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Abstract
Australian urban firefighters work in hot environments, experiencing significant increases
in core temperatures (Tc), which then leads to changes in immune and inflammatory
function. These core temperatures can exceed recommended safe working limits and
increase the risk of premature fatigue, leading to injury or fatality. The highest cause of
line-of-duty injuries and fatalities in urban firefighters are cardiac events occurring
during, or in the hours following, emergency responses. These cardiac events have been
linked with increased thermal strain and immune and inflammatory function. The purpose
of this thesis was, by simulating work tasks in a hot environment (~100 °C), to gain an
appreciation of the thermal strain experienced by Australian professional urban
firefighters. By comparing responses to working in the heat, this thesis then aimed to
establish an understanding of how variations in individual physiology may impact on the
risk of a cardiac event following work in the heat. This information, along with the
evidence based post-incident cooling practices examined, can inform pre-conditioning
practices for professional urban firefighters, along with changes to standard operating
procedures to minimise thermal strain experienced during emergency responses in the
heat.

The first two studies of this thesis aimed to gain an appreciation of the physical profile of
a modern Australian urban firefighter and the impacts of design changes to their
protective clothing. In study 1, significant and ongoing age-related declines in
cardiovascular fitness (p<0.05), strength (p=0.001) and operational power testing
ix

(p<0.001) were detected. Also, age related changes to body composition including
increasing body-fat and decreasing lean mass were observed. Although firefighters are
recruited in relatively superior physical standards compared with the general population,
in a fire service lacking ongoing health and fitness programs, Australian firefighters
appear to be experiencing physical declines which may be exposing older firefighters to
an unacceptable level of risk of injury when they respond to emergency events.

Study 2 then examined the impacts of an impermeable moisture barrier in modern
structural firefighting personal protective clothing (PPC) in both extreme heat (~120 °C)
and more temperate (~17 °C) conditions. In the temperate environment, tympanic
temperatures (Ttymp) were moderately elevated (+0.3 °C) when wearing PPC containing
the moisture barrier, possibly increasing the thermal strain on operators in conditions
where nearly 95 % of firefighting responses occur (Keelty, 2013).

In the hot

environment, wearing the moisture barrier was associated with higher skin temperatures
(Tsk) (+0.6 °C), air consumption (+2.9 L.min-1) and change in body mass (+0.2 %).
Acknowledging these differences, the remainder of studies were conducted with
participants wearing the PPC containing the moisture barrier.

Studies 3, 4 and 5 then aimed to establish an understanding of the thermal strain
experienced by Australian urban firefighters during simulated search and rescue tasks.
All studies were conducted in a purpose built heat chamber (~100 °C) with study 3 and
study 6 conducted in heavy smoke and darkness to accurately simulate conditions likely
to be encountered during emergency responses. Study 3 demonstrated that in extreme

x

heat and low visibility, urban firefighters experience gastrointestinal temperatures (Tgi)
(group mean 38.9 (0.7) °C, individual peak 41.0 °C) that exceed safe working limits of
38.5 C for heat-acclimated, medically monitored workers (ISO, 2004). Increases in Tgi
in this study were associated with a 12.7 (12.3) % reduction in grip strength (-5.9 kg,
p<0.01), along with increased perceptions of effort (p<0.01) and thermal sensation
(p<0.01). To minimise the possible confounding effects of reduced visibility from heavy
smoke and darkness, studies 4 and 5 were conducted without smoke, and with a
standardised work rate.

Studies 4 and 5 demonstrated significantly elevated levels of platelets, leukocytes, tumor
necrosis factor-α (TNFα) and interleukin 6 (IL-6) (all p<0.01) following work in the heat,
despite a decrease in lipopolysaccharides (LPS). While leukocytes, TNFα and IL-6
remained elevated after 1 hour of rest, platelets also remained elevated following 24
hours of rest (p<0.01). Any residual elevations in immune and inflammatory function
following rest periods may be an issue when firefighters re-enter fire scenes or are
redeployed. To determine whether pre-conditioning of firefighters, in the form of
appropriate strength and conditioning programs, could be of assistance in reducing
immune and inflammatory activity, study 5 used body composition (dual energy x-ray
analysis; DXA) and maximal aerobic capacity (VO2

max)

profiles. Participants were

classified into low, moderate and high groups based on aerobic capacity, body-fat, lean
mass and BMI. The study demonstrated that higher body fat was associated with higher
resting levels of leukocytes, which then led to greater peak values. Higher peak values are
likely relevant to the cardiac risk profile of firefighters who are overweight or obese with
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elevated leukocytes being a predictor of thrombosis in otherwise healthy individuals
(Targer et al., 1996). Those firefighters with low absolute levels of lean mass may also
be at increased risk with significantly elevated leukocyte counts observed compared with
individuals with higher lean mass directly following work in the heat and after 1 and 24
hrs of rest (p<0.01, 0.02 and 0.05 respectively) despite similar pre-heat values. No
changes in other variables were detected based on body composition or aerobic fitness.
Finally, study 6 aimed to validate cold-water immersion (CWI) (~15°C for 15 minutes to
the umbilicus) and iced-slush ingestion (SLUSH) (7 g.kg-1.BW-1) as protocols to rapidly
cool heat-affected firefighters. The majority of Australian fire service use only passive
cooling methods, in the form of removing clothing and seeking shade, following work in
the heat. Therefore, study 6 aimed to compare this practice with CWI and SLUSH. The
study found that both CWI and SLUSH were effective at cooling firefighters to baseline
Tc within 15 minutes (cooling rates 0.093 and 0.092 °C.min-1 respectively), compared
with a passive cooling protocol (0.058 °C.min-1). Passive cooling alone resulted in Tgi
still consistent with the lower limits recommended (ISO, 2004). Thus, both CWI and
SLUSH are far more effective tools and should be considered by fire services for postincident cooling of heat-affected firefighters with studies 3 to 6 all demonstrating that Tgi
of firefighters likely exceeds safe working limits (ISO, 2004) after two work bouts in hot
environments.

Collectively, all studies in this thesis have demonstrated that Australian urban firefighters
experience significant levels of thermal strain during work tasks in the heat. This thermal
strain is then exposing them to elevated risks of a cardiac event through increased Tc,

xii

heart rates, immune and inflammatory activity and reduced fitness, which is likely
exacerbated by declining physical standards of firefighters as they age. Further, it is
likely that the current practice of passive cooling may return firefighters to active duty
with elevated Tc possibly increasing these risks on re-entry or redeployment. Thus, taking
into account any possible logistical limitations, adopting cooling methods including CWI
and SLUSH at fire scenes should be considered as effective tools for post-incident
cooling of firefighters following work in the heat.
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