.86 to 2.35) 1.73 (1.32 to 2.26)* 1.74 (0.97 to 3.14) 1.29 (0.68 to 2.44)

*p<0.05.
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the findings. Fourth, the relatively fewer admissions of children
aged 10–14 years may reduce the power to detect a significant
association.

CONCLUSIONS
The impact of climate change on children’s health has received
limited attention to date. This study contributes to understanding
of the effect of extreme temperatures on EDAs for childhood
asthma. It found strong evidence that both heat and cold were
significantly associated with an increase in EDAs for childhood
asthma, and also that there is an added effect of heat waves on
EDAs for asthma. Childhood asthma control and prevention
strategies should focus more on male children and children aged
0–4 years on hot days, especially prolonged hot weather.
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