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Objectives The aim of this study was to investigate the association between high ambient temperature and

acute work-related injury, expanding on previous research in this area. Specifically we examined the relationship between both daytime and overnight temperatures and injury risk and disentangled physically demanding
occupational exposures from exposure to outdoor working conditions.

Methods A time-stratified case-crossover study design was used to examine the association between ambient
temperatures and acute work-related injuries in Melbourne, Australia, 2002–2012, using workers’ compensation claims to identify work-related injuries. The relationship was assessed for both daily maximum and daily
minimum temperatures using conditional logistic regression.

Results Significant positive associations between temperature and acute work-related injury were seen for
younger workers (<25 years), with the odds of injury increasing by 1% for each 1 °C increase in daily minimum
temperature, and by 0.8% for each 1 °C increase in daily maximum temperature. Statistically significant associations were also observed between daily maximum temperature and risk of injury for workers employed in
the highest strength occupations and for male workers, and between daily minimum temperature and injury for
all cases combined, female workers, workers aged 25–35 and ≥55 years, "light" and "limited" physical demand
groups, and "in vehicle or cab" and "regulated indoor climate" workplace exposure groups.
Conclusions Young workers, male workers and workers engaged in heavy physical work are at increased risk

of injury on hot days, and a wider range of worker subgroups are vulnerable to injury following a warm night.
In light of climate change projections, this information is important for informing injury prevention strategies.

Key terms case crossover study; climate change; occupational health; work injury.

In addition to contributing to a vast global health and
economic burden, injuries acquired during the course
of employment exact a heavy toll on individual workers, their co-workers and families. The International
Labor Organization estimates that world-wide, 317
million workplace accidents occur each year, equating
to 153 accidents every 15 seconds (1). Economic costs
of work-related health problems including injuries are
estimated to equal 4–6% of the gross domestic product
for most countries (2). Identifying and assessing risk

factors for work-related injury is essential for informing evidence-based injury prevention policies, programs
and practices.
There is some evidence that hot weather is a risk
factor for acute work-related injury (3–6). Understanding any association between ambient heat and workrelated injury is particularly important in the context of
a warming climate. Average global surface temperatures
have increased by 0.85 °C since 1880 and, for all greenhouse gas emission scenarios, are projected to continue
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increasing over future decades (7). This warming will
be experienced as more hot days and warm nights, fewer
cool days and cold nights, and more frequent, hotter
and longer heatwaves (8, 9). While the impact of hot
weather and heatwaves on mortality and morbidity have
been well documented at the population level (10, 11),
characterization of the impact of hot weather on occupational health is a relatively neglected area. The very few
studies that have focused on the relationship between
high ambient temperature and work-related injury are
difficult to compare as they differ in exposure measures
and outcome definitions and provide some contradictory
findings (3–6).
Particular segments of the labor market may be susceptible to the effects of heat on work injury risk. For
example, three studies (3, 5, 6) have identified young
workers as being at increased risk of injury, of which
two (5, 6) identified male workers as a vulnerable group.
The relationship between occupation and risk of acute
work-related injury during hot weather is less clear, with
some studies finding a stronger relationship between
increased temperature and risk of injury among “outdoor” workers (5), than others (6). These inconsistent
findings may be due to the classification systems used,
with previous studies often inferring particular working
conditions for all workers in a given industry (eg, construction) when this is likely not the case.
To date, most studies have assessed the association
between daytime thermal conditions and work-related
injury (4–6). There has been less focus on overnight
minimum temperature prior to the day of injury despite
the potential impact of warm overnight temperatures on
sleep quality and subsequent fatigue at work.
Finally, not all previous studies have taken into
account the potential confounding of the relationship
between increased temperature and risk of work injury
by demographic and labor market factors that may vary
by year, month, or day of the week (eg, for certain
occupations working hours tend to be greater towards
the end of the week and over the weekend) (12). By
using a case-crossover study design, considered an ideal
tool for examination of associations between short-term
exposures and acute health outcomes, these confounders, individual level time-stable confounders, and longer
term time trends can be controlled by design rather than
through complex modelling required with time-series
analyses (13, 14).
The objective of this study was to investigate the
association between high ambient temperature and acute
work-related injury, expanding on the small body of
previous research in this area. Specifically, we examine
the relationship between both daytime and overnight
temperature and injury risk and disentangle physically
demanding occupational exposures from exposure to
outdoor working conditions.

Method
Approach and setting
Using a case-crossover study design and workers’ compensation claims to identify work-related injury events,
we examined the association between outdoor summer
temperatures and acute work-related injuries sustained
by workers in the metropolitan Melbourne area, Australia, from November to March in 2002–2012.
Melbourne, the capital city of the south eastern
Australian state of Victoria, has a population of approximately 4.5 million (as of June 2015) (15). It has a
temperate climate characterized by changeable weather
conditions and warm-to-hot summers (16, 17). The
Melbourne metropolitan area, which includes the city of
Melbourne and surrounding suburbs, consists of 31 local
government areas (LGA), the outer borders of which
geographically define the area.
Outcome data
Administrative data derived from accepted workers’
compensation claims submitted to WorkSafe Victoria,
the statutory authority responsible for managing the
Victorian workers’ compensation scheme, was obtained
from the compensation research database for the financial years 2002–2012 (18). Approximately 85% of Victorian workers are covered under the WorkCover Victoria workers’ compensation scheme, with the remainder
being predominantly self-employed workers or those
employed by self-insured employers or by the Australian
Commonwealth Government which has its own insurance scheme (19). Work-related injuries are eligible for
WorkSafe Victoria compensation if they result in ≥10
days absence from work or incur healthcare costs above
a threshold value, but not if they are sustained on the
journey to or from work (20).
Information collected with each compensation claim
included information about the injured worker (age,
gender), characteristics of their employment (occupation
and industry), and their injury (date, work place, nature
of injury). To maintain confidentiality, data was provided
in a de-identified form and had been previously aggregated to the 31 LGA of the Melbourne metropolitan
area using postal codes. Information about each claim
included the worker’s residential LGA and the LGA of
the workplace where the injury occurred.
For this study, a case was defined as an accepted
worker’s compensation claim for a non-fatal or fatal
acute injury to a worker aged ≥15 years, inflicted at a
workplace located in the Melbourne metropolitan area
during the warmest months of the year [November
to March (inclusive)], during the period 1/11/2002–
31/12/2012. Our initial sample of workers’ compenScand J Work Environ Health 2017, vol 43, no 1
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sation claims that met these inclusion criteria totaled
49 321 claims. From this sample, we removed claims
for which meteorological data were missing (N=1292)
and for which the injury occurred on a public holiday
as these days were likely to have potentially confounding characteristics that were unlike other workdays
(N=1089). This left a final sample of 46 940 claims for
analysis (95% of the original sample).
Meteorological data
Historical meteorological data recorded by 16 weather
stations located within the Melbourne metropolitan
area over the period 2002–2012 was obtained from the
Australian Bureau of Meteorology. Of these, only 8 had
recorded temperature data over the entire study period.
Data from these weather stations was allocated to the
31 LGA on the basis of proximity to the most populous
part of that LGA (or the center of densely populated
inner-city LGA). Each LGA was allocated data from one
weather station only.
For our analysis, we focused on two measures of
temperature: maximum daily temperature (maximum
temperature in the 24 hours after 09:00 hours), and minimum daily temperature (minimum temperature in the 24
hours before 09:00 hours). In Melbourne, daily maximum and minimum temperatures are typically reached
between 14:00–17:00 hours and 05:00–06:00 hours,
respectively (21, 22). Therefore maximum daily temperature was used as a measure of the maximum daytime
temperature during the day of injury, while minimum
daily temperature was used to measure the minimum
temperature during the night before the day of injury.
We also extracted values for relative humidity as this
influences the effectiveness of thermoregulation (23). To
most closely match relative humidity to maximum and
minimum temperatures, we used the relative humidity
data recorded at 15:00 and 06:00 hours, respectively.
Occupational characteristics
Each compensation claim included the claimant’s occupation coded according to the Australian and New Zealand Standard Classification of Occupations (ANZSCO)
system. Using these codes, we grouped occupations
based on their physical demands and their potential
workplace temperature exposures. The classification
system used to assign particular strength and potential
workplace temperature exposures was originally developed by Human Resources and Skills Development
Canada (HRSDC) to assign particular characteristics to
occupations (24). Trained occupational analysts assigned
these characteristics to each occupational code using
a modified Delphi procedure (24). The relationship
between Canadian occupational codes and the ANZSCO
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codes was derived using a common coding structure for
each system: the International Standard Classification of
Occupations (ISCO – 88) (International Labor Office,
1988). The validity of this system has been previously
demonstrated using workers’ compensation data in
Victoria (25, 26).
Physical demands (based on minimum strength
requirements) were classified into four handling load
categories: (i) limited (≤5 kg), (ii) light (5–10 kg), (iii)
medium (10–20 kg), and (iv) heavy (>20 kg). Potential
workplace temperature exposures were classified into
five groups: (i) working only in a vehicle or cab; (ii)
outdoors with no work in a regulated indoor climate; (iii)
regulated indoor climate; (iv) unregulated indoor climate
and vehicle or cab; and (v) indoor and outdoor work.
Design and analysis
The association between ambient outdoor temperatures
and work-related injury was investigated using a timestratified case-crossover study design (13), whereby, for
each case, temperature exposure on the date of injury
affliction (case day) was compared to exposures when
injury did not occur [on the same day of the week, for
other weeks in the same calendar month and year (referent days)], using conditional logistic regression analysis models. Using this approach, known and unknown
time-invariant individual level confounders (eg, age,
gender, fitness, training, experience) are controlled by
design through cases serving as their own controls. By
matching case and referent days by day of the week,
month, and year, these confounders are also controlled
through design. As referent days are selected within a
short period of time from case days, confounding by
seasonal effects and long-term trends is minimized. We
ran separate conditional logistic regression models for
daily maximum and minimum temperature exposures.
The study was restricted to the months November to
March (inclusive) as these are the five warmest months in
Melbourne. Maximum daily temperatures were assigned
to case and referent days according to the LGA of each
claimant’s workplace, while minimum daily temperatures
were assigned to each case according to the claimant’s
residential LGA. Maximum temperature models were
adjusted for workplace LGA relative humidity at 15:00
hours, and minimum temperature models were adjusted
for residential LGA relative humidity at 06:00 hours.
In light of previous studies reporting non-linear
heat-injury relationships (3–5), we initially assessed
the relationship between temperature and the risk of
work-related injury for linearity by including a squared
temperature term in the maximum and minimum temperature models. When the squared term indicated a
curvilinear relationship, we subsequently estimated the
predicted probabilities based on the regression coef-
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ficients (for temperature and temperature squared) to
better understand the shape of the relationship between
temperature and injury. Where the squared term was
not significant, based on inspection of 95% confidence
intervals (95% CI) and P-values, we removed it from
the model and estimated the relationship between linear
temperature increase and risk of injury.
Given that previous studies have found the relationship between temperature and injury differs for particular labor market subgroups, we conducted a further
series of separate models for each temperature metric
stratified by gender (male/female), age group (15–24,
25–34, 35–44, 45–54 and ≥55 years), and occupational
characteristics. In this way, each subgroup analysis had
its own model and goodness-of-fit estimate (using the
likelihood ratio test).
Results are presented as odds ratios (OR) and 95%
CI of acute work-related injury associated with a 1 °C
increase in temperature measure. All analyses were conducted using Stata V.12 (Stata/IC 12.1.2011, StataCorp,
College Station LP, Texas, USA). P-values of <0.05
were considered statistically significant.
Ethics
On the basis that only non-identifiable data was to be
used in this study, exemption from ethics review was
received from the Monash University Human Research
Ethics Committee on 13 December, 2012.

Results
Characteristics of the 46 940 accepted compensation
claims that satisfied our case definition are provided in
table 1. The injury date for each of these claims defined
the case day. The majority of claimants were male
(72%) and aged 34–54 years (49%). After grouping
occupations according to occupational characteristics,
the physical demand groups most frequently represented
were "limited" and "light" (62% when combined) and
for potential workplace temperature exposures this was
"temperature regulated indoor climate" (45%).
Using the time-stratified approach to referent day
selection previously described, the 46 940 case days
were matched with a total of 147 864 referent days
(excluding public holidays and days with missing meteorological data). In this way, each case day was matched
with up to 4 referent days: 58.6% of cases were matched
with 3 referent days and 28.5% were matched with 4
referent days.
Table 2 shows that over the study period average
ambient temperatures derived from data recorded by
eight weather observation stations located in the Mel-

Table 1. Number and characteristics of accepted workers’ compensation claims for acute work-related injury, metropolitan Melbourne, 2002–2012 (November–March).
Total Melbourne metropolitan area
Gender
Male
Female
Age group (years)
<25
25–34
35–44
45–54
≥55
Physical demands (minimum handling load)
Limited (≤5 kg)
Light (5–10 kg)
Medium (10–20 kg)
Heavy (>20 kg)
Potential workplace temperature exposures
Working only in a vehicle or cab
Outdoors with no work in regulated indoor climate
Regulated indoor climate
Unregulated indoor climate and vehicle or cab
Indoor and outdoor work

Number

%

46 940

100.0

33 651
13 289

71.7
28.3

6241
9768
11 473
11 729
7729

13.3
20.8
24.4
25.0
16.5

14 285
14 586
12 836
5233

31.1
31.1
27.3
11.1

3720
2078
21 244
3363
16 535

7.9
4.4
45.3
7.2
35.2

bourne metropolitan area ranged from a daily maximum
temperature of 10.5–47.5 °C and daily minimum temperature of 0.2–30.5°C.
Assessment of linearity
There was no evidence of non-linearity in the relationship between maximum daily temperature and risk of
work injury. For minimum daily temperature, evidence
of a non-linear relationship between temperature and
risk of injury was present for all cases combined and
for various subgroups, namely, (i) female workers, (ii)
age groups 25–35 and ≥55 years, (iii) light and limited
physical demand groups, and (iv) "working only in a
vehicle or cab" and "regulated indoor only" workplace
exposure groups.
Figures 1 and 2 show changes in the predicted
probabilities derived from regression coefficients for
temperature and temperature squared, for minimum temperature values between 1.0–30.5 °C. All curves show
a U-shaped relationship, with risk of injury declining
with increasing temperature up to temperature values
of approximately 12–14 °C and risk of injury increasing
with increasing temperature after this point.
Association between ambient temperature and acute
work-related injury.
Table 3 presents the OR and 95% CI for associations
between ambient temperature and compensable acute
work-related injury for all cases combined, demographic
subgroups, and occupational characteristic subgroups.
For maximum daily temperature, estimates presented are
Scand J Work Environ Health 2017, vol 43, no 1
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Table 2. Descriptive summary of daily meteorological data, metropolitan Melbourne, Victoria, 2002–2012 (November–March).
[IQR=Interquartile range]
Meteorological measure (unit)
Maximum daily temperature (°C)
Minimum daily temperature (°C)
Relative humidity at 15.00 hours (%)
Relative humidity at 06.00 hours (%)

Maximum

10.5
0.2
3
1

47.5
30.5
100
100

Mean
25.1
13.5
48.8
78.9

Percentiles
25%

50%

75%

20.8
11.2
38
71

24
13.4
49
82

28.8
15.7
59
90

IQR a
8
4.5
21
19

Difference between the 25th and 75th percentiles of the measured parameter.

0,58

0,58

0,56

0,56

0,54

0,54

0,52

0,52

Probability estimate

Probability estimate

a

Minimum

0,5
0,48
0,46

0,50
0,48
0,46

Limited load

0,44

Light load

All claims
0,44

Female
25 - 34 years

0,42

55+ years
0,4

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Minimum daily temperature (°C)

Regulated indoor

0,42
0,40

Vehicle or cab
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Minimum daily temperature (°C)

Figure 1. Curvilinear relationships between minimum daily temperature,
all claims and subgroups defined by gender, and age group.

Figure 2. Curvilinear relationships between minimum daily temperature,
and subgroups defined by occupational characteristics.

those of conditional logistic regression models assuming
linear temperature – injury relationships. As both linear
and curvilinear relationships between minimum daily
temperature and acute work-related injury were identified, estimates of association using models assuming
linearity, and also of models for which evidence of a
curvilinear relationship was evident on incorporation of
a squared minimum daily temperature term, have been
presented for this temperature measure in two separate
columns of table 3.
Overall the strongest associations were seen between
both temperature measures and acute work-related injury
of younger workers (<25 years), with the odds of injury
increasing by 1% for each 1 °C increase in daily minimum temperature and by 0.8% for each 1 °C increase
in daily maximum temperature. Statistically significant
associations between daily maximum temperature and
risk of injury were also observed for workers employed
in the highest strength occupations and for male workers, and between daily minimum temperature and injury
for all cases combined, female workers, workers aged
25–35 and ≥55 years, light and limited physical demand
groups, and "in vehicle or cab" and "regulated indoor
climate" workplace exposure groups.

Discussion
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This study adds to the existing body of evidence that
high ambient temperature is associated with risk of
acute work-related injury for some worker sub-groups.
It has expanded on previous research by (i) assessing
associations with daily minimum temperature as well as
daily maximum temperature, (ii) using case-level data
in a case-crossover study design, and (iii) using a novel
classification of occupational characteristics
We observed that young workers, male workers
and workers engaged in the most physically demanding occupations were more vulnerable to injury with
increasing daytime temperatures. We also observed
that minimum overnight temperature influenced risk
of injury the following day for young workers and for
female workers, older workers, and workers engaged
in occupations that had the least onerous handling load
requirements and whose workplace temperature exposure was restricted to that experienced when being in a
vehicle or cab or in a regulated indoor climate.
The strength of associations between injury risk and
maximum daytime temperature that we identified for
young workers (OR 1.008, 95% CI 1.001–1.015) and
male workers (OR 1.003, 95% CI 1.000–1.006) were
similar to those reported by previous similar studies.
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Adam-Poupart et al (6) reported a significantly increased
risk of acute injury to workers aged <25 years [injury
risk ratio (IRR) 1.008, 95% CI 1.005–1.010] and male
workers (IRR 1.003, 95% CI 1.002–1.005) when data for
all health regions of Quebec, Canada, were combined.
Xiang et al (5) found a 0.5% increase in all accepted
injury claims (IRR 1.005, 95% CI 1.002–1.008) for
each 1 °C in daily maximum temperature <37.9 °C for
young workers and a 0.4% increase (IRR 1.004; (95%
CI 1.002–1.006) per 1 °C in daily maximum temperature
<37.7 °C for male workers.
We found no evidence of non-linearity in the relationship between maximum daily temperature and risk
of work-related injury. This is in agreement with the
findings of Adam-Poupart et al (6), but contrasts with
Xiang et al (5) and Morabito et al (27) who found that
reverse u-shaped curves best described this relationship.
Different populations and analysis approaches are likely
underlying factors influencing these discrepancies.
Our findings regarding risk of injury and minimum
temperature are new. We have not located any other studies in the literature that have focused on the association
between minimum daily temperature and acute workrelated injury. This measure, defined in our study as the
minimum temperature in the 24 hours before 09:00 hours
reflects the minimum overnight temperature prior to the
day of injury. We found a stronger association between
temperature and risk of injury to younger workers for
daily minimum temperature than for daily maximum
temperature, suggesting that overnight temperatures may
have a stronger influence on risk of acute injury than
maximum temperature for this age group. It is possible
that this effect is mediated through poor quality sleep. A
number of studies have identified insufficient sleep as a
risk factor for injury in an occupational setting (28, 29),
and lack of alertness has been suggested as a possible
mechanism for this association. A recent study found that
sleep restriction reduced vigilance in the heat and is a
risk factor for heat illness (30). Our observations of a curvilinear relationship between daily minimum temperature
and risk of injury showing minimal risk between approximately 12–14 °C may suggest an optimal sleep temperature. Further investigation of mechanisms underlying the
observed associations between risk of injury and warm
overnight minimum temperatures are warranted.
Our assessment of association between maximum
daily temperature and risk of injury according to occupational characteristics differed to previous studies. We
identified an association between maximum daily temperature and the highest physical demand occupations
(OR 1.008, 95% CI 1.001–1.016) but not between maximum daily temperature and the potential temperature
exposure category "outdoors with no work in a regulated
indoor climate". This differs to previous studies that
have stratified their analyses according to industrial sec-

tor aggregated to be outdoors or indoors. Xiang et al (5)
found an increased risk of injury for outdoor industries
combined (IRR 1.005, 95% CI 1.001–1.009), while
Adam-Poupart et al (6) found an increased risk of injury
to workers of six mostly outdoor work industrial sectors
combined but not for each of these sectors individually (IRR 1.004, 95% CI 1.001– 1.006). Occupational
groups categorized as heavy in the physical demand
group (minimum handling loads >20 kg) include bricklayers, plumbers, metal engineering process workers,
police, paramedics and emergency service workers, not
all of whom would be classified as outdoor workers.
Possible mechanisms behind the observed association
include increased metabolic heat generated with strenuous muscle activity and use of heavy, impermeable
personal protective clothing. Our classification system
has allowed for an exploration of risk associated with
physical demand separate from outdoor heat exposures.
Our findings suggest that being outdoors in itself may
not be the only factor increasing risk to acute workrelated injury on hot days.
The mechanism underlying an association between
high ambient temperature and acute work-related injury
is likely to be a combination of factors. Decrements
in performance of perceptual motor tasks have been
reported when ambient temperatures are high, and symptoms of heat exhaustion including fatigue and dizziness
could compromise workplace safety (31, 32). Sweaty,
hands, hot metal railings and tools, and foggy safety
glasses, combined with hurrying to finish tasks before
the heat of the day, could conceivably lead to slipping,
dropping tools, falls and errors of judgment. Workers
may discard restrictive personal protective clothing
when feeling uncomfortably hot; lack of sleep during
hot nights, as discussed, could impact on worker fatigue
and risk of injury on subsequent days.
Further research is needed to examine the likely
complex interplay of injury mechanisms underpinning
the observed increase in risk of younger workers to
injury during hot weather. Possible contributing factors
could include inexperience, inadequate training, workplace pressures, hydration behaviors, consumption of
alcohol, quality of housing and attitudes to strenuous
physical work on hot days. Further studies, particularly
qualitative studies, are needed to assess these factors and
others to inform prevention programs. A recent study
has reported that hospital emergency department (ED)
data captures a greater proportion of injuries to younger
people than compensation claims, with the rate of ED
presentations for acute injury being 3.5 times greater
than the rate of compensation claims for the 15–19-yearold age group in Victoria (33). Further investigation of
the association between temperature and work-related
injury to young people using ED data may shed more
light on the injury burden for this age group.
Scand J Work Environ Health 2017, vol 43, no 1
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Table 3. Odds ratios (OR) of acute work-related injury for each 1 °C increase in daily maximum temperature, daily minimum temperature,
and daily minimum temperature squared, Melbourne, 2002–2012, (November – March). [95% CI=95% confidence interval.]
Observations a

All cases
Gender
Male
Female
Age group (years)
<25
25–34
35–44
45–54
≥55
Physical demands (minimum handling load)
Limited (≤5 kg)
Light (5–10 kg)
Medium (10–20 kg)
Heavy (>20 kg)
Potential workplace temperature exposures
Working only in a vehicle or cab
Outdoors, no work in regulated indoor climate
Regulated indoor climate
Unregulated indoor climate and vehicle or cab
Indoor and outdoor work

Maximum
temperature

Minimum
temperature b

Minimum
temperature squared c

194 790

OR
1.002

95% CI
0.999–1.004

OR
.

95% CI
.

OR
1.001

95% CI
1.000–1.001

139 630
55 160

1.003
0.999

1.000– 1.006
0.994–1.005

1.001
.

0.997–1.005
.

.
1.001

.
1.000–1.002

25 867
40 528
47 617
48 666
32 112

1.008
1.002
1.004
0.999
0.998

1.001–1.015
0.996–1.007
0.999–1.009
0.994–1.003
0.987–1.002

1.010
.
1.006
0.998
.

1.001–1.020
.
0.999–1.013
0.991–1.005
.

.
1.001
.
.
1.002

.
1.000–1.003
.
.
1.000–1.002

59 259
60 519
53 370
21 642

1.000
1.003
0.999
1.008

0.996–1.005
0.998–1.007
0.995–1.004
1.001–1.016

.
.
0.999
1.009

.
.
0.992– 1.006
0.998–1.020

1.001
1.001
.
.

1.000–1.002
1.000–1.002
.
.

15 461
8631
88 251
13 928
68 519

1.008
0.997
1.002
0.995
1.002

0.999–1.016
0.986–1.009
0.999–1.006
0.986–1.004
0.998–1.006

.
0.994
.
0.996
1.000

.
0.978–1.011
.
0.983–1.010
0.994–1.006

1.002
.
1.002
.
.

1.000–1.004
.
1.001–1.003
.
.

Number of observations (sum of case days and referent days) included in the estimation of OR for these groups, subgroups and temperatures.
Odds of injury for subgroups for which no evidence of a non-linear relationship between minimum temperature and injury risk was evident.
c Odds of injury for subgroups for which evidence of a curvilinear relationship between minimum temperature and injury risk was evident.
a

b

Our study has a number of strengths. Firstly, it
is one of few published studies to quantify the association between high ambient temperatures and workrelated injury and one of the first to use a case-crossover
approach. A strength of this design is that time-invariant individual-level confounders are controlled for
by design as are time-variant confounders, such as
day, month, year and season that are important in the
context of the labor market. Secondly, we have used a
novel classification of occupational characteristics to
minimize the generalities of the ANZSCO occupation
codes, which groups workers according to broad specializations rather than describing physical requirements
or exposures relevant to occupational health during hot
weather. For instance workers within the construction
industry might be involved in outdoor, heavy labor most
of the time, or could be employed in an administrative
capacity in an air-conditioned indoor environment.
Thirdly, to minimize exposure misclassification we have
allocated meteorological exposure data to each case
according to the proximity of their workplace and place
of residence to the nearest of eight weather observation station. Finally we have used both daily maximum
and minimum temperatures in our analyses, providing
insight into the impact of warm nights on risk of injury
not previously explored.
This study has a number of limitations including
potential exposure misclassification, despite our efforts
to minimize this. We do not know the temperature to
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which individuals were actually exposed; only personal
temperature exposure monitors could provide this information, and this type of data collection is not feasible at
the population level. In addition, use of air-conditioning
will have contributed to exposure misclassification,
particularly for minimum temperatures, influencing our
estimates of association between ambient temperature
and injury risk. The Australian Bureau of Statistics
reports that >70% of Melbourne households own some
form of cooling air conditioner, and that this is unevenly
distributed with air conditioner ownership being least for
inner city dwellings, rental properties, and low income
households (34, 35). Information about which workers
have air conditioners and if they are used or are in working order, is not available to us. Also potentially contributing to exposure misclassification, we have assumed
that workers are at their place of residence overnight,
and that injuries have occurred during the day, therefore
not accounting for those who work at night or are shift
workers. We have not excluded personal leave days,
company "rostered days off" and a summer close-down
period, common in construction and building industries
in Victoria. Our system of occupational classification,
while validated in the Victorian context, may potentially
contribute to exposure misclassification that attenuates
estimated effects.
Secondly, a composite index of heat stress such as
apparent temperature may have given a more accurate
measure of heat stress, however we chose not to use this
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as the data available to us only permitted calculation of
an approximation, and the limited popular use of this
term in the Melbourne context limits its usefulness for
future policy translation. Thirdly, the case-crossover
design has a number of advantages over a time series
analysis, but there are also limitations. This design
assumes that exposures show no time trends within individual strata (14). We have attempted to minimize any
trends by selecting only the hottest months for analysis.
Additionally, any potential confounders acting at the
individual level that arise over a short period of time (eg,
state-related variables such as acute infection, co-worker
absence, power outage) will not be controlled with this
approach (36). Finally, the Worksafe Victoria threshold
criteria for acceptance of a workers’ compensation claim
(≥10 days absence from work and minimum healthcare
costs) very likely limits our sampling of work-related
injury cases to just the most serious injuries.
The findings from this study have important public
health implications. We have identified young workers,
male workers and workers engaged in the most physically demanding occupations to be vulnerable to injury
during hot days. We have also found minimum overnight
temperature to influence risk of injury the following
day for young workers, female workers, older workers, and workers engaged in low-strength work and in
climate controlled work environments. Across Australia,
future global warming is likely to be experienced as an
increased frequency and intensity of hot days, warm
nights, and heat waves (9). This will potentially expose
more workers to high ambient temperatures more often.
For Melbourne, the number of days with maximum
temperature exceeding 35 °C per year is expected to
increase from a current average of 8 days to 16–22 days
by 2070, depending on climate scenarios (37). Average
warming across Australia since 1910 has been greater
for overnight minimum temperatures (1.1 °C) than for
daytime maximum temperatures (0.8 °C) over the same
period, and this trend is set to continue (9). In light of
these climate projections, and the existing health burden
of work-related injuries, it is imperative that occupational health and safety policies and guidelines acknowledge the increased risks of acute work-related injury
associated with high ambient daytime and overnight
temperatures and that information about vulnerable
groups is incorporated in awareness raising training and
educational material targeted at workers and employers.
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