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Abstract

Background: While morbidity outcomes for major disease categories during extreme heat have received increasing
research attention, there has been very limited investigation at the level of specific disease subcategories.

Methodology/Principal Findings: We analyzed daily hospital admissions for cardiovascular (CVD), respiratory (RD),
genitourinary (GU) and mental diseases (MD), diabetes (DIA), dehydration (DEH) and ‘the effects of heat and light’ (HEAT) in
Sydney between 1991 and 2009. We further investigated the sensitivity to heat of subcategories within the major disease
groups. We defined hot days as those with temperatures in the 95™ and 99" percentiles within the study period. We
applied time-stratified case-crossover analysis to compare the hospital admissions on hot days with those on non-hot days
matched by day of the week. We calculated the odds ratios (OR) of admissions between the two types of days, accounting
for other environmental variables (relative humidity, ozone and particulate matter) and non-environmental trends (public
and school holidays). On hot days, hospital admissions increased for all major categories except GU. This increase was not
shared homogeneously across all diseases within a major category: within RD, only ‘other diseases of the respiratory system’
(includes pleurisy or empyema) increased significantly, while admissions for asthma decreased. Within MD, hospital
admissions increased only for psychoses. Admissions due to some major categories increased one to three days after a hot
day (e.g., DIA, RD and CVD) and on two and three consecutive days (e.g., HEAT and RD).

Conclusions/Significance: High ambient temperatures were associated with increased hospital admissions for several
disease categories, with some within-category variation. Future analyses should focus on subgroups within broad disease
categories to pinpoint medical conditions most affected by ambient heat.
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Introduction diseases among the elderly in New York City, USA [16]. When
specific cardiovascular subsets were investigated, interesting
information was revealed. For example, Koken et al. [17] found
that while admissions due to acute myocardial infarction (AMI)
and congestive heart failure increased with maximum tempera-
ture, during the same period the admissions due to coronary and
pulmonary heart diseases did not increase [17]. While hospital
admissions due to AMI, congestive heart disease and stroke
increased for every 3°C among those aged 70+ in San Francisco
and Sacramento [18], no relationship was reported between
cerebrovascular diseases and hot weather in a study of twelve
European cities [19]. This suggests that sensitivity to temperature
may be disease-specific.

To date, the selection of specific morbidity outcomes for
research studies has not been systematic; it was most likely driven
by findings from mortality studies and from knowledge of
physiological processes associated with extreme heat. Systematic
studies that aim to determine which specific diseases within large
disease groups are adversely affected by high ambient tempera-
tures would greatly improve our understanding of how heat affects
human health. Furthermore, such studies would reveal which

While morbidity outcomes for major disease categories during
extreme heat have received increasing research attention, there
has been very limited investigation at the level of specific disease
subcategories [1]. Hot weather has been previously associated with
significant increases in hospital admissions for cardiovascular,
respiratory [2,3,4] and renal diseases [2,5] heatstroke and heat
exhaustion [2,6,7], dehydration, electrolyte imbalance, diabetes
mellitus [7,8,9], nervous system disorders [2] and mental health
[10].

Results of hospitalization studies were generally reported for all
diseases combined, for broad disease categories such as cardio-
vascular or respiratory diseases [11,12] or for some of their subsets
[3,4]. For example, an excess of total emergency hospitalizations
was reported during the 2003 heatwave in England [13]. Also,
Nitschke et al. reported an increase in total hospital admissions
during heatwaves in Adelaide, Australia [14].

Excess hospitalizations due to broad specific categories have also
been studied. An increase in hospitalizations due to all respiratory
conditions was reported during hot days [9,15]. Lin et al. reported
an increase in hospital admissions due to total cardiovascular
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population groups are most vulnerable and in need of preventive
care during hot weather events.

For these reasons, in this project we analyzed hospital
admissions in Sydney, Australia on unusually hot days for major
disease groups and their subcategories.

Data and Methods

Ethics Statement

Under the Privacy Act 1988 legislation issued by the Office of
Australian Information Commissioner, a written consent is
generally sought for the collection of health information from a
patient. The Privacy Act permits the handling of health
information for health and medical research purposes in certain
circumstances, where researchers are unable to seek individuals’
consent. The de-identified data originated from the Admitted
Patient Data Collection (APDC) and were released by the NSW
Health Department under a confidentiality agreement for the
purposes of this study.

Data Collection

Sydney is the largest city in Australia and the capital of the state
of New South Wales (NSW). It is situated on the southeast coast at
33.8°S latitude; its climate is mild temperate, with mild winters
(average daytime maximum 16.3°C) and warm summers (average
daytime maximum 25.9°C) [20]. The Sydney metropolitan area
corresponds approximately to the Sydney Statistical Division (SD)
administrative boundary, which occupies 12 145 km? extending
90 km inland from the coast (Fig. 1). The Sydney SD had a
population of 6.3 million in 2001 [21].

We obtained hospital admissions (emergency and planned) from
all private and public hospitals located in the Sydney SD for the
period July 1% 1991- June 30™ 2009. The primary causes of
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admission were classified according to the International Classifi-
cation of Diseases ICD9 code for the years 1991-1996, and
following the ICD10 code for the period 1997-2009 (Appendix
S1). As the use of an emergency flag is inconsistent within the
dataset, with considerable differences between hospitals for
example, we included all admissions in our analyses. We selected
several broad disease classifications based on the literature as likely
primary causes of hospital admission during hot days. These were
cardiovascular (CVD), respiratory (RD), genitourinary (GU) and
mental (MD) diseases, diabetes mellitus (DIA), volume depletion
(hereafter dehydration, DEH), as well as the direct heat-related
outcomes of the combined disease categories of ‘effects of heat and
light’ and ‘exposure to natural heat’ (HEAT). We further divided
the CVD, RD, GU and MD categories into more specific
diagnoses and analyzed these separately. The selection of the
broad groups of medical conditions was based on literature review;
the choices of smaller subcategories were based on those that
enabled a clear translation of the disease codes between the ICD9
and ICD10 classification through mapping tables developed and
available at the National Casemix and Classification Centre at the
University of Wollongong [22].

We obtained meteorological variables from the Australian
Bureau of Meteorology (BOM). We used hourly measurements of
temperature and relative humidity at four meteorological stations
to calculate daily overall averages over the Sydney region. The
following stations were selected because they are located within the
Sydney SD, they measured continuously across the whole study
period and each had less than 2% missing data: Sydney Airport
(World Meteorological Organization (WMO) index number
94767, BOM station number 066037, 33. 9465°S, 150. 1731°E),
Bankstown (WMO index number 94765, BOM station number
066137, 33. 9181°S, 150.9864°E), Mount Boyce (WMO index
number 94743, BOM station number 063292, 33.6185°S, 150.

'Sydn ey SD
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Figure 1. Location of the Sydney Statistical Division.
doi:10.1371/journal.pone.0055459.g001

PLOS ONE | www.plosone.org

250 500 Kilometers

February 2013 | Volume 8 | Issue 2 | 55459



Division.

Hospital Admissions on Hot Days in Sydney, AUS

Table 1. Summary of hospital admissions by selected diseases between July 1 1991 and June 30" 2009 in the Sydney Statistical

conditions) combined

Total Daily Mean Min Max SD
Respiratory disease, total 1,079,613 164.7 a1 374 53.1
Acute respiratory infections 164,794 25.1 2 83 11.6
Other diseases of the upper respiratory tract 259,506 39.5 0 126 27.3
Pneumonia and influenza 187,158 28.5 1 101 12.2
Chronic obstructive pulmonary disease and allied conditions 344,471 524 8 134 15.1
Asthma 181,819 27.7 2 113 12.2
Pneumoconioses and other lung diseases due to external agents 22,386 34 0 18 26
Other diseases of respiratory system 101,298 15.4 0 48 6.5
Cardiovascular disease, total 1,561,231 225.4 56 371 76.9
Acute rheumatic fever 325 0.04 0 2 0.2
Chronic rheumatic heart disease 4,553 0.7 0 7 1.0
Hypertensive disease 21,278 32 0 13 2.0
Ischaemic heart disease 543,433 827 10 157 27.8
Acute myocardial infarction 138,126 21.0 4 54 6.9
Diseases of pulmonary circulation 34,903 53 0 18 3.1
Other forms of heart disease 453,069 68.9 15 165 30.0
Cerebrovascular disease 166,463 253 2 51 6.5
Diseases of arteries, arterioles and capillaries 88,080 134 0 41 7.5
Diseases of veins and lymphatics 249,127 379 0 92 24.0
Other diseases of circulatory system 17,360 2.6 0 13 1.9
Diseases of the genitourinary system, total 428,839 65.2 5 147 31.5
Nephritis, nephrotic syndrome and nephrosis 121,245 184 0 49 8.4
Renal failure 20,914 3.2 0 12 2.1
Acute Renal Failure 10,362 1.6 0 9 14
Other urinary diseases 259,894 39.5 2 92 204
Genital organs male 31,710 4.8 0 22 4.0
Breast disorder 861 0.1 0 3 0.4
Inflammatory pelvic female 987 0.2 0 3 0.4
Other diseases of female genital tract 14,142 2.2 0 14 2.4
Mental disorders, total 930,322 148.3 21 338 67.7
Psychoses 420,586 64.0 6 165 263
Mental retardation 743 0.1 0 3 0.3
Neurosis 508,993 774 8 169 36.8
Volume depletion (Dehydration) 16,692 2.5 V] 16 1.9
Diabetes Mellitus 97,418 14.8 0 73 15.8
Effects of heat and light & Excessive heat (due to weather 997 0.2 V] 16 0.6

doi:10.1371/journal.pone.0055459.t001

2741°E) and Richmond RAAF (WMO index number 95753, BOM
station number 067105, 33.6004°S, 150.7761°E).

The NSW Environment Protection Authority provided hourly
maximum concentrations of particulate matter of diameter less
than 10 um (PM, ) and ozone (Os) for several monitoring stations
across Sydney. We computed the daily average of all the stations
within the Sydney SD that had less than 10% missing data, which
comprised the three residential stations; namely, Richmond,
Liverpool and Bringelly.

PLOS ONE | www.plosone.org

Data Analysis

To identify ‘hot’ days, we first calculated daily values and
obtained the probability distribution for the daily average
temperature during the study period, identifying as ‘hot’ and
‘very hot’ those with temperatures within the highest 5 per cent
and 1 per cent of the distribution.

We then applied the time-stratified case-crossover method [23].
The case-crossover design was proposed by Maclure [24] to study
the effects of transient exposures on acute events, where the study
population consists of only cases who also serve as their own
controls. This method has been increasingly applied to epidemi-
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Table 2. Average of temperature, humidity and air pollutants on days that were equal to or above the 95" and 99" percentile of
daily average temperature distribution in the Sydney Statistical Division between July 1%, 1991 and June 30™, 2009.

Average temperature (°C) Relative humidity (%) O3 (ppb) PM,, (ug/m3)

Case Control Case Control Case Control Case Control
95™ percentile 253 204 58.6 66.9 26 15 275 193
ggoth percentile 275 204 50.5 61.7 29 14 33.1 20.0

doi:10.1371/journal.pone.0055459.t002

ological studies, especially for the investigation of ambient air
pollution [25,26]. It is as an alternative to time-series analysis, with
almost identical results [27]. In our study, the time-stratified
method divides the whole study period into equally sized, non-
overlapping sections of 28 days (strata). When a case day falls
within a stratum, it is then matched with control days within the
strata by day of the week (for example, if a case day fell on a
Monday, it was matched with the two or three Monday control
days present within the 28-day stratum). The length of the strata is
chosen so that it is short enough to remove the seasonal trend, but
long enough to avoid correlation between the case and control
days [28].

We then used conditional logistic regression to calculate the
odds ratio (ORs) for hospital admissions on case days compared
with controls days. The dependent variable was a hospital
admission; the independent variables included the indicator of
the extreme day (as a categorical variable), the daily relative
humidity and the two air pollutants (O3 and PM,,) as potential
modifiers/confounders. Daily measurements of the two air
pollutants were added to the model as linear independent
variables, first separately and then jointly. We also included
categorical variables for public and school holidays. The admission
was then weighted by the frequency of all admissions on that day.

Since previous studies have reported a lagged and/or cumula-
tive effect of extreme temperatures on health [15,29], we also
analysed the health outcomes 1-3 days after a hot day and on two
and three consecutive days. Control days were chosen accordingly
(admissions on control days for lag 1 to 3 were also lagged, and
admissions on control days for 2 and 3 consecutive days were
averaged for 2 and 3 consecutive days) to match by day of the
week.

All p-values of the logistic regression test were adjusted for
multiple testing using the False Discovery Rate (FDR) adjustment
method [30].

Results

Table 1 shows the daily descriptive statistics of the hospital
admissions for the selected diseases. There were 12 disease
categories for CVDs, nine for GUs, eight for RDs, four for MDs,
one for DIA, one for DEH and one combined category for HEAT;
a total of 36 categories. The largest number of hospital admissions
was due to CVD (38%), followed by RD (26%), MD (23%), GU
(10%), DIA (2%), DEH (0.4%), and HEAT (0.02%).

Within the CVDs, the most frequent admissions were due to
ischemic heart disease (35%) and the least frequent were due to
acute rheumatic fever (0.02%), which had the fewest presentations
among all disease categories. The highest number of admissions
among the RDs was for ‘chronic obstructive pulmonary disease
and allied conditions’ (32%) and the lowest was for ‘pneumoco-
nioses and other lung diseases due to external agents’ (2%). Among
all GUs the ‘other urinary diseases’ (61%) was the category with
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the highest number of admissions, and ‘breast disorder’ had the
fewest (0.2%). Among the three mental disorders, ‘neurosis’ (55%)
and ‘psychoses’ (45%) accounted for most of the admissions,
respectively, while mental retardation (0.08%) produced the fewest
admissions.

Table 2 shows the daily statistics for the meteorological and air
pollutant variables. From all the days in the study period
(n=6,575), 329 and 66 days fell into the highest 5 and 1%
respectively, with average temperature thresholds of 24.4 and
26.4°C. On all case days, the average temperature was higher and
the relative humidity was lower than on the control days. The
levels of both air pollutants, O3 and PM, were higher on case
days.

Case Day Analysis

Table 3 shows the odds ratios (ORs) of hospital admissions
during extremely hot days compared with control days. There is a
statistically significant increase in the ORs of hospital admissions
for RD, CVD, MD, and DEH on hot days (95" percentile), and
for DIA and HEAT on both hot and very hot days (95" and 99"
percentiles).

Within all RDs, the admissions on very hot days (99™ percentile)
for ‘other diseases of the respiratory system’ increased significantly,
while the admissions for ‘asthma’ decreased significantly. While
admissions due to all CVDs increased on hot days (95" percentile),
none of the CVD-specific diagnoses changed significantly. Among
the admissions due to MDs, only admissions due to ‘psychoses’
increased significantly on hot days 95" percentile). Against our
expectations, the admissions due to GUs did not change
significantly on hot and very hot days, neither as a major disease
group nor in any of its specific disease subgroups.

Lag Analysis

One day after a hot day, admissions for the broad category of
RD remained significantly higher than on control days 95™
percentile; Fig. 2). Out of all the RDs, significantly higher
admissions were detected for ‘other diseases of the upper
respiratory tract’ one to three days after a hot day (95th percentile;
Fig. 2). Conversely, the admissions due to ‘chronic obstructive
pulmonary disease and allied conditions’ decreased significantly
two days after a hot day 95" percentile), and ‘asthma’ remained
significantly lower two and three days after a very hot day (99™
percentile; Fig. 3).

CVD, as a whole group, resulted in significantly higher
admissions the third day after a hot day (95™ percentile; Fig. 2).
When we analysed specific CVDs, admissions due to ‘other
diseases of the circulatory system’ were significantly higher one day
after, and admissions due to ‘other forms of heart disease’ and
‘diseases of veins and lymphatics’ three days after a hot day (Fig. 2).
Hospital admissions due to all MDs were significantly higher one
(95™ percentile), two (99™ percentile) and three (95" percentile)
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Table 3. Odds ratios (adjusted for relative humidity, O3 and PM;,) comparing hospital admissions due to several specific diseases
between extremely hot days and control days in the Sydney Statistical Division between July 1*!, 1991 and June 30", 2000.

95 percentile 99 percentile

OR 95% CI OR 95% CI
Respiratory disease, total 1.02 1.01-1.04 1.02 0.99-1.04
Acute respiratory infections *1.04 *1.01-1.08 1.02 0.95-1.10
Other diseases of the upper respiratory tract 1.03 1.00-1.05 1.04 0.99-1.09
Pneumonia and influenza 1.03 1.00-1.07 1.02 0.96-1.09
Chronic obstructive pulmonary disease and allied conditions 1.01 0.98-1.03 0.98 0.94-1.02
Asthma 0.97 0.93-1.00 0.88 0.83-0.94
Pneumoconioses and other lung diseases due to external agents 1.08 0.99-1.17 0.99 0.84-1.15
Other diseases of respiratory system 1.02 0.98-1.06 1.11 1.02-1.20
Cardiovascular disease, total 1.01 1.00-1.02 1.00 0.98-1.03
Acute rheumatic fever 1.09 0.56-2.11 2.10 0.57-7.67
Chronic rheumatic heart disease 0.87 0.70-1.07 0.95 0.63-1.43
Hypertensive disease 1.02 0.93-1.12 1.12 0.94-1.33
Ischaemic heart disease 1.00 0.98-1.02 1.00 0.97-1.04
Acute myocardial infarction 1.00 0.97-1.04 0.93 0.87-1.00
Diseases of pulmonary circulation 1.02 0.95-1.09 0.90 0.79-1.03
Other forms of heart disease 1.02 1.00-1.04 0.99 0.96-1.03
Cerebrovascular disease 0.99 0.96-1.02 0.95 0.90-1.01
Diseases of arteries, arterioles and capillaries 1.05 1.00-1.10 1.04 0.95-1.13
Diseases of veins and lymphatics 1.03 1.00-1.06 *1.07 *1.02-1.13
Other diseases of circulatory system 1.06 0.97-1.16 1.00 0.84-1.19
Diseases of the genitourinary system, total 1.00 0.98-1.02 1.03 0.99-1.07
Nephritis, nephrotic syndrome and nephrosis 1.02 0.98-1.05 1.01 0.94-1.08
Renal failure 1.05 0.96-1.14 0.98 0.84-1.15
Acute renal failure 1.06 0.94-1.19 *1.25 *1.02-1.54
Other diseases of urinary system 1.00 0.98-1.03 1.04 0.99-1.09
Diseases of male genital organs 0.97 0.89-1.04 1.03 0.89-1.19
Disorders of breast 1.00 0.67-1.49 0.43 0.19-0.97
Inflammatory disease of female pelvic organs 0.97 0.65-1.46 1.47 0.68-3.14
Other disorders of female genital tract 0.99 0.88-1.10 1.13 0.94-1.37
Mental disorders, total 1.02 1.00-1.03 1.01 0.98-1.03
Psychoses 1.03 1.01-1.05 1.03 1.00-1.07
Neurotic disorders, personality disorders, and other nonpsychotic mental disorders 1.01 0.99-1.02 1.00 0.97-1.04
Mental retardation 1.27 0.81-1.98 1.44 0.62-3.36
Diabetes mellitus 1.06 1.02-1.10 1.12 1.04-1.20
Volume depletion (Dehydration) 1.18 1.09-1.29 *1.19 *1.02-1.39
Effects of heat and light & Excessive heat (due to weather conditions) combined3.29 2.52-4.30 3.86 2.74-5.44

Statistically significant values are in bold.
*OR became non-significant after multiple-testing adjustment.
doi:10.1371/journal.pone.0055459.t003

days after a hot or very hot day. Among the specific MDs, the
‘psychoses’ and the ‘neurotic disorders, personality disorders, and
other nonpsychotic mental disorders’ were significantly higher one
and three days after a hot day (95™ percentile), respectively.
Within the GUs, only admissions due to ‘other diseases of the
urinary system’ increased significantly two days after a very hot
day (Fig. 3). Admissions due to DIA were significantly higher one
day after a very hot day (99™ percentile; Fig. 3), and admissions
due to DEH and HEAT were not significantly different one to
three days after a hot or very hot day (Fig. 2 and 3, respectively).

PLOS ONE | www.plosone.org

Consecutive Days

Admissions on two and three consecutive hot days increased for
all RDs (95" percentile) and specifically for ‘pneumonia and
influenza’ (95™ percentile). Conversely, admissions due to ‘asthma’
were significantly lower during two consecutive hot and very hot
days. Among the MDs, three consecutive hot days (95th percentile)
were associated with increased admissions due to ‘neurotic
disorders, personality disorders’ and ‘mental retardation’; and
the admissions due to ‘psychoses’ increased significantly on two
consecutive very hot days (99" percentile). Admissions due to
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Figure 2. Odds ratios (adjusted for relative humidity, Oz and PM,,) comparing hospital admissions due to several specific diseases
between extremely hot days and control days in the Sydney Statistical Division between July 1%, 1991 and June 30", 2009; on a
hot day and 1, 2, and 3 days after the hot day at the 957 percentile of average temperature (results shown after the FDR
adjustment). Note: the x-axis scale for admissions on hot days is different.

doi:10.1371/journal.pone.0055459.9002
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Figure 3. Odds ratios (adjusted for relative humidity, Oz and PM,,) comparing hospital admissions due to several specific diseases
between extremely hot days and control days in the Sydney Statistical Division between July 15, 1991 and June 30", 2009; on a
hot day and 1, 2, and 3 days after the hot day at the 99" percentile of average temperature (results shown after the FDR
adjustment). Note: the x-axis scale for admissions on hot days is different.
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HEAT remained significantly higher on two and three consecutive
days at the 95™ percentile. DEH was significantly higher on three
consecutive hot days (95" percentile).

Multiple Testing

The FDR method was used to adjust for multiple testing and the
effects on several specific disease subcategories became non-
significant after the adjustment: on hot days, acute respiratory
infections (95Th percentile, RD), diseases of veins and lymphatics
(99™ percentile, CVD), acute renal failure (99" percentile, GU)
and DEH (99" percentile). The effects on admissions for several
other medical conditions became non-significant one to three days
after hot days, such as DEH (99 percentile), GU (99™ percentile),
and some RD, CVD and GU disease subcategories (Fig. 2 and 3).

Discussion

The aim of this study was to examine the impact of hot weather
on specific causes of hospital admissions in Sydney, Australia. On
a hot day, admissions increased in the broad categories of
respiratory (RD), cardiovascular (CVD), mental (MD) diseases,
and for diabetes (DIA), dehydration (DEH) and the ‘effects of heat
and light” (HEAT). Previous studies found that admissions for
genitourinary (GU) (in particular, acute renal failure) tend to be
higher on hot days [2,5]; however, we did not find this association
i our study. When examining whether people with specific
disease subcategories were susceptible to extreme temperatures,
we found that within all RDs only admissions for ‘other diseases of
the respiratory system’ increased significantly, while those for
‘asthma’ decreased, and admissions due to the remaining RDs did
not change. Within all MDs, only admissions due to ‘psychoses’
were higher. Admissions for CVDs and GUs did not change for
any of the subcategories in relation to hot days.

Most morbidity studies to date have used large aggregated
disease groups, such as all RDs or all CVDs [11,12]; others
focused only on one [4] or several specific health outcomes
[18,31]. The goal of our study was to analyze systematically the
subcategories within broad disease classifications for non-fatal
health outcomes. We hypothesized that when hospital admissions
on hot days are aggregated into a large group (e.g., all CVDs) this
may mask potential heat-morbidity relationships that occur for
more specific outcomes.

Hospital admissions due to heat exhaustion or heatstroke,
dehydration and electrolyte disorders can increase substantially
during a heatwave [2,7,32]. During the 2006 heatwave in
California hospital admissions increased significantly and the
admissions increased 10-fold for heat-related illnesses (i.e., effects
of heat and light, which include heat exhaustion and heatstroke)
[8]. Semenza et al. [2] reported that approximately 62% of the
excess hospital admissions during the 1995 Chicago heatwave
were due to heatstroke, heat exhaustion or dehydration. In
Australia, there was a 14-fold increase in direct heat-related
admissions during the 2009 heatwave in Adelaide [33]. Khalaj
et al. reported 590% increase in emergency hospital admissions
due to heat-related injuries in five regions of New South Wales
(including Sydney) [7]. In our study, hospital admissions due to
heatstroke and heat exhaustion were approximately three times
more likely when the average temperature was more than 24.3°C
and the probability increased further if the temperature was more
than 26.3°C (although the confidence intervals were also larger).

Dehydration is characterized by a loss of vital levels of liquids
through sweating, urine (due to diuretics or uncontrolled diabetes),
vomiting and diarrhea [34]. If not treated, dehydration can lead to
a life-threatening emergency. Young children and elderly people
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are at higher risk of dehydration. Young children are vulnerable
due to their lower weight and faster turnover of water and
electrolytes [35]. The elderly are also more susceptible to
dehydration due to age-related changes in total body water, thirst
perception, and renal concentrating ability. Dehydration in older
populations can also be related to infection, high-protein tube
feedings, cerebral vascular accidents, and medication-related
diminished thirst [34]. Dehydration was associated with increased
hospital admissions in previous studies [2,7,9]. In our study the
increase was significant; this risk could have been higher for some
specific age groups.

Others have reported increases in hospital admissions due to
renal diseases [8,14]. Hansen etal. [5] found that hospital
admissions for renal diseases and for acute renal failure were
significantly higher during heatwaves compared with non-
heatwave periods in Adelaide, Australia. In general, we did not
find a relationship between ambient temperature and hospitaliza-
tions for renal disease, although admissions for acute renal failure
were significantly higher before we adjusted for multiple-testing.
Khalaj et al. [7] investigated the hospital admissions due to renal
diseases on hot days in Sydney and some adjacent areas and did
not find increased admissions. A recent study in Adelaide reported
that the effects of temperature on renal admissions were not
significant after adjustments for O3 and PM;, [36].

Hot weather could aggravate pre-existing conditions, such as
respiratory or cardiovascular diseases. Significant increases in
hospital admissions due to RDs have been previously reported
[15,16,37,38], with relatively fewer studies reporting increased
numbers of admissions for total CVDs [2,3,8]. CVDs may be
more acute than respiratory diseases, and result in death before
help can be reached [38]. In Chicago, during the 1995 heatwave,
CVDs increased only as an underlying rather than a primary cause
of admission [2]. Some medications commonly prescribed for
patients with heart disease, such as diuretics, could aggravate the
effect of heat waves by provoking dehydration and electrolytic
disorders [5]. CVDs may therefore contribute to the impact
indirectly, rather than being the primary cause.

We did not find evidence of higher admissions due to any CVD
subcategory on the day of the extreme heat event. This is in
disagreement with some previous studies that reported increases in
ischemic heart disease and in acute myocardial infarction [4,39].
Some have recorded an increase in admissions due to CVDs for
the elderly [40]. Our analyses were aggregated to all ages; it is
therefore possible that admissions in the elderly age group may
have increased during the hot weather events, without changes to
the overall admissions due to CVD. Future analyses of CVD
admissions focused on the elderly may help clarify this issue.

Within all RDs, only the subcategories of admissions for ‘other
diseases of the respiratory system’ increased significantly, while
those for ‘asthma’ decreased significantly; and admissions due to
the remaining RDs did not change. The ‘other diseases of the
respiratory system’ consist of empyema, pleurisy, pneumothorax,
abscess of lungs and mediastinum. Empyema, pleurisy and abscess
of lungs are characteristic for some types of infection that can
develop in people with chronic underlying conditions. Infections
can worsen during extremely hot weather [41]. Lower admissions
due to asthma could be potentially due to people remaining in air
conditioned environments during extremely hot days and there-
fore being exposed to lower levels of airborne allergens.

In our study, the ORs of admissions due to all mental diseases
on a hot day were lower than the ORs of psychoses only, while
ORs of admissions due to the other two mental disease subgroups
(neurosis and mental retardation) were not significant. When
admissions due to psychoses were removed from the total MD, the
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ORs of the remaining MDs aggregated became insignificant;
therefore only those with psychotic disorders seemed more affected
during the hot days in Sydney.

People with mental health problems have been found at higher
risk during hot weather [10,42,43,44,45]. This could be due to
their relatively poorer health, certain behavioral and social issues
(e.g., substance misuse, socio-economic deprivation, living isolated
or in institutional care), and the use of some psychotropic
medications (e.g., antipsychotics, antidepressants and hypnotics)
[6,46,47,48]. Antipsychotics can interfere with physiological
homestasis by altering the sweat threshold, impairing sweating
and directly inducing hyperthermia [47]. A recent study in
England found that antipsychotic medications were likely to play a
more important role in the risk of heat injury than the psychosis
condition per se [49]. The nosological subcategory of psychosis
includes, among others, dementias and episodic mood disorders,
which were also associated with hotter weather in Adelaide,
Australia [10]. However, the same study also reported higher
admissions due to neurotic, stress-related, somatoform disorders
and disorders of psychological development on heatwave days,
which we found non-significant. The psychoses in our study
included schizophrenic disorders, which Hansen et al. [10] found
non-significant. It is therefore possible that only some subcatego-
ries within psychoses are more affected by heat. If confirmed in
future studies, this could further help focus the preventive care.

Previous morbidity studies have reported lagged impacts of
extremely hot weather for some medical conditions [16,29]. In our
study, admissions for some medical conditions increased on the
hot day and also one to three days later; while others did not
increase on a hot day, but only three days after (MD: ‘neurotic
disorders, personality disorders, and other nonpsychotic mental
disorders’; CVD: ‘other forms of heart disease’ and ‘disease of
veins and lymphatics’). Other conditions did not show a lagged
effect (DEH and HEAT), and only increased on the hot day.
Dehydration and heat-related illnesses seem to have a rather
immediate medical urgency and may have affected younger,
healthier populations that chose to engage in activities not suitable
for hot weather (such as intense sports activities or outdoor hard
work). Aging populations, more likely to suffer from several
underlying pre-existing conditions and to have lower activity
levels, may need a longer time to feel the impact of heat stress or
could have been admitted to hospitals due to other medical
conditions (such as RD, CVD and MD).

Several days of sustained high temperatures can be detrimental
to health, due to lack of relief, especially when nocturnal
temperatures remain high. There is evidence of higher morbidity
levels with increased duration of an extreme event [15]. In our
study, admissions due to some medical conditions such as DEH,
HEAT and MDs increased when hot weather was sustained for
two and three days. Consecutive second and third hot days also
resulted in significant increases in admissions for RDs, specifically
for pneumonia and influenza, while fewer admissions occurred for
asthma.

Other studies have also noted a significant increase in primary
admissions due to diabetes, suggesting that people with diabetes
have an increased susceptibility to extreme heat [2,8,9,50]. People
with diabetes may have a greater risk due to an impaired ability to
sweat and they may suffer from poorly controlled levels of blood
sugars due to the fluid and electrolyte disturbances, which
predisposes them to heat-related illness [2]. They are also more
likely to suffer from other comorbidities (such as heart or renal
disease). Others noted higher admissions when diabetes were
analysed as an additional, rather than primary, cause [2].

PLOS ONE | www.plosone.org

Hospital Admissions on Hot Days in Sydney, AUS

A limitation in our study is that we used all hospital admissions,
including both emergency and planned admissions. There is
widely acknowledged inconsistency between years and between
hospitals in the criteria used to determine emergency admissions in
this dataset. Therefore, emergency admissions were not deemed
superior to all admissions in our dataset. Our use of all admissions
may have dampened the associations between heat and admissions
as planned admissions were also included in the analyses. We
would have expected some stronger associations if it had been
possible to use a reliable set of unplanned admissions.

Another limitation is that our analysis was aggregated to a large
metropolitan area, disregarding the spatial variation in tempera-
ture that exists within the region. A future study analyzing the
spatial variation of temperature within the area would be
beneficial. Also, the whole population was used regardless of age
and gender. This was done to increase statistical power and to gain
an overall impression of the non-fatal impacts of hot weather in
Sydney. Age and gender are potential modifiers of the effect of
heat on morbidity [1]; we intend to examine their contribution in
a future study.

Another potential limitation is the use of average temperature as
a heat indicator. Others have used various measures to identify
heat vulnerability on populations, such as maximum, minimum or
apparent temperatures [7,11,19,36]. We believe that average
temperature reflects the overall level of temperature exposure. In
Sydney, rapid changes in temperature are possible due to a
meteorological phenomenon called the ‘Southerly buster’, during
which high temperatures are followed by a sudden, substantial
drop. This change in weather offers relief for the Sydney
population and would not be accounted for if maximum
temperatures had been used. Previous studies have shown that
average temperature is a good indicator of heat exposure [51,52].

Projections of future climate point towards an increase in global
temperatures and temperature extremes in Sydney and across
Australia; the number of hot days and warm nights leading to
reduced relief is also likely to increase [53]. Given that episodes of
hot weather are likely to increase in the near future, it is vital to
understand the potential vulnerability of local populations both for
prevention and health service planning and response under such
scenarios. This study enhances the existing knowledge of the effect
of extremely hot temperatures on non-fatal outcomes.

Our results demonstrate that studies of temperature-morbidity
relationships using broad disease classifications can underestimate
the health impacts of hot weather events. Importantly for public
health, analyses at the subcategory level would also help us to
determine which patient groups are more vulnerable to extreme
ambient temperature, so that resources for prevention (including
education and surveillance) can be directed appropriately.
Additional studies in other populations could improve the
identification of the disease subgroups affected by heat and
increase the evidence base so that suitable recommendations for
both prevention and health service response can be made to local
health departments, thus increasing the effectiveness of preventive
and remedial care.

Supporting Information
Appendix S1 The selected specific causes of admissions.

(DOC)

Author Contributions

Conceived and designed the experiments: PV HB. Performed the
experiments: PV. Analyzed the data: PV HB. Contributed reagents/
materials/analysis tools: PV HB. Wrote the paper: PV HB.

February 2013 | Volume 8 | Issue 2 | 55459



References

1.

22.

23.

Ye X, Wolff R, Yu W, Vaneckova P, Pan X, et al. (2012) Ambient temperature
and morbidity: a review of epidemiological evidence. Environmental Health
Perspectives 120: 19-28.

Semenza JC, McCullough JE, Flanders WD, McGeehin MA, Lumpkin JR
(1999) Excess hospital admissions during the July 1995 heat wave in Chicago.
American Journal of Preventive Medicine 16: 269-277.

Schwartz J, Samet JM, Patz JA (2004) Hospital admissions for heart disease -
The effects of temperature and humidity. Epidemiology 15: 755-761.

. Bayentin L, El Adlouni S, Ouarda TB, Gosselin P, Doyon B, et al. (2010) Spatial

variability of climate effects on ischemic heart disease hospitalization rates for the
period 1989-2006 in Quebec, Canada. International Journal of Health
Geographics 9: 5.

. Hansen AL, Bi P, Ryan P, Nitschke M, Pisaniello D, et al. (2008a) The effect of

heat waves on hospital admissions for renal disease in a temperate city of
Australia. International Journal of Epidemiology 37: 1359-1365.

. Faunt JD, Wilkinson TJ, Aplin P, Henschke P, Webb M, et al. (1995) The effete

in the heat: heat-related hospital presentations during a ten day heat wave.
Australian and New Zealand Journal of Medicine 25: 117-121.

. Khalaj B, Lloyd G, Sheppeard V, Dear K (2010) The health impacts of heat

waves in five regions of New South Wales, Australia: a case-only analysis.
International Archives of Occupational and Environmental Health 83: 833-842.

. Knowlton K, Rotkin-Ellman M, King G, Margolis HG, Smith D, et al. (2009)

The 2006 California heat wave: impacts on hospitalizations and emergency
department visits. Environmental Health Perspectives 117: 61-67.

. Green RS, Basu R, Malig B, Broadwin R, Kim JJ, et al. (2010) The effect of

temperature on hospital admissions in nine California counties. International

Journal of Public Health 55: 113-121.

. Hansen A, Bi P, Nitschke M, Ryan P, Pisaniello D, et al. (2008b) The effect of

heat waves on mental health in a temperate Australian city. Environmental
Health Perspectives 116: 1369-1375.

. Ren C, Williams GM, Tong S (2006) Does particulate matter modify the

association between temperature and cardiorespiratory diseases? Environmental
Health Perspectives 114: 1690-1696.

. Linares C, Diaz ] (2008) Impact of high temperatures on hospital admissions:

comparative analysis with previous studies about mortality (Madrid). European
Journal of Public Health 18: 317-322.

. Johnson H, Kovats RS, McGregor G, Stedman J, Gibbs M, et al. (2005) The

impact of the 2003 heat wave on mortality and hospital admissions in England.
Health Statistics Quarterly: 6-11.

. Nitschke M, Tucker GR, Bi P (2007) Morbidity and mortality during heatwaves

in metropolitan Adelaide. Medical Journal of Australia 187: 662-665.

. Mastrangelo G, Fedeli U, Visentin C, Milan G, Fadda E, et al. (2007) Pattern

and determinants of hospitalization during heat waves: an ecologic study. BMC

Public Health 7: 200.

. Lin S, Luo M, Walker RJ, Liu X, Hwang SA, et al. (2009) Extreme high

temperatures and hospital admissions for respiratory and cardiovascular
diseases. Epidemiology 20: 738-746.

. Koken PJ, Piver WT, Ye F, Elixhauser A, Olsen LM, et al. (2003) Temperature,

air pollution, and hospitalization for cardiovascular diseases among elderly
people in Denver. Environmental Health Perspectives 111: 1312-1317.

. Ebi KL, Exuzides KA, Lau E, Kelsh M, Barnston A (2004) Weather changes

associated with hospitalizations for cardiovascular diseases and stroke in
California, 1983-1998. International Journal of Biometeorology 49: 48-58.

. Michelozzi P, Accetta G, De Sario M, D’Ippoliti D, Marino C, et al. (2009) High

temperature and hospitalizations for cardiovascular and respiratory causes in 12
European cities. American Journal of Respiratory and Ciritical Care Medicine
179: 383-389.

. BOM (2012) Climate Data Online. Australian Burcau of Meteorology., Available:

http://www.bom.gov.au/climate/data/index.shtml?bookmark=200. Accessed: 2
December 2012.

. ABS (2012) 2001 Census QuickStats. New South Wales. Available: http://www.

censusdata.abs.gov.au/ABSNavigation/prenav/ProductSelect?’newproducttype

=QuickStats&btnSelectProduct=View+QuickStats+% 3E&collection=Census&
period=2001&areacode=1&geography=&method=&productlabel=&producttype

=&topic=&navmapdisplayed=true&javascript=true&breadcrumb=LP&topholder
=0&leftholder=0&currentaction=201&action=401&textversion=false. Accessed: 2
December 2012.

NCCC (2012) National Casemix and Classification Centre. University of
Wollongong. Available: http://nccc.uow.edu.au/index.html. Accessed: 2 De-
cember 2012.

Bell ML, O’Neill MS, Ranjit N, Borja-Aburto VH, Cifuentes LA, et al. (2008)
Vulnerability to heat-related mortality in Latin America: a case-crossover study
in Sao Paulo, Brazil, Santiago, Chile and Mexico City, Mexico. International
Journal of Epidemiology 37: 796-804.

. Maclure M (1991) The case-crossover design: a method for studying transient

effects on the risk of acute events. American Journal of Epidemiology 133: 144—
153.

. Lu Y, Symons JM, Geyh AS, Zeger SL (2008) An approach to checking case-

crossover analyses based on equivalence with time-series methods. Epidemiology
19: 169-175.

PLOS ONE | www.plosone.org

26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

53.

Hospital Admissions on Hot Days in Sydney, AUS

Carracedo-Martinez E, Taracido M, Tobias A, Saez M, Figueiras A (2010)
Case-crossover analysis of air pollution health effects: a systematic review of
methodology and application. Environmental Health Perspectives 118: 1173~
1182.

Lu Y, Zeger SL (2007) On the equivalence of case-crossover and time series
methods in environmental epidemiology. Biostatistics 8: 337-344.

Barnett AG, Dobson AJ (2010) Analysing Seasonal Health Data. Statistics for
Biology and Health. New York: Springer. 164 p.

Pudpong N, Hajat S (2011) High temperature effects on out-patient visits and
hospital admissions in Chiang Mai, Thailand. Science of the Total Environment
409: 5260-5267.

Benjamini Y, Hochberg Y (1995) Controlling the False Discovery Rate: A
practical and powerful approach to multiple testing. Journal of the Royal
Statistical Society Series B (Methodological) 57: 289-300.

Panagiotakos DB, Chrysohoou C, Pitsavos C, Nastos P, Anadiotis A, et al. (2004)
Climatological variations in daily hospital admissions for acute coronary
syndromes. International Journal of Cardiology 94: 229-233.

Rydman RJ, Rumoro DP, Silva JC, Hogan TM, Kampe LM (1999) The rate
and risk of heat-related illness in hospital emergency departments during the
1995 Chicago heat disaster. Journal of Medical Systems 23: 41-56.

Nitschke M, Tucker GR, Hansen AL, Williams S, Zhang Y, et al. (2011) Impact
of two recent extreme heat episodes on morbidity and mortality in Adelaide,
South Australia: a case-series analysis. Environmental Health 10: 42.
Lavizzo-Mourey RJ (1987) Dehydration in the elderly: a short review. Journal of
the National Medical Association 79: 1033-1038.

. Benton D, Burgess N (2009) The effect of the consumption of water on the

memory and attention of children. Appetite 53: 143-146.

Williams S, Nitschke M, Sullivan T, Tucker GR, Weinstein P, et al. (2012) Heat
and health in Adelaide, South Australia: assessment of heat thresholds and
temperature relationships. Science of the Total Environment 414: 126-133.
Wichmann J, Andersen Z, Ketzel M, Ellermann T, Loft S (2011) Apparent
temperature and cause-specific emergency hospital admissions in Greater
Copenhagen, Denmark. PLoS One 6.

Kovats RS, Hajat S, Wilkinson P (2004) Contrasting patterns of mortality and
hospital admissions during hot weather and heat waves in Greater London, UK.
Occupational and Environmental Medicine 61: 893-898.

Loughnan ME, Nicholls N, Tapper NJ (2008) Demographic, seasonal, and
spatial differences in acute myocardial infarction admissions to hospital in
Melbourne Australia. International Journal of Health Geographics 7.
Schwartz J, Samet JM, Patz JA (2004) Hospital admissions for heart disease: the
effects of temperature and humidity. Epidemiology 15: 755-761.

Dematte JE, O’Mara K, Buescher J, Whitney CG, Forsythe S, et al. (1998)
Near-fatal heat stroke during the 1995 heat wave in Chicago. Annals of Internal
Medicine 129: 173-181.

Bark N (1998) Deaths of psychiatric patients during heat waves. Psychiatric
Services 49: 1088-1090.

Bouchama A, Dehbi M, Mohamed G, Matthies F, Shoukri M, et al. (2007)
Prognostic factors in heat wave related deaths: a meta-analysis. Archives of
Internal Medicine 167: 2170-2176.

Naughton MP, Henderson A, Mirabelli MC, Kaiser R, Wilhelm JL, et al. (2002)
Heat-related mortality during a 1999 heat wave in Chicago. American Journal
of Preventive Medicine 22: 221-227.

Gasparrini A, Armstrong B, Kovats S, Wilkinson P (2011) The effect of high
temperatures on cause-specific mortality in England and Wales. Occupational
and Environmental Medicine 69: 56-61.

Batscha CL (1997) Heat stroke: Keeping your clients cool in the summer.
Journal of Psychosocial Nursing & Mental Health Services 35: 12-17.
Martin-Latry K, Goumy MP, Latry P, Gabinski C, Begaud B, et al. (2007)
Psychotropic drugs use and risk of heat-related hospitalisation. European
Psychiatry 22: 335-338.

Nordon C, Martin-Latry K, de Roquefeuil L, Latry P, Begaud B, et al. (2009)
Risk of death related to psychotropic drug use in older people during the
European 2003 heatwave: a population-based case-control study. American
Journal of Geriatric Psychiatry 17: 1059-1067.

Page LA, Hajat S, Kovats RS, Howard LM (2012) Temperature-related deaths
in people with psychosis, dementia and substance misuse. The British Journal of
Psychiatry 200: 485-490.

Schwartz J (2005) Who is sensitive to extremes of temperature?: A case-only
analysis. Epidemiology 16: 67-72.

Barnett AG, Tong S, Clements AC (2010) What measure of temperature is the
best predictor of mortality? Environmental Research 110: 604-611.
Vaneckova P, Neville G, Tippett V, Aitken P, FitzGerald G, et al. (2011) Do
meteorological indices improve modeling outcomes of heat-related mortality?
Journal of Applied Meteorology and Climatology 50: 1165-1176.

CSIRO (2007) Climate Change in the Sydney Metropolitan Catchments.
Prepared for the New South Wales Government by the Commonwealth
Scientific and Industrial Research Organisation (CSIRO). Australia.

February 2013 | Volume 8 | Issue 2 | 55459



