





2019); DOW: was a categorical variable indicating day of the
week on day #; ns was the natural cubic spline function; and df
was degree of freedom.

Sensitivity analysis was performed by varying the df for rela-
tive humidity (between 3 and 7), diurnal temperature range
(between 1 and 5), and long-term temporal trends and season-
ality (between § and 9 per year). Air quality data in the state of
Queensland only became available from 1 January 2016 (our
study period was January 2007 to December 2019), and particle
PM,, (ug/m®) was the only air pollutant variable available for
Brisbane. Given this significant level of missing data, this vari-
able was not included in the main analysis. Rather, we performed
a sensitivity analysis on the inclusion of particle PM,, using a
small subset of our data for which particle PM, j was available (1
January 2016 to 31 December 2019).

Histogram plot and the Shapiro-Wilk test of model residuals
were performed to check whether the residuals were normal
distributed. Autocorrelation plot was also constructed to
examine autocorrelation of model residuals. All analyses were
performed in R (V.3.6.1) with the dlnm package.*

Figure 1

RESULTS

Figure 1 describes the summary statistics of temperature and
OHCA data. The mean and median of daily average temperatures
for the entire study period was 20.9°C (range 10.4°C-30.1°C)
and 21.2°C (IQR 17.6°C-24.2°C), respectively. A total of 13
141 OHCA incidents occurred during the study period with an
average of 3 (range 0-11) cases per day.

The effect of temperatures on OHCA risk at different lag
periods (ie, days delayed between observed temperature and
OHCA events) is shown in figure 2. The effect of high tempera-
tures (above the reference temperature) was not statistically
significant across all lags. Low temperatures (below the refer-
ence temperature) did not affect OHCA risk at lag 0. At lags
1-3, low temperatures increased the risk of OHCA with the
most significant risk observed at lag 2. Specifically, at lag 2 and
at 15°C, the risk of OHCA increased 1.06 times (95% CI 1.01 to
1.11). When temperatures reduced to 12°C, OHCA risk further
increased 1.09 times (95% CI 1.02 to 1.17). The effect of low
temperatures was not statistically significant at lag 4 and became
negligible at lag 5. These results indicated that the effect of low

Graphical overview of temperature and outcome data. (A) time series plotting of daily average temperatures across the study period; (B)

histogram of daily average temperatures across the study period; (C) histogram of daily number of cases of out-of-hospital cardiac arrest (OHCA) during the
study period; (D) summary statistics of daily average temperatures and OHCA data across the study period. Colour figure is published online, black and white

figure is published in print.
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across the entire study period. Colour figure is published online, black and white figure is published in print.

temperatures was delayed for 1 day and sustained up to 3 days,
peaking at 2 days following exposures. Online supplemental
table S1 shows the numerical results for specific temperatures at

different lag periods.

Table 1 displays statistical summary of heatwave days for
different definitions. The main effect and added effect of heat-
waves on OHCA risk were numerically shown in table 1 and
visualised in figure 3. Only the main effect was significant, and

26 28 30

Table 1 Number, average temperature and effect of heatwave days

Heatwave definition 1

Heatwave definition 2

Heatwave definition 3

Heatwave definition 4

Definition

= 90th percentile* for =2
dayst

= 95th percentile* for =2
dayst

= 98th percentile* for =2
dayst

= 99th percentile* for =2

dayst

Total heatwave days#

Average (range) temperature of heatwave days (°C)
Main effect (RR, 95% Cl)

Added effect (RR, 95% Cl)

305
27.0(25.1-30.1)
1.19(1.00 to 1.41)
0.99 (0.94 to 1.04)

130
27.6 (26.0-30.0)
1.25 (1.04 to 1.50)
1.03(0.96 to 1.11)

35
28.2 (26.7-29.8)
1.38(1.09 to 1.75)
0.92 (0.81 to 1.04)

7
28.6 (28.1-28.9)
1.48 (1.11 to 1.96)
0.79 (0.60 to 1.04)

*Percentile of the yearly temperature distribution.
tConsecutive days.

$During the entire study period (1 January 2007 and 31 December 2019).

RR, relative risk.
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Figure 3  Effect of heatwaves (HW) on the risk of out-of-hospital
cardiac arrest. HW1, HW2, HW3 and HW4 refer to the four definitions of

heatwaves used in the study. Colour figure is published online, black and
white figure is published in print.

the RRs of the main effect were markedly higher than those
of the added effect. The main effect of heatwaves significantly
increased OHCA risk across the heatwave definitions, in which
OHCA risk increased as the heat thresholds increased. Specifi-
cally, when a threshold of 95th percentile of yearly temperature
distribution was used to define heatwaves, heatwaves increased
OHCA risk by 1.25 (95% CI 1.04 to 1.50) times. When the heat
threshold increased to 99th percentile, the RR increased to 1.48
(95% CI 1.11 to 1.96).

We performed sensitivity analysis to examine the robustness
of the model to changes in df for time, relative humidity and
diurnal temperature range. The curves of the overall association
of temperatures and OHCA were similar for different df consid-
ered, indicating that the model was robust and unlikely to be
affected by the modelling choices (online supplemental figure
S2). Our model was not sensitive to the inclusion of particle
PM,, (online supplemental figure S3). Diagnostic plots of model
residuals show that the residuals were normally distributed
(Shapiro-Wilk test, p=0.078) and appeared to be random (online
supplemental figure S4), indicating that the model provided a
good fit to the data.

DISCUSSION
This study is the first in Australia and among the few in the
world that investigates the exposure-response relationship
between temperatures and OHCA. We found that low tempera-
tures were associated with increased OHCA risk, consistent with
previous studies.’ ¢ ® The effect of low temperatures was delayed
and persisted over several days. This finding of the lag pattern is
consistent with previous studies.®

The exact mechanism underlying the association between
temperatures and increased OHCA risk remains unknown,
although several physiological mechanisms have been proposed
to explain such association. It is thought that low tempera-
tures stimulate thermoreceptors in the skin, thereby activating
the sympathetic nervous system and consequently raising
systemic catecholamine levels, which in turn induces vaso-
constriction, increases heart rate and raises blood pressure.’!

Cold temperatures have also been shown to trigger biochem-
ical responses by increasing blood cell counts, plasma choles-
terol, C reactive protein, plasma fibrinogen concentration and
platelet viscosity—all of which compound the risk of an acute
cardiovascular event and a sudden cardiovascular collapse
through increased cardiac workload and reduced ischaemic
threshold.*'™*

We found that heatwaves increased OHCA risk by up to two-
fold, depending on the heat threshold used. To date, there is
a lack of Australian data on temperatures and OHCA risk to
which our results may be compared, whereas direct comparison
with international data is challenging due to climatic differ-
ences. Nevertheless, the patterns of our findings are consistent
with those of international studies. A study in Paris (France)
used a hard temperature cut-off to define heatwaves and found
that heatwaves were associated with a 2.5 time increase in
OHCA risk.** In another study in South Korea, Kang et al’
reported that heatwaves, defined as temperatures above the
98th percentile for at least two consecutive days, increased the
risk of OHCA by 14%. Under this definition, we estimated a
38% increase in OHCA risk (RR 1.38, 95% CI 1.09 to 1.75).
There is a lack of OHCA-specific studies that used 90th, 95th
and 99th percentiles for defining heatwaves to which our results
may be compared.

Heat-induced disorders of thermoregulatory mechanisms have
been proposed to explain heat-related OHCA. Exposure to heat
can cause dehydration, leading to hydroelectrolytic disorders and
potentially a state of myocardial hyperexcitability.’* Sweating
in response to exposure to high temperatures also increases
skin blood flow and volume depletion, resulting in diminished
cardiac preload and afterload.*® Additionally, elevated heart rate
and cardiac contractility as a result of heat can increase myocar-
dial oxygen consumption.” Heat may also cause mental stress,
which in turn increases OHCA risk.*®

We found that the main effect of heat waves (ie, intensity of
heatwave days) was stronger than the added effect (duration of
heatwave days). This finding is similar to that observed in a study
in 108 communities in the USA, in which the added effect was
small and only apparent after four consecutive days.”” Similarly,
Zeng et al’” found that the main effect of heatwaves (excess risk
8.290) was greater than the added effect (0.0%).

The health impacts of temperatures and heatwaves are gaining
attention both in Australia and worldwide. Increased frequency
and intensity of extreme high temperatures and heatwaves has
been observed in many parts of the world.' It is estimated that
every 0.85°C increase in global temperatures leads to a four- to
five-fold increase in the probability of heatwaves.”® Our find-
ings reinforce the relationship between temperatures and OHCA
risk. As heatwaves in Brisbane (as well as Australia and the
greater world) are observed with increasing frequency, it can be
expected that the rate of OHCA will also increase.

Our findings should be interpreted in the context of the
following limitations. Due to a lack of data, we did not control for
other climatic parameters such as air pollutants and atmospheric
pressure, nor did we consider factors such as susceptibility, resil-
ience, socioeconomic status, community characteristics, physio-
logical acclimatisation, and outdoor and indoor circumstances
of patients. Further research designed to generate such data
and incorporate these data into a temperature-OHCA model is
warranted. The findings of our study may not be applicable to
geographic areas that have climatic conditions differing to those
of Brisbane. Nevertheless, our model is readily adapted to incor-
porate data from other regions within Australia and globally,
when available.
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Queensland, similar to many regions worldwide, is facing an
ever-increasing demand for emergency ambulance care, forcing
policy-makers to find ways to minimise risk factors associated
with this increasing demand. Therefore, there is a pressing need
to establish a better understanding of the association between
temperatures and OHCA risk. By addressing this knowledge
gap, our findings are essential to guiding the development of
mitigation strategies aimed at minimising OHCA burden related
to adverse temperatures, and subsequently, reducing avoidable
increase in ambulance demand. Our results suggest that timely
preventive measures could reduce the risk of OHCA due to heat-
waves and low temperature extremes. Potential strategies during
periods of heatwaves may include staying in air-conditioned
environments, increasing fluid intake, reducing physical activity
and implementing early warning systems. Staying indoors and
wearing warm clothing may reduce OHCA risk during periods
of low temperatures. Furthermore, our model is readily adapted
to research that expands beyond OHCA to examine the impact
of temperatures on total emergency ambulance demand to
inform demand management strategies.
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