




351Doan TN, et al. Occup Environ Med 2021;78:349–354. doi:10.1136/oemed-2020-107018

Environment

2019); DOWt was a categorical variable indicating day of the 
week on day t; 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 5 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 
PM10 (μg/m3) 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 PM10 using a 
small subset of our data for which particle PM10 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.30

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 

Figure 1 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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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 

Figure 2 Relative risk of out- of- hospital cardiac arrest at specific lags. The shaded area indicates 95% CI. solid vertical line represents the reference 
temperature (temperature of minimum risk, 21.4°C). Broken vertical lines represent fifth (left) and 95th (right) percentiles of daily average temperatures 
across the entire study period. Colour figure is published online, black and white figure is published in print.

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 
days†

≥ 95th percentile* for ≥2 
days†

≥ 98th percentile* for ≥2 
days†

≥ 99th percentile* for ≥2 
days†

Total heatwave days‡ 305 130 35 7

Average (range) temperature of heatwave days (oC) 27.0 (25.1–30.1) 27.6 (26.0–30.0) 28.2 (26.7–29.8) 28.6 (28.1–28.9)

Main effect (RR, 95% CI) 1.19 (1.00 to 1.41) 1.25 (1.04 to 1.50) 1.38 (1.09 to 1.75) 1.48 (1.11 to 1.96)

Added effect (RR, 95% CI) 0.99 (0.94 to 1.04) 1.03 (0.96 to 1.11) 0.92 (0.81 to 1.04) 0.79 (0.60 to 1.04)

*Percentile of the yearly temperature distribution.
†Consecutive days.
‡During the entire study period (1 January 2007 and 31 December 2019).
RR, relative risk.
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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 
PM10 (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.5 6 8 The effect of low temperatures was delayed 
and persisted over several days. This finding of the lag pattern is 
consistent with previous studies.8

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.31 

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.31–33

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.34 In another study in South Korea, Kang et al9 
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.34 Sweating 
in response to exposure to high temperatures also increases 
skin blood flow and volume depletion, resulting in diminished 
cardiac preload and afterload.35 Additionally, elevated heart rate 
and cardiac contractility as a result of heat can increase myocar-
dial oxygen consumption.9 Heat may also cause mental stress, 
which in turn increases OHCA risk.36

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.27 Similarly, 
Zeng et al37 found that the main effect of heatwaves (excess risk 
8.2%) 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.1 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.38 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.

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.
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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.

Acknowledgements We thank paramedic personnel for the care provided to 
these patients and submission of the clinical data, and Ms Louise Sims for data 
coding and management.

Contributors Conceptualisation: TND and EB. Data collation: TND and DW. Data 
analysis and model development: TND. Interpretation of data: all authors. Manuscript 
writing: all authors. Review and approval of final manuscript: all authors.

Funding The authors have not declared a specific grant for this research from any 
funding agency in the public, commercial or not- for- profit sectors.

Competing interests None declared.

Patient consent for publication Not required.

Ethics approval The study was approved by the Royal Brisbane and Women’s 
Hospital Human Research Ethics Committee (LNR/2019/QRBW/54899).

Data availability statement No data are available.

Supplemental material This content has been supplied by the author(s). It 
has not been vetted by BMJ Publishing Group Limited (BMJ) and may not have 
been peer- reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

ORCID iD
Tan N Doan http:// orcid. org/ 0000- 0002- 5514- 8518

REFERENCES
 1 Stillman JH. Heat waves, the new normal: summertime temperature extremes will 

impact animals, ecosystems, and human communities. Physiology 2019;34:86–100.
 2 Vicedo- Cabrera AM, Guo Y, Sera F, et al. Temperature- Related mortality impacts 

under and beyond Paris agreement climate change scenarios. Clim Change 
2018;150:391–402.

 3 Ma W, Zeng W, Zhou M, et al. The short- term effect of heat waves on mortality and its 
modifiers in China: an analysis from 66 communities. Environ Int 2015;75:103–9.

 4 Huang C, Barnett AG, Wang X, et al. Effects of extreme temperatures on years of 
life lost for cardiovascular deaths: a time series study in Brisbane, Australia. Circ 
Cardiovasc Qual Outcomes 2012;5:609–14.

 5 Onozuka D, Hagihara A. Associations of day- to- day temperature change and 
diurnal temperature range with out- of- hospital cardiac arrest. Eur J Prev Cardiol 
2017;24:204–12.

 6 Onozuka D, Hagihara A. Out- Of- Hospital cardiac arrest risk attributable to 
temperature in Japan. Sci Rep 2017;7:39538.

 7 Yamazaki S, Michikawa T. Association between high and low ambient temperature 
and out- of- hospital cardiac arrest with cardiac etiology in Japan: a case- crossover 
study. Environ Health Prev Med 2017;22:60.

 8 Onozuka D, Hagihara A. Extreme temperature and out- of- hospital cardiac arrest 
in Japan: a nationwide, retrospective, observational study. Sci Total Environ 
2017;575:258–64.

 9 Kang S- H, Oh I- Y, Heo J, et al. Heat, heat waves, and out- of- hospital cardiac arrest. Int 
J Cardiol 2016;221:232–7.

 10 Hensel M, Geppert D, Kersten JF, et al. Association between weather- related 
factors and cardiac arrest of presumed cardiac etiology: a prospective 
observational study based on out- of- hospital care data. Prehosp Emerg Care 
2018;22:345–52.

 11 Niu Y, Chen R, Liu C, et al. The association between ambient temperature and out- of- 
hospital cardiac arrest in Guangzhou, China. Sci Total Environ 2016;572:114–8.

 12 Chen R, Li T, Cai J, et al. Extreme temperatures and out- of- hospital coronary deaths in 
six large Chinese cities. J Epidemiol Community Health 2014;68:1119–24.

 13 Hyrkäs- Palmu H, Ikäheimo TM, Laatikainen T, et al. Cold weather increases respiratory 
symptoms and functional disability especially among patients with asthma and 
allergic rhinitis. Sci Rep 2018;8:10131.

 14 Fralick M, Denny CJ, Redelmeier DA. Drowning and the influence of hot weather. PLoS 
One 2013;8:e71689.

 15 Australian Government Productivity Commission. Report on government services 
2020 – ambulance services. Available: https://www. pc. gov. au/ research/ ongoing/ 
report- on- government- services/ 2020/ health/ ambulance- services# downloads

 16 The Commonwealth Scientific and Industrial Research Organisation (CSIRO), 
Australian Government Bureau of Meteorology. State of the climate 2018. Available: 
https://www. csiro. au/ en/ Research/ OandA/ Areas/ Assessing- our- climate/ State- of- the- 
Climate- 2018/ Report- at- a- glance

 17 Queensland Government. Population growth, regional Queensland, 2018–19. 
Available: https://www. qgso. qld. gov. au/ issues/ 3106/ population- growth- regional- qld- 
2018- 19. pdf

 18 Doan TN, Schultz BV, Rashford S, et al. Surviving out- of- hospital cardiac arrest: the 
important role of bystander interventions. Australas Emerg Care 2020;23:47–54.

 19 Doan TN, Adams L, Schultz BV, et al. Insights into the epidemiology of 
cardiopulmonary resuscitation- induced consciousness in out- of- hospital cardiac arrest. 
Emerg Med Australas. In Press 2020;32:769–76.

 20 Tong S, Wang XY, Yu W, et al. The impact of heatwaves on mortality in Australia: a 
multicity study. BMJ Open 2014;4:e003579.

 21 Guo Y, Barnett AG, Pan X, et al. The impact of temperature on mortality in Tianjin, 
China: a case- crossover design with a distributed lag nonlinear model. Environ Health 
Perspect 2011;119:1719–25.

 22 Guo Y, Punnasiri K, Tong S. Effects of temperature on mortality in Chiang Mai City, 
Thailand: a time series study. Environ Health 2012;11:36.

 23 Vaneckova P, Neville G, Tippett V, et al. Do biometeorological indices improve 
modeling outcomes of heat- related mortality? J Appl Meteorol Climatol 
2011;50:1165–76.

 24 Wang XY, Guo Y, FitzGerald G, et al. The impacts of heatwaves on mortality differ 
with different study periods: a multi- city time series investigation. PLoS One 
2015;10:e0134233.

 25 Xu Z, Huang C, Hu W, et al. Extreme temperatures and emergency department 
admissions for childhood asthma in Brisbane, Australia. Occup Environ Med 
2013;70:730–5.

 26 Dang TN, Honda Y, Van Do D, et al. Effects of extreme temperatures on mortality 
and hospitalization in Ho Chi Minh City, Vietnam. Int J Environ Res Public Health 
2019;16:432.

 27 Gasparrini A, Armstrong B. The impact of heat waves on mortality. Epidemiology 
2011;22:68–73.

 28 Gasparrini A, Armstrong B, Kenward MG. Distributed lag non- linear models. Stat Med 
2010;29:2224–34.

 29 Kim J- H, Hong J, Jung J, et al. Effect of meteorological factors and air pollutants on 
out- of- hospital cardiac arrests: a time series analysis. Heart 2020;106:1218–27.

 30 Gasparrini A. Distributed lag linear and non- linear models in R: the package dlnm. J 
Stat Softw 2011;43:1–20.

 31 Wolf K, Schneider A, Breitner S, et al. Air temperature and the occurrence of 
myocardial infarction in Augsburg, Germany. Circulation 2009;120:735–42.

 32 Hong Y- C, Kim H, Oh S- Y, et al. Association of cold ambient temperature and 
cardiovascular markers. Sci Total Environ 2012;435-436:435-436:74–9.

 33 Nguyen JL, Laden F, Link MS, et al. Weather and triggering of ventricular arrhythmias 
in patients with implantable cardioverter- defibrillators. J Expo Sci Environ Epidemiol 
2015;25:175–81.

 34 Empana J- P, Sauval P, Ducimetiere P, et al. Increase in out- of- hospital cardiac arrest 
attended by the medical mobile intensive care units, but not myocardial infarction, 
during the 2003 heat wave in Paris, France. Crit Care Med 2009;37:3079–84.

 35 Crandall CG, Wilson TE. Human cardiovascular responses to passive heat stress. 
Compr Physiol 2015;5:17–43.

 36 Empana JP, Jouven X, Lemaitre RN, et al. Clinical depression and risk of out- of- 
hospital cardiac arrest. Arch Intern Med 2006;166:195–200.

 37 Zeng W, Lao X, Rutherford S, et al. The effect of heat waves on mortality and effect 
modifiers in four communities of Guangdong Province, China. Sci Total Environ 
2014;482-483:214–21.

 38 Fischer EM, Knutti R. Anthropogenic contribution to global occurrence of heavy- 
precipitation and high- temperature extremes. Nat Clim Chang 2015;5:560–4.

 on M
ay 11, 2021 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
O

ccup E
nviron M

ed: first published as 10.1136/oem
ed-2020-107018 on 12 January 2021. D

ow
nloaded from

 

http://orcid.org/0000-0002-5514-8518
http://dx.doi.org/10.1152/physiol.00040.2018
http://dx.doi.org/10.1007/s10584-018-2274-3
http://dx.doi.org/10.1016/j.envint.2014.11.004
http://dx.doi.org/10.1161/CIRCOUTCOMES.112.965707
http://dx.doi.org/10.1161/CIRCOUTCOMES.112.965707
http://dx.doi.org/10.1177/2047487316674818
http://dx.doi.org/10.1038/srep39538
http://dx.doi.org/10.1186/s12199-017-0669-9
http://dx.doi.org/10.1016/j.scitotenv.2016.10.045
http://dx.doi.org/10.1016/j.ijcard.2016.07.071
http://dx.doi.org/10.1016/j.ijcard.2016.07.071
http://dx.doi.org/10.1080/10903127.2017.1381790
http://dx.doi.org/10.1016/j.scitotenv.2016.07.205
http://dx.doi.org/10.1136/jech-2014-204012
http://dx.doi.org/10.1038/s41598-018-28466-y
http://dx.doi.org/10.1371/journal.pone.0071689
http://dx.doi.org/10.1371/journal.pone.0071689
https://www.pc.gov.au/research/ongoing/report-on-government-services/2020/health/ambulance-services#downloads
https://www.pc.gov.au/research/ongoing/report-on-government-services/2020/health/ambulance-services#downloads
https://www.csiro.au/en/Research/OandA/Areas/Assessing-our-climate/State-of-the-Climate-2018/Report-at-a-glance
https://www.csiro.au/en/Research/OandA/Areas/Assessing-our-climate/State-of-the-Climate-2018/Report-at-a-glance
https://www.qgso.qld.gov.au/issues/3106/population-growth-regional-qld-2018-19.pdf
https://www.qgso.qld.gov.au/issues/3106/population-growth-regional-qld-2018-19.pdf
http://dx.doi.org/10.1016/j.auec.2019.12.003
http://dx.doi.org/10.1111/1742-6723.13505
http://dx.doi.org/10.1136/bmjopen-2013-003579
http://dx.doi.org/10.1289/ehp.1103598
http://dx.doi.org/10.1289/ehp.1103598
http://dx.doi.org/10.1186/1476-069X-11-36
http://dx.doi.org/10.1175/2011JAMC2632.1
http://dx.doi.org/10.1371/journal.pone.0134233
http://dx.doi.org/10.1136/oemed-2013-101538
http://dx.doi.org/10.3390/ijerph16030432
http://dx.doi.org/10.1097/EDE.0b013e3181fdcd99
http://dx.doi.org/10.1002/sim.3940
http://dx.doi.org/10.1136/heartjnl-2019-316452
http://dx.doi.org/10.18637/jss.v043.i08
http://dx.doi.org/10.18637/jss.v043.i08
http://dx.doi.org/10.1161/CIRCULATIONAHA.108.815860
http://dx.doi.org/10.1016/j.scitotenv.2012.02.070
http://dx.doi.org/10.1038/jes.2013.72
http://dx.doi.org/10.1097/CCM.0b013e3181b0868f
http://dx.doi.org/10.1002/cphy.c140015
http://dx.doi.org/10.1001/archinte.166.2.195
http://dx.doi.org/10.1016/j.scitotenv.2014.02.049
http://dx.doi.org/10.1038/nclimate2617
http://oem.bmj.com/

