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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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Chapter One: Introduction

1.1 Thesis Organisation
This thesis contains six original studies (chapter three (study one) to chapter eight
(study six)), along with a review of the literature (chapter two), which examines the
physiological effects on urban firefighters when they work in the heat. This thesis aims to
establish possible factors to minimise the effects of working in the heat and thereby
increase the safety of urban firefighters. Chapters three and four are descriptive
chapters, which characterise the profiles of contemporary Australian professional urban
firefighters and the impact of modern design changes to their protective equipment.
Chapters five and six describe the effects of working in the extreme heat that defines
much of the operating environment of modern urban firefighters. Findings from these
initial descriptive studies form the basis of the final two chapters (chapters seven and
eight), which aim to establish a profile of heat resistance for possible strength and
conditioning programs and also to inform an evidence-based approach to post-incident
cooling.

Each study is presented in a format for publication in different peer reviewed journals and
as a consequence some difference in presentation has occurred. Specifically, each study
consists of its own abstract, introduction, methodology, results and discussion sections.
As a consequence, some repetition has occurred between the thesis introduction,
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literature review and the introductions of individual chapters. To maximise coherence
throughout this thesis, the reference lists from each chapter have been combined at the
conclusion of the thesis. Additionally, to ensure cohesion throughout this thesis, each
chapter is preceded by a foreword.

Description of a firefighter
and their working conditions

What physiological changes
occur in firefighters when they
work in the heat?

Can the negative effects
of heat exposure be mitigated
through preparation and postincident rehabilitation?

Figure 1.1: Schematic of the thesis structure
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1.2 Significance of the Research
The research contained within this thesis will further increase the understanding of the
effects of working in the heat, and provide evidence-based approaches to pre- and postincident practices that will enhance the safety of Australian urban firefighters. When
firefighters respond to emergency events, they encounter a range of environmental
conditions in situations of extreme stress and duration. Possibly as a result, and regardless
of improvements to technology and operational tactics, firefighting remains one of the
most dangerous civilian occupations, with the number of line of duty fatalities regularly
exceeding 100 deaths per year in the United States of America (USA) alone, along with
over 87,000 injuries. Though fatalities are rare in the Australian context, it is unclear
whether Australian firefighters are exposed to the same risk factors that lead to the high
numbers of line of duty injuries and fatalities experienced in the USA. Due to
inconsistencies in reporting methodology, and lack of cohesive data collection between
Australian fire services, the number of workplace injuries in firefighters is also difficult
to quantify. Regardless, to ensure that Australian firefighters are as safe as possible
during work, this thesis aimed to establish the underlying mechanisms of heat strain in
urban firefighters. In addition to short term exposure, Australian firefighters participate in
multi-day deployments during and following natural disasters (wildfire, earthquake and
floods) and it is likely that any acute effects of working in the heat may be sustained into
subsequent work bouts, thus increasing their risk of injury.
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1.3 Purpose of the Research
This thesis aimed to evaluate the physiological strain experienced by Australian urban
firefighters when they work in the heat. By understanding the impacts of firefighter
physical capacity, their protective equipment and how these relate to emergency
firefighting in the heat, this research aimed to inform standard operating procedures for
incident controllers and policy makers in urban fire services, to ensure that firefighters
remain effective and safe during emergency responses. To achieve this, the research
program aimed to understand the extent of physiological strain on firefighters during and
directly following firefighting tasks in the heat, to mitigate and minimise negative
outcomes for firefighters.

4

1.4 Research Questions
The research questions asked in this thesis have been separated into six separate studies.
Some repetition of data occurs between studies, however this is limited only to core
temperatures and perceptual responses. The details of studies are listed below:

1.4.1 Study One (Chapter Three)
The ageing Australian Firefighter: An argument for age based recruitment and
fitness standards for urban Fire Services.
i.

What are the physical traits of an Australian firefighter?

ii.

Is ageing having a negative effect on the physical performance of
Australian firefighters?

Australian urban fire services conduct rigorous physical ability testing during
recruitment, inclusive of aerobic fitness, power and strength assessments. Recruitment
tasks, with the exception of a ‘shuttle run’, are designed to be job specific and replicate
the requirements of operational firefighting tasks. However, in Australia, despite
recommendations from the peak advisory body, the Australasian Fire and Emergency
Services Authorities Council (AFAC), no ongoing testing or monitoring of the physical
capacity of professional urban firefighters is conducted post-recruitment.

Although firefighters are generally considered to be a fit and healthy cohort, it is
hypothesised that they experience similar declines in body composition and fitness as the
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general population. Although it is likely that older firefighters are not as strong or fit as
younger firefighters, they are still tasked with the same physical tasks at work.
Intuitively, should there be a decline to level which increases their risk of injury, their
safety at fire scenes may be compromised. Thus, study one aimed to determine whether
there is an association between ageing and changes in fitness and body composition in a
cohort of professional urban firefighters..

1.4.2 Study Two (Chapter Four)
Physiological Responses to design adaptations in Firefighting PPC during simulated
firefighting tasks.
i.

What effect does modern protective clothing have on the physical strain of
firefighters during work in temperate and hot environments?

The impacts of wearing heavy, personal protective clothing (PPC) while working in the
heat have been extensively studied, with an increased thermal load regularly observed.
Changes to the Australian Design Standards (AS/NZS:4967) now require structural
firefighting PPC to contain a moisture barrier made of materials including Gore-Tex, to
mitigate the risk of steam burns and chemical ingress. The requirement for a moisture
barrier is only a recent design change for many Australian fire services despite being
commonplace in many overseas fire services. Structural PPC is regularly worn during
emergency responses including those where fire protection is largely unnecessary, such
as motor vehicle accidents and rescue tasks in temperate ambient conditions. Anecdotal
reports from firefighters indicate that they feel hotter when wearing PPC containing a
moisture barrier across a range of operating conditions. Thus, it is hypothesised that PPC
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containing the moisture barrier will increase Tc and Tsk and possibly lead to increased
fatigue compared with PPC lacking this feature. Thus, study two aimed to establish
whether the addition of a waterproof moisture barrier is increasing the thermal strain of
recruit firefighters when they complete simulated work tasks in both extreme heat (120
°C) and also temperate (17 °C) operating conditions.

1.4.3 Study Three (Chapter Five)
Repeat work bouts increase thermal strain for Australian Firefighters working in
the heat.
i.

What level of physiological strain do firefighters endure when they
complete repeated work-bouts in a extreme heat environment?

Firefighters regularly work to suppress fires where ambient temperatures can exceed 100
°C (Foster & Roberts, 1994). Although research has been conducted into the responses of
firefighters to work in the heat, protocols have generally been limited to temperatures
well below this threshold, or with simulations not reflecting actual work tasks or
operating procedures. In a purpose built heat chamber set at 105 (5)°C, in darkness and
smoke, study three reflects the operating conditions that Australian urban firefighters
encounter during emergency structural firefighting responses. During these events,
firefighters regularly re-enter structures with minimal rest periods. Thus, to maximise the
validity of testing, participants in study three completed two 20-minute work bouts (the
practical limit of air in a self-contained breathing apparatus (SCBA) cylinder) separated
by a 10-minute passive rest. It must be noted that the overehead radiant heat present in a
burning structure would be higher than participants in this thesis were exposed to and as
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such results may underrepresent those seen in live fire emergency events despite lateral
exposure to radiant heat within the heat chamber likely increasing as the metal walls heat
through conduction.

The fire service in the present study, like the majority of Australian fire services has no
formal protocol regarding safe working limits on the number of re-entries that firefighters
may undertake. It is hypothesised that following a second work bout in the heat, Tc will
be in excess of safe working limits (ISO, 2004) along with corresponding increases in
thermal sensation and RPE. Thus, study three aimed to establish the thermal strain on
experienced urban firefighters when they conduct a simulated search and rescue task in
extreme heat, low visibility conditions.

1.4.4 Study Four (Chapter Six)
Immune and inflammatory responses of Australian firefighters after repeated
exposures to the heat
i.

What are the immune and inflammatory responses of firefighters to repeat
work-bouts in the heat?

Changes in immune and inflammatory function have previously been linked with cardiac
events in firefighters following work in the heat. However, both the acute effects and also
the extent of ongoing perturbations are largely unknown in Australian firefighters.
Previous analysis of immune responses to the heat have been limited to only 90 minutes
following simulated work tasks. Given that Australian firefighters re-enter fire affected
buildings and work in multi-day deployments, any sustained increases in immune activity
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or inflammation need to be understood to properly inform standard operating procedures
for fire services. Compared with study two and three, study four was conducted in a
heat chamber lacking smoke, with participants completing a standardised work rate, to
minimising the possibly confounding elements of skill and pacing. It was hypothesised
that increased thermal strain would result in significant changes in immune and
inflammatory function following work in the heat, and that those changes would be
sustained following both 1 and 24 hrs of passive rest. As such, participants were
monitored for changes in Tgi and heart rates at 5-minute intervals during heat testing.
Blood was collected from participants at four time points (pre-heat, post-heat and at
recovery intervals of 1 and 24 hrs) and analysed for changes in leukocytes, platelets, Creactive protein (CRP), tumor necrosis factor-α (TNFα), interleukins (IL)-6 and 10 and
lipopolysaccharides (LPS). Thus the aim of study four was to establish a timeline of
immune and inflammatory changes in firefighters following work in the heat, to inform
safe working practices regarding re-entry and re-deployment of firefighters.

1.4.5 Study Five (Chapter Seven)
Body composition affects immune responses of Australian firefighters in the heat.

i.

Does body composition and aerobic fitness affect the immune and
inflammatory responses of firefighters when they work in the heat?

Study five aimed to establish whether differences in body composition and/or aerobic
fitness affects changes in immune and inflammatory function. To mitigate the
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confounding influence of pacing and skill compared with study three, participants
undertook testing without smoke and in a moderately lit environment. The work/rest
cycles were common to study three,four and six, with participants exposed to high
ambient temperatures (100 (5) °C) during testing. It was hypothesised that differences in
body composition and aerobic fitness would impact on the extent of the changes in
immune and inflammatory function reported in study four, with those participants
demonstrating the highest levels of body-fat and lowest absolute levels of lean mass and
aerobic fitness showing the greatest changes. Given that study one demonstrated age
related changes in body composition (increased body-fat and reduced lean mass),
strength, power and aerobic fitness, should poorer physical condition be leading to
greater immune and inflammatory changes, then older firefighters may be at a greater risk
than their younger colleagues.

Prior to testing, participants completed physiological profiling including body
composition using dual energy x-ray analysis (DXA) and also aerobic fitness (VO2 max)
using open-circuit spirometry and maximal treadmill testing. Participants then completed
a repeat work task in the heat, with blood drawn at four time points (pre-heat, post-heat,
post-heat + 1 hr and post-heat +24 hrs) where levels of leukocytes, platelets, tumor
necrosis factor-α (TNFα) and lipopolysaccharides (LPS) were analysed. Individuals were
grouped into tertiles (low, moderate and high) based on differences in body-fat, lean
mass, body mass index (BMI) and VO2

max.

Changes in immune and inflammatory

factors were then compared based on those tertiles, to identify any possible links between
body composition, aerobic fitness and the effects of work in the heat.
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1.4.6 Study Six (Chapter eight)
Cold water immersion and iced slush ingestion are effective at cooling firefighters
following a simulated search and rescue task in a hot environment.
i.

Are cold water immersion and iced slush ingestion effective at rapidly
cooling firefighters following work in the heat?

Participants in studies three, four and five all experienced elevated Tgi following work
tasks in the heat. High Tgi can result in changes to immune and inflammatory function,
along with premature fatigue. These changes may then lead to a reduction in the safety of
firefighters when they re-enter fire scenes or are redeployed to other operational tasks.
Cold-water immersion has long been considered the gold standard for cooling heataffected individuals (Casa, 2007) and iced slush ingestion (Ross et al., 2011) has been
shown to reduce Tc in athletic settings. Thus it was hypothesised that both cooling
modalities would be effective at rapidly cooling firefighters following work in the heat.
Therefore, study six aimed to evaluate the effectiveness of cold-water immersion (15 °C
to the umbilicus) and iced-slush drinks (7 g.kg-1.body-weight-1), compared with the
current practice of resting in the shade.
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1.5 Limitations
To accurately assess the working conditions that firefighters experience, it is crucial that
the testing environment is as realistic as possible. For studies in this PhD thesis, this
meant, where possible that participants needed to be exposed to extreme temperatures,
which required highly specialised protective clothing and equipment, and required
modification to the way in which testing was done. Specifically:



The use of rectal probes to measure Tc was not practical due to the requirements
for firefighters to work in protective clothing in a high-heat environment where
they moved large distances in a range of positions including crawling and
climbing (Studies three, four, five and six).



Access to participants while they were in the heat chamber was limited to ensure
the safety of the researchers. As a result, to measure perceptual and physiological
responses, participants had to exit the heat chamber briefly (<20 seconds) every 5
minutes during heat testing.



Maintaining a standardised work rate is problematic when participants were asked
to work in smoke and darkness (Studies three and six), as they would experience
in a ‘real-world’ structural firefighting event. Likewise, simulating the intensity of
‘real-world’ firefighting tasks is difficult particularly given that the pacing of
firefighters is generally dictated by the work task and environment. Thus, the skill
and experience of individuals likely played a role in their work performance in the
heat during those studies that utilised darkness and smoke. By introducing pacing
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of effort (study four and five) any changes in temperatures or immune /
inflammatory function, likely underestimates the changes that would be
experienced during time (and life) critical work tasks during structural firefighting
responses.

Further limitations surrounding the investigation of urban firefighters that impacted on
the design of studies in this thesis included;



To ensure ecological validity and to reduce the possible confounding elements of
skill and familiarisation with firefighting work, participants were all volunteers
from a professional urban fire service. As participants were all volunteers,
firefighters who may have been less fit, or with poorer body composition may
chosen not to participate. Thus, those participants who did volunteer may not
accurately represent the overall Australian firefighting population.



Female firefighters make up approximately 2 % to 5 % of urban fire services
worldwide. Volunteers for the studies in this thesis were from a fire service made
up of only 335 members, with 6 operational female firefighters. As such, and
despite attempts to recruit females, in all studies except for study five, no females
were represented.
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1.6 Delimitations
To maximise the validity of findings in this PhD thesis, studies were conducted in a
purpose built heat-chamber set at approximately 100 °C, the minimum limit representing
the hazardous temperatures that firefighters face in structure fires (Foster & Roberts,
2004). Further, in studies three and six participants worked in darkness and smoke as
they would encounter during emergency firefighting tasks. When firefighters complete
search and rescue tasks, a task represented throughout this thesis, they do so with limited
visibility in the form of smoke. By minimising the sensory awareness of firefighters, in
combination with high radiant heat, this increases cognitive and physical strain as they
negotiate unfamiliar buildings. Thus, smoke and darkness were included.



Participants in this thesis were all (except study two – recruit firefighters)
experienced professional urban firefighters working in conditions experienced in
the Australian context, using actual standard operating procedures (SOP’s) used
in that jurisdiction.



To ensure validity, Tgi was measured in studies three, four, five and six by
ingestible thermometers (HQ Inc., Palmetto, Florida) with Tamp taken in study
two. When participants exited the heat chamber for assessment of Tgi and
perceptual responses, timing clocks were stopped to ensure that all participants
experienced similar exposure times in the heat chamber.



To minimise the possible confounding effects of skill and pacing in studies three
and six, participants in studies four and five were tasked with a standardised
14

work protocol, along with increased visibility by removing the smoke from the
heat chamber.


Hydration status could play a role in changes to Tc, inflammation and immunity.
As such all participants consumed a standardised volume of fluid during the
intermediate rest period. In studies four and five the hydration status of
participants was assessed by urine specific gravity (USG) to ensure that they were
euhydrated (<1.020) prior to undergoing heat testing.



Accurately assessing the physical characteristics, through appropriate testing
methodology of individuals increased the validity of the results. To minimise the
possible errors inherent in any testing method, testing of individual physical
characteristics was completed with ‘gold standard’ methods including dual energy
x-ray analysis (DXA) and also, in studies four and five, the use of open-circuit
spirometry to assess maximal aerobic capacity.



Although female firefighters make up a small percentage of the firefighting
workforce, recruiting for study five specifically targeted the involvement of
females, resulting in 3 (out of a possible 6 in the fire service) participating in the
study.

15

1.7 Definitions of Selected Terms
ACTFR:

Australian Capital Territory Fire and Rescue service (Canberra, Australia)

ACTRFS:

Australian Capital Territory Rural Fire Service (Canberra, Australia)

AFAC:

Australasian Fire and Emergency Services Authorities Council

ANCOVA:

Analysis of covariance

ANOVA:

Analysis of variance

AS/NZS:

Australian Standard / New Zealand Standard

BARR:

PPC containing moisture barrier

BM:

Body Mass

BMI:

Body mass index (kg.m-2)

BPV:

Blood plasma volume

DXA:

Dual energy x-ray absorptiometry

Emax:

Maximum evaporative heat loss capacity

Ereq:

Required evaporative heat loss

HAZMAT:

Hazardous materials

Hb:

Haemoglobin (%)

Hct:

Haematocrit (%)

HR:

Heart rate (beats.min-1)

HRmax:

Maximum heart rate (beats.min-1)

IAFC:

International Association of Fire Chiefs (USA)

IAFF:

International Association of Firefighters (USA)

ISO:

International Organisation for Standardisation

MST:

Mean skin temperature (C)
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MVA:

Motor vehicle accident

NBAR:

PPC without a moisture barrier

NBC:

Nuclear, Biological and Chemical PPC

NFPA:

National Fire Protection Association (USA)

PPC:

Personal protective clothing

QFES:

Queensland Fire and Emergency Services

SCBA:

Self-contained breathing apparatus

SOP:

Standard operating procedure

TARM:

Temperature of the skin on the forearm (C)

Tc:

Core temperature (C)

TCHEST:

Temperature of the skin on the chest

Tes:

Esophageal temperature (C)

Tgi:

Gastrointestinal temperature (C)

TLEG:

Temperature of the skin on the calf (C)

Trec:

Rectal temperature (C)

Tsk:

Skin temperature (C)

TTHIGH:

Temperature of the skin on the thigh (C)

TBW:

Total body water

USAR:

Urban search and rescue

USG:

Urine specific gravity

VO2:

Volume of oxygen

VO2 max:

Maximal aerobic capacity (ml.kg-1.min-1)

WC:

Waist circumference (cms)
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WFI:

Wellness and Fitness Initiative

WHO:

World Health Organisation

YYRT1:

Yo-yo Intermittent Recovery Test level 1 (Bangsbo et al., 2008)
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Chapter Two: Review of Literature
2.1 Introduction
Emergency responses for urban firefighters often involve high intensity, time critical
tasks in adverse environmental conditions requiring firefighters to operate at or near their
maximum physical capacity (Dobson et al., 2013; Elsner & Kolkhorst, 2008; Holmer &
Gavhed, 2007; Kales et al., 2003; Smith, D. L. et al., 2001; Taylor, N. A. S. & Taylor,
2012). Fire suppression tasks are completed in conjunction with a range of technical
rescue activities which can include complex and time consuming extrications from motor
vehicle accidents and structural collapse in a range of environmental conditions.
Operational environments can also be characterised by extreme heat and smoke, which
requires firefighters to wear highly specialised protective personal protective clothing
(PPC) and self-contained breathing apparatus (SCBA). While PPC and SCBA protect
firefighters from the environment, they are heavy (~20 kg) and impermeable, and as such
they increase thermal and physiological loads during work. The increased thermal strain
may be leading to an increased risk of injuries and fatalities in Australian firefighters
however, given limited research in this jurisdiction, this link is primarily unknown.

According to the United States Fire Administration (USFA), the rate of firefighter
fatalitieseoccurring during structural firefighting responses, fell by approximately 59 %
between 1977 and 2000 (Hodous et al., 2004), possibly due to improved technology and
firefighting tactics. However, during that time, the rate of serious injuries and fatalities
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occurring as a result of traumatic events, including from structural collapse or burns,
increased from 1.8 to 3.0 deaths per 100,000 fires (Burton, 2007; DeJoy et al., 2010).
Fire services invest heavily in new technology to assist firefighters safely complete their
emergency work tasks. However, despite these efforts, fire fighting remains one of the
most dangerous civilian occupations ranking 13th out of 263 for workplace fatalities in
the United States of America (USA/US) (Fabio et al., 2002), at an average of ~100 line
of duty deaths per year (CDC, 2013; Smith, D et al., 2013). Overall, the bulk of
firefighter injuries and fatalities occur from medical conditions (47 %), primarily stroke
or cardiac arrhythmia, followed by motor vehicle accidents occurring in transit to
emergency events (37 %) (Hodous et al., 2004).

Most firefighter injuries and fatalities occurring during work relate to medical conditions,
in particular cardiovascular events. An 11 year study into 1144 deaths of fire fighters in
the USA, found that cardiac arrhythmias, the most prevalent cause of death during
emergency fire suppression tasks (Burton, 2007), were 10 to 100 times more likely to
occur during emergency responses than during non-emergency duties (Kales et al., 2007;
Kales et al., 2003; Willich et al., 1993). The high rates of cardiac events occurring during
emergency responses are likely triggered by rapid increases in heart rates and blood
pressure (Michaelides et al., 2008) as a result of increased physical activity during fire
suppression (Gledhill & Jamnik, 1992) following long sedentary periods. Furthermore,
for every sudden cardiac death (SCD), almost 17 non-fatal events occur during
emergency operations (Karter & Molis, 2011; Smith, D et al., 2013). It is unclear how
many of these injuries are directly related to work in the heat. Firefighters work in
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dangerous, hot work environments, which due to the impacts of changing fuel loads in
modern houses and global warming, are likely to be increasing the hazards to individuals.
To compound these changes, the changing physical fitness standard of recruits and the
ageing workforce, combined with the impact of technology on modern firefighters are
likely to influence these trends in different directions. Understanding changing risk
profiles will inform policy directions for fire services regarding the safety of their
members during emergency response tasks.

Australian fire services employ professional, semi-professional and volunteer firefighters.
A report by the Monash University Centre for Occupational and Environmental Health
(Glass, 2014) showed that in Australia, professionalism appears to reduce the rate of
injury and fatality in fire services. This may, in part, be due to differences in fitness
standards, as volunteers are not subject to the same scrutiny during recruitment as
professional firefighters. However, this discrepancy is known only at recruitment, not
throughout their careers, so the long term influence may be limited. However, with no
regular testing of the physical standard of urban firefighter’s post-recruitment in
Australia, this is purely speculation at this point. Volunteers in Australia are primarily
engaged on a seasonal basis to suppress wildfires during summer only, and consequently
may engage in lower levels of ongoing training throughout the remainder of the year, yet
paradoxically be exposed to prolonged arduous work tasks in the hottest parts of the year.
Thus, to facilitate the introduction of appropriate health and wellbeing programs, along
with appropriate operating procedures for use in the context of Australian fire services, it
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is crucial that an understanding of the physical profile of firefighters, and the relationship
with thermal strain resulting from their working conditions is undertaken.

2.2 Injury and fatalities in urban fire services
Between 40 % and 50 % of line of duty deaths in firefighters occur due to sudden cardiac
events (Burton, 2007; CDC, 2013; Fahs et al., 2011; Kales et al., 2003; Smith, D. L. et
al., 2013) during, or in the 24 hour period following high intensity work (Rosenstock &
Olsen, 2007; Yang et al., 2013). Despite only 2 % to 5 % of emergency responses being
related to high risk tasks such as structural firefighting (Kales et al., 2003; Keelty, 2013),
36 % of cardiac fatalities occur during these tasks. The high incidence of fatalities in
urban fire services is likely related to the physical strain endured during high tempo, high
intensity firefighting work in the heat wearing heavy, impermeable PPC. Wearing PPC
leads to high Tc, possibly contributing to acute changes in immune and inflammatory
function (Hostler et al., 2014; Smith, D et al., 2005), which may then impact on the risk
of cardiac events at work. However, the physiology of the working conditions of urban
firefighters are unknown at intervals greater than 90 minutes, which will likely impact on
the risk profile for injury and fatality when they are re-tasked, redeployed or working in
multi-day deployments.

Despite the high rates of cardiac events in firefighters, they occur at only 90 % of the rate
of the general population (Glass, 2014; Rosenstock & Olsen, 2007). Termed the ‘healthy
worker effect’, this reduced rate may in part be due to comparatively superior fitness and
body composition compared with the general population, with recruitment processes
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likely removing those individuals who may be predisposed to high levels of risk in the
later stages of their career (Rosenstock & Olsen, 2007). However, in Australian fire
services, there is currently no ongoing monitoring of the physical fitness of individual
firefighters following their initial recruitment. Thus, the lack of ongoing health and
fitness assessments in Australian fire services, combined with limited research in that
country, makes assessment of the current fitness standards of professional firefighters
unclear. This is further complicated by a lack of ongoing medical checks of professional
firefighters in Australia, making it hard to detect underlying risk factors in this
population. Instead, information regarding physical competency of firefighters can only
be drawn from other countries, primarily from the USA, making accurate assessment of
the risk profile of Australian firefighters problematic and likely inaccurate at this point.
This thesis aimed to address this deficiency.

Excluding injuries attributed to cardiac events, nearly 1/3rd of firefighters in the USA
(84,250 in 2009) are injured on duty every year, resulting in between 2.7 and 7.8 billion
dollars in workers compensation costs for fire services (Jahnke et al., 2012). Further, the
injury rates in firefighters represent between 5 and 8 times that of other workers (Kuehl et
al., 2012) in that country, raising questions regarding the validity of the ‘healthy worker’
effect reported by Glass (2014). However, it is possible that the injury rates for urban
firefighters may be related to their work, rather than their physical competency, with up
to 77 % of workplace injuries attributed to musculoskeletal strain during physical work
tasks (Poston et al., 2011). Dislocations, strains, sprains and lower back injuries are
particularly prevalent during firefighting operations and account for 57 % of non-trauma
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injuries during these events (Jahnke et al., 2013; Mayer et al., 2012; Michaelides et al.,
2008). However, without fully understanding the physical standard of Australian
firefighters, and the strain that working in hot environments causes, changing work
practices to reduce injuries may have only a limited effect, due to the possible
confounding influences of both variables on the high rates of injuries. Understanding the
physical standard of firefighters requires that detailed examination of body composition,
strength and aerobic fitness, with specific focus on likely age related changes following
recruitment needs to occur.

Firefighters who are obese (body mass index [BMI] >30 kg.m-2, waist circumference
[WC] >102 cm) are 3 to 5 times more likely to sustain musculoskeletal injuries than those
of normal weight (BMI < 25 kg.m-2, WC <94 cm) particularly for back injuries, resulting
in 34 % of overweight firefighters attending medical specialists in any given year
(Jahnke et al., 2013; Kuehl et al., 2013; Kuehl et al., 2012; Lali & Kruljac, 2013). Thus,
to minimise high workers compensation and rehabilitation costs in firefighters from
workplace injuries, reducing obesity should be a priority for fire services, with every unit
increase in BMI resulting in 5 % to 9 % increased lost work time in US firefighters
(Kuehl et al., 2012; Poston et al., 2012; Soteriades et al., 2008). Understanding the role
that body composition plays in the strain that Australian firefighters experience during
firefighting tasks is currently unclear, particularly with reference to thermoregulation and
immune and inflammatory changes. Changes in immune and inflammatory function, a
possible factor in the high rates of cardiac events in this population, are likely related to
the interaction between body composition and heat, although this has not been
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established in the literature. Thus, a focus on research into the relationship between
immune and inflammatory function, and body composition and fitness of firefighters was
specifically addressed in this thesis.

The aerobic fitness standard of urban firefighters may be relevant to the rates of
musculoskeletal injuries in the workplace, with firefighters demonstrating maximal
aerobic capacities (VO2 max) less than 43 ml.kg-1.min-1 more than twice as likely to be
injured than those with VO2 max above 48 ml.kg-1.min-1 (Poplin et al., 2014). It must be
noted that much of the difference in the study by Poplin et al., (2014) were attributed to
ageing, with a possible confounding influence of changing job tasking (ie promotion to
senior ranks) due to increasing rank noted by the authors. However, while links between
VO2 max and injuries in firefighters has been postulated, a clear description of the state of
Australian firefighters has not been established. To date, any links between aerobic
fitness and performance in extreme heat environments are largely unknown and were a
focus of both this review and studies within this PhD thesis. Regardless of limited
information in the Australian context, it is likely that improving modifiable risk factors in
Australian firefighters, such as increasing aerobic fitness (Peate et al., 2002) and
reducing obesity (Kuehl et al., 2012), would result in the measurable reductions in
musculoskeletal injuries, and as a consequence, medical expenses for fire services (Kales
et al., 2003; Kuehl et al., 2013). However, it is critical that fitness programs are
appropriately designed and applied, as not all mandatory programs have been shown to
be effective, particularly when firefighters are not fully engaged in those programs, with
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firefighters demonstrating only marginally better results than administrative staff, despite
higher reported physical training time in some settings (Azabdaftari et al., 2009).

To ensure that firefighters demonstrate appropriate levels of physical fitness and body
composition, many researchers (Baur, Christophi, & Kales, 2012; Huang & Acevedo,
2011; Mehrdad et al., 2013; Peate et al., 2002), as well as industry advisory bodies
(AFAC, 2003; NFPA, 2003), recommend ongoing annual health and wellbeing
assessments of firefighters. Firefighter deaths and injuries from cardiac events are less
likely to occur in those demonstrating low levels of modifiable risk factors for cardiovascular disease (CVD) (Rosenstock & Olsen, 2007). To stress this point, it turn out that
25 % of line-of-duty fatalities occur in those with pre-existing arterial diseases (Kales et
al., 2003). However, 75 % of those firefighters dying of a cardiac event at work had not
undergone medical or fitness assessments within the previous year (Geibe et al., 2008;
Kales et al., 2003; Smith, D. L., Fehling, Frisch, et al., 2012). Thus, by conducting
ongoing regular medical monitoring and assessment of firefighters (NFPA, 2006), it is
possible that fire services, and indeed individual firefighters themselves, can identify and
possibly remedy modifiable risk factors of CVD. Reducing the number of risk factors for
CVD in individual firefighters will prove valuable in reducing cardiac events during or
directly following strenuous occupational tasks, particularly in hot environments.
However, understanding the mechanisms of heat strain in firefighters, and the role that
body composition and fitness play will prove valuable in providing individual firefighters
and fire services with information regarding possible risk factors to monitor in urban
firefighters, particularly as they age.
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When firefighters are asked to assess their physical status, they demonstrate an inability
to accurately evaluate their aerobic fitness (Peate et al., 2002) or level of obesity (Baur,
Christophi, Tsismenakis, et al., 2012; Hsiao et al., 2014; Poston et al., 2014).
Specifically, Baur et al., (2012) found that 68 % of firefighters in the United Kingdom
(UK) underestimated their weight group based on BMI, a tool regularly used to assess
body composition in firefighters. Further, those firefighters with BMI values above 25
kg.m-2, who identified themselves as “fat” were more likely to accurately estimate their
BMI category than those who identified themselves as “muscular”. Therefore, it is likely
that many firefighters who demonstrate poor body composition and aerobic fitness, may
underestimate their risk of a cardiac event at work and not appreciate the necessity for
engaging in ongoing physical training and activity (Wilson, J et al., 2012). To maximise
participation of firefighters in health and fitness programs, it is of critical importance that
individuals appreciate the value of such programs to their overall wellbeing. Providing
tools to assist firefighters to assess their physical standards, in conjunction with regular
medical and fitness testing, should maximise their chances of mitigating the possible
effects of ageing. However, it must be noted that the validity of BMI testing has been
questioned in firefighting populations, and as such this thesis aimed to establish its
accuracy compared with ‘gold standard’ measurement tools including dual energy x-ray
analysis (DXA).

Firefighters in fire services that provide ongoing health and fitness programs demonstrate
lower levels of body fat (23 % against 27 % body fat) and waist circumference (96.2 cm
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against 102.2 cm) compared with services not delivering these programs (Poston et al.,
2013). When firefighters in the UK were tested before and also following a 3 year
interval, those who were given advice placing them in the overweight or obese categories
tended to reduced body fat (26.5 (4.2) % to 26.0 (4.6) %), whereas those firefighters who
demonstrated normal BMI during initial testing increased their body fat marginally (19.3
(4.8) % to 19.6 (4.7) %) (Munir et al., 2012). Thus, it appears that when fire services
make the effort to provide individual firefighters with information regarding their health
status, measureable positive changes can occur. By reducing measurable risk factors, it is
therefore likely that the incidence rate of cardiac events during emergency responses can
be lowered, along with a concurrent reduction in workers compensation costs for fire
services. However, very few fire services worldwide engage in physical training and
monitoring programs, particularly in Australia, and establishing an ageing profile may
further inform efforts to establish these programs at work.

Regardless of evidence demonstrating the value of ongoing health and fitness programs,
the majority of fire services in Australia (Christiansen, 2001), the USA (Donovan et al.,
2009; Kales et al., 2007), Iran (Mehrdad et al., 2013) and the UK (Munir et al., 2012) fail
to monitor the health of urban firefighters post-recruitment, or provide adequate physical
training

facilities

or

programs.

This

reluctance

persists

despite

numerous

recommendations for inclusion from researchers and advisory bodies in those countries,
based largely on evidence in the literature linking physical standards with injury risk
(AFAC, 2003; NFPA, 2003). In Australia, only volunteer firefighters in just one state are
subject to mandatory annual fitness assessments (Australian Capital Territory Rural Fire
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Service [ACTRFS], 2013). It is likely that some urban firefighters will make some efforts
to improve or maintain their fitness following recruitment and engage in programs to
assist in this. However, given that understanding of the physical profile for work in
Australian fire services is largely lacking, providing appropriate information to facilitate
effective training programs is currently difficult and thus programs are likely to be
insufficient in addressing specific needs. It must be noted that any improvements in
strength and fitness will have some benefit, however in an environment of fiscal restraint,
maximising the effectiveness of programs will be of value in ensuring the longevity of
these initiatives. Providing information regarding injury or illness risk following work in
the heat is particularly important for those firefighters who are ageing and thus are most
likely to be experiencing physical declines and a greater risk of line-of-duty injury or
fatality as a consequence.

It must be recognised, that fire services who allow firefighters to train unsupervised, with
unstructured training programs, incur higher injury rates during training, particularly in
older firefighters (Perroni et al., 2014; Poplin et al., 2014). When firefighters are injured
during physical training programs, fire services understandably demonstrate reluctance to
support them due to increased costs from lost work days and rehabilitation (Dobson et al.,
2013). Thus, to mitigate injuries during physical training, it is critical that evidence based
training packages, facilities and supervised sessions be employed to maximise the
incentives for fire services to support health and fitness programs in the workplace
(AFAC, 2003; Mehrdad et al., 2013; NFPA, 2003; Tsismenakis et al., 2009; Williams &
Ineson, 2004). Properly designed and supervised on-duty fitness programs will also
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reduce any possible fatigue associated with heavy training which may affect work outputs
and safety (Dennison et al., 2012). It is therefore critical that an evidence-based
understanding of fitness requirements be established prior to the implementation of any
formal training program in Australian firefighters.

The impact of working in the heat is largely unknown in Australian firefighters, who may
present a different physical profile than those in other countries. Despite physical
standards likely removing those at high risk of injury during recruitment, the links
between ageing and physical performance of Australian firefighters is currently unknown.
This lack of clarity is being compounded by a lack of ongoing assessments of firefighters
post-recruitment. Thus, understanding the effects of ageing, along with the specific
working conditions that Australian firefighters experience, will likely provide a risk
profile that will allow incident controllers to develop operating procedures for use in the
field, inclusive of work times and recovery protocols.
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2.3 The physiological profile of an urban firefighter
2.3.1 Aerobic Fitness
A key requirement for firefighters is that they are able to sustain work in hot, dangerous
environments during time critical, high intensity work tasks to suppress fires and rescue
incapacitated casualties. Thus, to allow firefighters to work safely it is widely assumed
that they require high levels of fitness. However, findings regarding appropriate levels of
fitness are mixed, with researchers suggesting that work tasks for firefighters require a
VO2 max between 23 ml.kg-1.min-1 and 61 ml.kg-1.min-1 (CDC, 2013; Elsner & Kolkhorst,
2008; IAFC & IAFF, 2000; Lindberg et al., 2013; Smith, D et al., 2001; Storer et al.,
2013). The most physically challenging firefighting tasks including hazardous materials
(HAZMAT) handling, ladder / stair climbing and victim rescue can result in firefighters
working at up to 80 % of their VO2 max and 94 % of their maximal heart rate (HR

max)

(Bilzon et al., 2001; Gendron et al., 2015; Horn et al., 2013; Perroni et al., 2013; Tofari
et al., 2013). Working for extended periods at high percentages of a firefighter’s maximal
physical capacity results in fatigue, which then negatively impacts on gait variability and
increases the risk of falling (Kong et al., 2010). Any increased variability in gait during
emergency responses, particularly when individuals may be unable to pace their efforts,
likely increases their risk of falling and, consequently, injury. However, although links
between fitness and work performance are largely acknowledged, to date understanding
how aerobic fitness and heat interact on the safety of firefighters is largely unreported in
the literature, particularly regarding any changes in immune and inflammatory activity.
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Firefighters who demonstrate low levels of aerobic fitness (<43 ml.kg-1.min-1) are more
than twice as likely to be injured during emergency responses than fitter firefighters (>48
ml.kg-1.min-1) (Poplin et al., 2014). A minimum aerobic capacity of 33.5 ml.kg-1.min-1
(Sothmann, M. et al., 1992) is used as a benchmark for fitness standards of operational
firefighters in US fire services (Sothmann, M. S. et al., 2004). However, this value is
much lower than the International Association of Firefighters (IAFF) recommends for
firefighters (42 ml.kg-1.min-1), to reduce their risk of overexertion and cardiac events
(International Association of Fire Chiefs [IAFC] & IAFF, 2000). The minimum standard
recommended by the IAFF is based, on a minimum performance standard of 35 ml.kg1

.min-1 required for firefighters in the UK to safely complete short-term intense

firefighting work (Stevenson et al., 2009; Wynn & Hawdon, 2012). However, in
establishing the baseline of 35 ml.kg-1.min-1, Stevenson et al., (2009) report that those
firefighters who demonstrate only the minimum level of aerobic fitness, would be unable
to sustain high intensity anaerobic work for more than 90 seconds, as after only 30 to 60
seconds of exercise, individuals can be working at 90 % of their VO2 max (Gastin, 2001).
The higher reliance on aerobic capacity would therefore become a limiting factor to
performing high intensity work. Thus, to ensure that firefighters can complete emergency
work tasks safely and effectively for a more sustained effort, Stevenson et al., (2009)
proposed that a 20 % safety margin should be applied to allow for longer work. The
addition of a 20 % safety margin has resulted in 42 ml.kg-1.min-1 being recommended in
the UK, and also by the IAFF (IAFF, 2008) for firefighters in the USA. Given that an
association between aerobic capacity and work performance exists, it is critical that
incident controllers appreciate the physical capacity of the firefighters under their
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command. This will ensure that firefighting tactic are appropriate to maximise the safety
of all firefighters during emergency responses. Firefighting tactics should involve
realistic work tasks and appropriate work/rest cycles and rehabilitation in the form of
rapid and effective cooling, both post-incident and during extended operations.

Surmising the overall fitness of firefighters as a population is problematic due to
inconsistencies in testing protocols used in research studies across numerous countries
(Table 2.1). It is widely accepted that a valid test of maximal aerobic capacity is uphill
treadmill running (Shephard et al., 1968). However, while direct assessment of VO2 max
may be the most appropriate form of testing, this laboratory-based method may be
impractical for fire services due to limited resourcing and logistical implications. For
example, the Queensland Fire and Emergency Service (QFES), an Australian fire service,
provides coverage for an area greater than 1,700,000 km-2, with 2000 paid, 2000 auxiliary
(semi-professional) and 36,000 volunteer firefighters (QFES, 2014) making it difficult to
reach and measure all workers. This real-world limitation, combined with limited
financial resourcing, likely accounts for the high prevalence of other fitness tests
including shuttle runs (Clark et al., 2002; Shephard et al., 1968) as surrogate measures of
aerobic capacity reported in this review.
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Table 2.1: Summary of studies completed post-2000, reporting the aerobic fitness of professional urban
or military firefighters
Study
(McLellan, T. M. &
Selkirk, 2004)
(Selkirk et al., 2004)
(Selkirk & McLellan,
2004)
(Calavalle et al., 2013)

Country

Number of
participants

Aerobic fitness

Method

Canada

22 male, 2 female

51.2 (1.0) ml.kg-1.min-1

Canada

15 males

45.7 (1.4) ml.kg-1.min-1

Canada

33 male, 4 female

51.3 (1.0) ml.kg-1.min-1

Italy

35 male

39.6 (6.1) ml.kg-1.min-1

Incremental treadmill (open circuit
spirometry)
Incremental treadmill (open-circuit
spirometry)
Incremental treadmill (open-circuit
spirometry)
Submaximal treadmill (Modified Balke
protocol)

(Perroni et al., 2014)

(Von Heimburg et al.,
2006)
(Lindberg et al., 2013)

(Barr et al., 2009)
(Barr et al., 2011)
(Bilzon et al., 2001)
(Bilzon et al., 2001)
(Carter et al., 2007)
(Eglin et al., 2004)
(Eglin & Tipton, 2005)
(Hooper et al., 2001)
(Wynn & Hawdon,
2012)
(Baur, Christophi,
Tsismenakis, et al.,
2012)
(Clark et al., 2002)
(Delisle et al., 2014)

* 51.8 (6.8) ml.kg-1.min-1 (w/out
SCBA)
* 42.8 (4.9) ml.kg-1.min-1 (with
SCBA)
53.0 (5.0) ml.kg-1.min-1

Queen’s College Step Test

Italy

161 male

Norway

14 male

Sweden

8 male

UK

9 male

45.0 (5.0) ml.kg-1.min-1

UK

7

50.0 (5.0) ml.kg-1.min-1

UK
UK
UK
UK

34 male
15 female
12 male, 4 female
13 male

52.6 (5.2) ml.kg-1.min-1
43.0 (8.1) ml.kg-1.min-1
48.6 (6.7) ml.kg-1.min-1
43.1 (7.7) ml.kg-1.min-1

UK

10 male

42.4 (7.5) ml.kg-1.min-1

UK

22

UK

411 male recruits

50.1 (7.1) ml.kg-1.min-1

Submaximal (Chester Step)

USA

768 male

44.8 (5.6) ml.kg-1.min-1

Bruce treadmill Protocol

USA

168 male

55.0 (5.9) ml.kg-1.min-1

43.7 (6.3) ml.kg-1.min-11

-1

-1

-1

-1

44.6 (5.0) ml.kg .min

USA

25 male / 4 female

45.7 (7.2) ml.kg .min

(Donovan et al., 2009)
(Garver et al., 2005)
(Gendron et al., 2015)
(Klaren et al., 2014)

USA
USA
USA

214 male
51 male
13 male

46.6 ml.kg-1.min-1
47.6 (9.9) ml.kg-1.min-1
47.8 (5.1) ml.kg-1.min-1

USA

22 male

44.5 (8.7) ml.kg-1.min-1

(Moore et al., 2014)
(Peate et al., 2002)
(Smith, D. et al., 2005)
(Tierney et al., 2010)

USA
USA
USA
USA

38 male
96 males 5 females
11 male
40 male / 14 female

48.4 (6.5) ml.kg-1.min-1
41.8 (8.8) ml.kg-1.min-1
43.4 (5.7) ml.kg-1.min-1
46.1 (6.3) ml.kg-1.min-1

Incremental treadmill (open-circuit
spirometry)
Fixed speed (10 km.hr-1) treadmill test,
inclination + 0.5° every minute after 3
minutes.
Incremental treadmill (open-circuit
spirometry)
Incremental treadmill (open-circuit
spirometry)
Incremental treadmill
Incremental treadmill
Submaximal / maximal treadmill tests
Submaximal (step test - Astrand)
Submaximal (step test - Astrand) or cycle
ergometer test
Submaximal (Step test - Astrand)

Bruce treadmill protocol
Bruce treadmill protocol (open-circuit
spirometry)
Bruce treadmill protocol
Bruce treadmill / Modified Astrand Bike
Treadmill gas exchange
Maximal treadmill (open-circuit
spirometry)
Walking treadmill (Moore protocol)
Bruce treadmill protocol
Mile run
Submaximal treadmill (Gerkin protocol)

To minimise the logistical limitations that fire services may have in assessing the aerobic
fitness of firefighters, the IAFF established the ‘Wellness and Fitness Initiative’ (WFI)
(IAFC & IAFF, 2000). However, the original program had a number of limitations
relating to the accuracy of testing (Mier & Gibson, 2004), leading to the development of
the current 3rd Edition (IAFF, 2008). To assess aerobic capacity, the WFI recommends
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using the Gerkin submaximal treadmill protocol where firefighters run on a treadmill at
increasing inclines until they reach 85 % of their age-predicted maximal heart rate
(Tierney et al., 2010). However, this test results in between 36 % and 72 % of firefighters
being misclassified when compared with maximal treadmill testing protocols with values
for VO2 max predictions varying by up to 31 % (Delisle et al., 2014; Drew-Nord et al.,
2011; Klaren et al., 2014; Tierney et al., 2010). Another significant limitation of the WFI
protocol lies in a tendency to overestimate the VO2 max of those demonstrating high levels
of body fat (Delisle et al., 2014) and those with lower fitness while also underestimating
VO2 max in those with higher levels of fitness (Dolezal et al., 2015). The main limitation
with submaximal testing, as used in the WFI, lies in the criteria for testing being reliant
on age-predicted heart rates. When using age-predicted heart rates, only 65 % of the
population lies within ±10 beats per minute (bpm) of their maximum heart rate when they
are assessed in a laboratory (Dolezal et al., 2015). Furthermore, submaximal testing
relies on the assumption that the relationship between heart rate and aerobic fitness is
linear and thus it is prone to underestimate VO2 when an individuals heart rate reaches its
highest value prior to maximum O2 uptake being reached (Fitchett et al., 1985).
However, while acknowledging the limitations of the test as a tool to establishing
maximal aerobic capacity of firefighters, Drew-Nord et al., (2011) found that the intratest reliability of the WFI testing protocol was sufficiently valid as a monitoring tool as
part of an ongoing fitness program. As such, while the WFI protocol appears to be an
inappropriate test to accurately assess the aerobic fitness of individuals, it can likely track
ongoing changes when valid benchmarks are established early in a firefighter’s career.
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Treadmill running and shuttle-run tests rely on the ability of individuals to sustain
running performance. Unfortunately, despite the inclusion of running tests to measure
aerobic fitness of firefighters, they lack relevance to their work tasks, particularly as
firefighters are actively discouraged from running during emergency responses (Moore et
al., 2014). Thus, to increase the validity of aerobic fitness testing in firefighters, Moore et
al., (2014) devised the Moore protocol, consisting of a walking treadmill test where
firefighters wear a weighted vest containing 20 % of their body weight. However, when
compared with the Gerkin protocol, the Moore protocol resulted in VO2 max values 4.6
(5.9) ml.kg-1.min-1 lower than the Gerkin submaximal test, with individual differences
ranging between -11.1 to +9.0 ml.kg-1.min-1 (Moore et al., 2014). Thus, like the Gerkin
protocol, the magnitude of error in the Moore protocol is unlikely to accurately assess the
aerobic fitness of individual firefighters and relying on this test may increase the risk of
injury in firefighting populations. As such a more valid and reliable test of aerobic fitness
in this population needs to be established.

The impact of the anaerobic system during high intensity firefighting work has been
largely ignored but it may play an integral role in the performance and safety of
firefighters (Fahs et al., 2011). Firefighters who demonstrate greater anaerobic fitness are
able to more quickly complete a series of high intensity work tasks (Michaelides et al.,
2011). Conversely, firefighters who demonstrate lower aerobic capacities will likely
require a greater input from the anaerobic energy system during high intensity work
tasks, which will lead to earlier fatigue (Bilzon et al., 2001) or they may be forced to
work slower to maintain their work rate in the heat. In a study assessing heart rate relative
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to VO2

max

over a range of intensities, Gledhill et al., (1992) found that the highest

metabolic cost came from carrying forcible entry tools (sledgehammer and Halligan tool)
up a flight of stairs (44 ml.kg-1.min-1) resulting in a peak heart rate of 163 bpm.
However, vertical ventilation tasks (cutting a hole in a roof to allow hot gases to escape –
a task largely not undertaken by Australian fire services) elicited the highest heart rates
(181 bpm) despite only requiring a VO2

max

of 28 ml.kg-1.min-1 (Gledhill & Jamnik,

1992). Thus, it appears that higher anaerobic loads during some firefighting tasks may be
required as a result of needing higher levels of muscle mass during high intensity, heavy
work (Barr et al., 2010). Thus, recruitment testing protocols that require high levels of
anaerobic fitness, including simulated victim rescues and hose deployment, are widely
used in Australian fire services and also tested in chapter one of this thesis.

Emergency firefighting operations may require firefighters to rescue incapacitated
persons, whose weight can be close to or in some cases exceed that of the rescuer. Von
Heimburg et al., (2006) and Gendron et al., (2015) assessed the physical performance of
firefighters during a simulated rescue of incapacitated hospital patients. Both researchers
found that the relative size of the firefighters conducting the rescue, compared with that
of the casualty, was a significant predictor of performance. The effects of the disparity in
size of rescuers was evident with the largest firefighter only asked to carry 74 % of his
relative bodyweight compared with 117 % for the lightest firefighter. Perhaps
unsurprisingly, larger firefighters also completed the task quicker regardless of doing so
at similar relative VO2 max levels. This difference in efficiency is likely due to firefighters
with greater body mass and a higher absolute VO2 max (Williams-Bell, F M et al., 2010)
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working at a lower relative intensity compared with smaller firefighters (Calavalle et al.,
2013). As such, larger firefighters are likely to be more efficient at rescue and manual
handling tasks than smaller firefighters (Gendron et al., 2015; Von Heimburg et al.,
2006). It is also likely that, should larger firefighters be working at a lower relative
intensity, they will experience reduced thermal strain and fatigue. Consequently, it has
been recommended that the maximal aerobic capacity of firefighters be assessed in
absolute terms (Lindberg et al., 2013) with 4.0 L.min-1 proposed to be a safe minimum
(Von Heimburg et al., 2006). However, using absolute values may not be appropriate
with Stevenson et al., (2009), noting that firefighters must carry their own body weight
along with any external load. As a result assessing aerobic capacity in relative terms
(ml.kg-1.min-1) may also be appropriate. The implications of this disparity is currently
unclear.

During recruitment, many fire services use aerobic fitness testing as a screening tool,
however this is not universal (Mehrdad et al., 2013; Roberts et al., 2002). Specifically,
most Australian (ACTF&R, 2012;CFA, 2012; MFS 2014; QFES, 2013) fire services use
an aerobic fitness benchmark of 45 ml.kg-1.min-1, established using a 20 metre shuttle run
test (Leger et al., 1988). However, the validity of many fitness testing protocols used
during recruitment, including the shuttle run test, have been brought into question and
challenged in courts based on perceptions of accuracy, and also to minimise the potential
for discrimination, particularly of females. These challenges have then led to their
removal as a screening tool in many countries, particularly in the USA.
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The increased scrutiny of test validity has lead to more task-oriented testing such as the
Candidate Physical Abilities Test (CPAT) being used by many fire services (WilliamsBell, et al., 2009). The CPAT involves a series of task-specific evolutions that assess the
potential job performance of possible firefighter recruits. Although task-oriented fitness
testing is more palatable to courts and the public, they tend to be highly skill dependent,
making them possibly less reliable than lab based test protocols in assessing the physical
abilities of individuals who may lack prerequisite skills (Henderson et al., 2007). Thus,
the use of task oriented testing may be decreasing, not increasing the validity of recruit
screening, an issue that needs to be addressed in the future. Many Australian fire services
test physical competency of potential recruits based on perceived needs rather than
through evidence based approaches, particularly regarding benchmark performance
times. When physical competency tests are based on subjective assessments made by
incumbent firefighters, this may unfairly preclude some individuals from being recruited
due to inappropriate benchmarks being established. As a result, comparing the perceived
performance standards for recruits and that of incumbent firefighters will likely add to the
validity of pre-employment physical testing in Australian fire services. This was
undertaken in study one of this thesis.

In several countries, particularly in the USA where “federal law prohibits preemployment physical examination of firefighters” (Roberts et al., 2002), fitness
assessments have been completely removed from, or drastically altered during
recruitment processes. Reduced use of fitness assessments has reportedly occurred, in
part to increase the diversity of the workforce, particularly the number of female
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firefighters who have traditionally demonstrated difficulty in completing many traditional
testing regimes (Payne & Harvey, 2010; Rayson et al., 2009; Wynn & Hawdon, 2012).
However, while succeeding in increasing the diversity of the workforce, removing fitness
standards during recruitment can lead to adverse health outcomes for all firefighters
(Baur et al., 2012). Baur et al., (2012) found that 51 % of recruit firefighters who
demonstrated aerobic capacities less than 10 Metabolic units (METs) (35 ml.kg-1.min-1)
also reported ≥3 risk factors for metabolic syndrome. This then likely increases the risk
of a cardiac event during work tasks. Further, removing or even reducing fitness
standards during recruitment could result in an increase in occupational injuries and
increased costs for fire services in the long term (Wynn & Hawdon, 2012). When recruit
firefighters begin training programs with physical capacities below minimum standards,
it is also difficult to in train them to reach a suitable level of physical ability prior to
deployment to operations (Roberts et al., 2002). It must be noted that the lack of ongoing
fitness testing of current firefighters makes justifying recruitment standards difficult
should those already employed not be able to meet those benchmarks (Rayson et al.,
2009). Establishing the current standard of professional urban firefighters in an
Australian fire service will add clarity to the value of pre-recruitment testing.

Given that firefighters regularly work in hot environments, the ability to work in the heat
is critical to ensuring their safety. When preparing firefighters for work in the heat,
aerobic fitness is likely relevant to ensuring their safety and ability to work in the heat,
with high aerobic fitness linked with increased work time (Cheung et al., 2000; Selkirk &
McLellan, 2001). This is likely due to lower resting Tc with increased aerobic fitness
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leading to increased time to exhaustion when wearing PPC (Cheung et al., 1998;
McLellan et al., 2013). Selkirk et al., (2001) found that the time to exhaustion of military
personnel working in hazardous material (HAZMAT) PPC was primarily affected by
aerobic fitness, with those able to sustain higher Tc at exhaustion demonstrating higher
VO2 max. Cheung et al., (2000) described the same with individuals demonstrating high
levels of aerobic fitness (VO2 max > 55 ml.kg-1.min-1) sustaining Tc of 39.3 °C, the safe
limits of ethics approval in that study, compared with the lower fitness group (VO2 max
<50 ml.kg-1.min-1) who terminated a standard work protocol at only 38.6 °C. Thus, it
appears that higher levels of aerobic fitness may better prepare urban firefighters to work
in the heat. However, the study reported by Cheung et al., (2000) was conducted using
volunteers rather than operational firefighters, and in moderate heat rather than the high
temperatures likely to be reached during structural firefighting tasks. Hence, validating
the findings of Cheung et al., (2000) using operational firefighters, wearing PPC and
SCBA should be a priority to establish the links between fitness and the ability to sustain
work in the heat.

High VO2 max alone is not likely the only reason for increased ability to work in the heat
(Cheung et al., 2000). Rather, the physiological changes that occur as a result of
increased fitness; including changes in blood volume, cardiac efficiency and improved
sweat responses, likely provide individuals with the ability to maintain lower Tc
(Havenith, George, 2001; Larose et al., 2013; McLellan, 2001; Merry et al., 2010).
However, Cheung et al., (1998) found that long term aerobic fitness, rather than
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acclimation or hydration status was a significant factor in tolerance times in the
uncompensable conditions experienced when firefighters wear impermeable PPC.

Wearing PPC creates an uncompensable environment by reducing the ability for sweat to
evaporate from the skin. By reducing the ability for cooling via the sweat mechanism, the
evaporative heat loss capacity (Emax) cannot match the evaporative heat loss that is is
required (Ereq) (Cheung et al., 2008,) which then limits the ability of the body to reduce
Tc during work in the heat (Yamazaki, 2013). These increases then raise the thermal strain
experienced by firefighters and possibly lead to heat stroke, a potentially life threatening
illness.

Modern Australian structural firefighting PPC has an impermeable moisture barrier. This
is likely adding to the thermal strain experienced by firefighters, particularly when
compared to more contemporary equipment. However, this is currently unclear. Although
moisture barriers have in place in European and US fire services for an extended time,
they are a relatively new addition to Australian fire services and are subject to different
design regulations. Thus, research in other countries may have limited value in assessing
the effects of Australian PPC.

Although it is widely acknowledged that firefighters require high levels of aerobic fitness
to protect them from workplace injuries, a minimum performance standard for recruits
varies widely among countries. Further, the impact of ageing in this population,
particularly in fire services not providing ongoing medical and fitness assessments is
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unclear. To establish an appropriate benchmark for performance in the Australian
context, research into both the physical profile of professional urban firefighters and also
the interaction between aerobic fitness and work in hot environments needs to occur.
Relying solely on information from different countries, who wear different PPC and
employ different firefighting tactics, is problematic when establishing a risk profile for
injury and cardiac risk in Australian firefighters at this stage. Thus, research in this thesis
will aim to evaluate both the profile of Australian firefighters and any links between
aerobic fitness and performance in the heat.

2.3.2 Body Composition

Firefighters who demonstrate high levels of body fat experience increased stress on their
bodies resulting in decreased efficiency when they complete work tasks (Michaelides et
al., 2008; Rhea et al., 2004). More specifically a higher BMI, a widely reported indicator
of body composition in firefighters (Table 2.2), has been linked with an increased risk of
developing cardio-vascular disease (CVD) and is linked with increased mortality and
morbidity (Baur, Christophi, Tsismenakis, et al., 2012; Mehrdad et al., 2013;
Tsismenakis et al., 2009). Based on BMI, up to 86 % of firefighters worldwide may be
either overweight or obese (Table 2.2) (Baur et al., 2012; Clark et al., 2002; Jitnarin et
al., 2014; Kales et al., 2003; Mehrdad et al., 2013; Munir et al., 2012; Poston et al.,
2013; Poston et al., 2011; Poston et al., 2012; Smith, D, Fehling, Hultquist, et al., 2012;
Storer et al., 2013; Tsismenakis et al., 2009). However, to date no studies in Australian
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professional urban firefighters has been conducted, making an understanding of the risk
profile of injury or illness, and links with differences in body composition difficult.

In a study involving recruit firefighters (Tsiskemanis et al., 2009), 7 % of overweight
recruits (BMI ≥25 kg.m-2) and 42 % percent of obese recruits (BMI ≥ 30kg.m-2) failed to
complete a work task requiring 12 METs (42 ml.kg-1.min-1), a value consistent with the
recommended minimum aerobic fitness requirements for firefighters (Fahs et al., 2011).
The inability of recruits with increased BMI to complete the work task, was attributed to
reduced exercise capacity, with every unit increase associated with a 54 % greater
likelihood of volitional fatigue prior to achieving 12 METs (Tsiskemanis et al., 2009). In
contrast, all recruit firefighters who demonstrated normal BMI reached the minimum
standard. When examining incumbent firefighters, Poston et al., (2011) found that 80 %
of firefighters with a BMI greater than 30 kg.m-2 failed to adequately complete a work
task requiring the minimum standard. Given that obesity represents a modifiable risk
factor in firefighters, Yang (2013) recommends that consideration be given to assessing
obesity during recruitment, however it is unlikely that this could be established due to
discrimination legislation in many countries (Roberts et al., 2002).

When using BMI to define the body composition of firefighters, only 3 (Bilzon et al.,
2001; Munir et al., 2012; Perroni et al., 2014) out of 42 studies (Table 2.3) reported
mean values in the normal weight category (<25 kg.m-2). Interestingly, no fire services
from the USA were represented. A further 2 studies in table 2.2, both conducted in the
USA, reported mean BMI values of firefighters in the obese category (>30 kg/m-2)
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(Poston et al., 2013; Smith, D, Fehling, Frisch, et al., 2012). Establishing a profile of
firefighters across the world is problematic with wide ranges reported in table 2.3 for
BMI and body fat between countries. While BMI of these studies generally have been
reported as being ~26 kg.m-2 in Canadian, Italian, Iranian and UK firefighters, mean
values in US firefighters are reported as high as 33.5 kg.m-2 (Clark et al., 2002). When
body fat percentage was reported, studies between countries are as varied as for BMI,
with values ranging between 16.7 % in UK firefighters (Bilzon et al., 2001) up to 26.9 %
in firefighters from the USA (Poston et al., 2013). To further confound the assessment of
firefighters as on overall population, studies in table 2.2 rely on a range of testing
methods to establish values for body fat assessment. Thus, due to the range of different
testing methods used and given the discrepancies in reported body composition among
countries, it is likely that relying on data from other studies to predict body composition
of Australian firefighters would be unreliable thus requiring analysis.
Table 2.2: Summary of studies post-2000 reporting body composition variables for professional urban
and military firefighters

Study

(McLellan, T. M.
& Selkirk, 2004)
(Selkirk et al.,
2004)
(Selkirk &
McLellan, 2004)
(Ljubcici et al.,
2014)

Country

Subject
s

86.6
(2.2)
86.9
(2.1)
85.1
(1.7)

Body Mass Index (kg.m-2)

Mean

% > 25

%>
30

Canada

15 male

Canada

33 male,
4 female

180.5
(1.7)
181.1
(1.8)
179.4
(1.3)

Croatia

48 male

179 (5)

(89 (13)

82.4
(10.9)

26.4 (3.1)

Not reported

Not reported

Canada

22 male,
2 female

Anthropometric
measurements
Height Weight
(cm)
(kg)

Body Fat %

Mean

Method

26.7

Not reported

17.6 (0.7)

26.6

Not reported

17.5 (0.9)

26.4

Not reported

16.9 (0.7)

28.0 (4.0)

(Calavalle et al.,
2013)

Italy

35 male

176.6
(6.6)

(Del Sal et al.,
2009)

Italy

13

177 (7)

81.7
(7.7)

26.1 (2.6)

(Perroni et al.,

Italy

161 male

176 (6)

75.8

24.4 (2.3)

Not
reported

33 %

23%

1%

Hydrostatic
densitometry
Hydrostatic
densitometry
Hydrostatic
densitometry

Not reported
Weight and
girth
17.7 (5.4)
(Hodgdon &
Beckett,
1984)
Weight and
girth
23.6 (2.6)
(Gallagher
et al., 2000)
Not reported
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2014)
(Azabdaftari et
al., 2009)
(Mehrdad et al.,
2013)
(Von Heimburg
et al., 2006)
(Lindberg et al.,
2013)
(Barr et al.,
2009)
(Barr et al.,
2011)
(Bilzon et al.,
2001)
(Bilzon et al.,
2001)
(Eglin et al.,
2004)
(Hooper et al.,
2001)
(Munir et al.,
2012)
(Baur,
Christophi,
Tsismenakis, et
al., 2012)
(Clark et al.,
2002)
(Delisle et al.,
2014)
(Donovan et al.,
2009)
(Durand et al.,
2011)
(Findley et al.,
2002)
(Garver et al.,
2005)
(Gendron et al.,
2015)
(Jitnarin et al.,
2014)
(Klaren et al.,
2014)
(Kuehl et al.,
2012)
(Kuehl et al.,
2012)
(Mayer et al.,
2012)
(Michaelides et
al., 2011)
(Moore et al.,
2014)
(Poston et al.,
2011)
(Poston et al.,
2013)

(Poston et al.,
2013)

173.5
(5.9)

(8.4)
81.4
(13.7)

Iran

91 male

Iran

147 male

Norway

14 male

179 (7)

83 (11)

26.0 (2.0)

Not reported

Not reported

Sweden

8 male

182 (7)

NR

25.0 (2.7)

Not reported

Not reported

UK

9 male

175 (5)

28.0

Not reported

20.0 (4.0)

UK

7

177 (3)

28.2

Not reported

19.0 (4.0)

Not reported

UK

34 male

UK

15
female

177.6
(6.9)
166.2
(5.4)

UK

13 male

179 (6)

UK

22

176 (7)

UK

735 male

USA

85.7
(7.0)
88.2
(11.0)
76.7
(10.5)
64.6
(12.4)
79.9
(6.6)
80.1
(8.0)

27.0 (4.2)

69 %

24 %

25.6 (2.8)

60 %

8%

22.1 (6.0)

BIA

Not reported

24.3

Not reported

16.7 (3.5)

23.4

Not reported

25.9 (4.6)

25.0

Not reported

19.5 (2.1)

DXA
DXA
Skinfold (4
site)
Skinfold (4
site)
Skinfold (5
site)

25.8 (2.4)

55 %

5%

21.6 (5.3)

Not reported

Not reported

24.7 (1.9)

66 %

13 %

19.6 (4.7)

BIA

768 male

Not reported

29.4 (4.4)

86 %

36 %

23.6 (6.6)

Skinfold /
BIA

USA

168 male

Not reported

33.5 (8.6)

81 %

32 %

USA

25 male
/4
female

Not reported

27.2 (3.8)

USA

214 male

USA

527 male

USA

10
female

USA

51 male

USA

13 male

USA

994 male

USA

22 male

USA

411 male

USA

22
female

USA

83 male

USA

73 male

USA

38 male

USA

478 male

USA

USA

522
(Wellnes
s
program
)
480 (no
program
)

179 (6)

86 (14)

Not reported
169.7
(7.9)
178.4
(5.7)
175.5
(4.5)

66.8
(9.9)
85.1
(12.3)
84.4
(9.0)

Not reported
182 (7)

89.6
(13.8)

Not reported

27.6

75 %

19 %

29.3 (4.5)

51 %

87 %

Not reported
26.0 (6.4)

Skinfold (3
site)

21.0

Hydrostatic
densitometry

Not reported

23.19

Not reported

26.7

Not reported

17.1

Hydrostatic
densitometry

27.7 (2.9)

Not reported

21.9 (4.1)

BIA

23.2

BIA

28.6
27.1 (3.6)

Not
reported

30%

Not reported

Not reported

Not reported

27.4 (3.4)
Not reported

75 %

19 %

Not reported

25.4 (3.1)
178.2
(7.7)

89.5
(14.8)

181.2
(6.6)
177.7
(6.9)
178.3
(6.3)

97.0
(15.5)
87.4
(17.4)
91.3
(15.6)

28.1 (3.7)

78.3 %

28.9 %

29.6 (3.7)

Not reported

27.7

Not reported

22.5 (8.3)

Whole-body
air
displacement
plethysmogra
phy

23.1 (5.6)

BIA

Not reported

28.6 (4.6)

80 %

34 %

25.3 (6.6)

BIA

28.4 (0.5)

Not
reported

25 %

23.1 (0.8)

BIA

30.5 (1.1)

Not
reported

36 %

26.9 (1.7)

BIA

Not reported
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(Roberts et al.,
2002)
(Smith, D. et al.,
2005)
(Smith, D. L.,
Fehling, Frisch,
et al., 2012)
(Storer et al.,
2013)
(Tierney et al.,
2010)
(Tierney et al.,
2010)

104 male
recruits

176 (7)

USA

11 male

180.7
(7.3)

83.2
(13.9)
86.1
(9.7)

USA

116 male

175.8
(6.4)

84.5
(7.5)

USA

46 male,
1 female

181 (7)

USA

40 male

USA

14
female

USA

179.8
(6.2)
165.9
(3.1)

91.1
(13.3)
84.0
(11.7)
65.9
(5.4)

26.7 (3.9)

Not reported

26.4

Not reported

Not reported
18.1 (6.3)

Skinfold

30.8

Not
reported

52 %

21.6

Skinfold (3
site)

27.7 (3.4)

72 %

22 %

20.9

BIA

26.0 (3.3)

Not reported

Not reported

23.9 (1.3)

Not reported

Not reported

Many studies reporting body composition in firefighters (Table 2.3) rely solely on BMI
as a measure of body composition (Clark et al., 2002; Durand et al., 2011; Findley et al.,
2002; Klaren et al., 2014; Kuehl et al., 2012; Lindberg et al., 2013; Ljubcici et al., 2014;
Mehrdad et al., 2013; Moore et al., 2014; Perroni et al., 2013; Roberts et al., 2002;
Tierney et al., 2010; Von Heimburg et al., 2006). However, this is likely reducing the
ability to accurately assess firefighters as a population, given that authors including
Poston et al., (2011) have suggested that BMI underestimates body fat in firefighters.
This position is based on findings that 33 % of firefighters who were classified as being
overweight would, when using body fat standards be classified as being obese (Poston et
al., 2012). However, the authors measured body fat of participants using bioelectrical
impedance analysis (BIA) scales, which may not necessarily provide a sufficient level of
accuracy to determine body fat. As such, to increase clarity, it has been recommended
that assessments of firefighters should be completed using DXA (Jitnarin et al., 2014;
Poston et al., 2011). The apparent inaccuracy of BMI as a screening tool also appears to
underestimate obesity status in firefighters. A study by Mayer et al., (2012) found that 43
% of firefighters who were classified as being of normal weight based on BMI, were in
fact obese when assessed for body fat percentage using whole-body plethysmography.
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Gaining the most accurate assessment of body fat is important to assessing the risk profile
of Australian firefighters. The present review identified only 7 studies that assessed body
fat using the most accurate methods including DXA (Barr et al., 2011; Bilzon et al.,
2001), hydrostatic densitometry (Donovan et al., 2009; Garver et al., 2005; McLellan &
Selkirk, 2004; Selkirk et al., 2004) or whole-body air displacement plethysmography
(Mayer et al., 2012). However, it is unlikely that operators in the field would have access
to laboratory based body composition testing due to costs, expertise and practicality.
Therefore, less resource intensive methods of assessment are preferred. Possibly as a
result, the remainder of the studies presented in table 2.2 utilised either BIA scales
(Azabdaftari et al., 2009; Baur et al., 2012; Gendron et al., 2015; Jitnarin et al., 2014;
Michaelides et al., 2011; Munir et al., 2012; Poston et al., 2013; Poston et al., 2011;
Storer et al., 2013), sum of skinfolds (Baur et al., 2012; Bilzon et al., 2001; Delisle et al.,
2014; Eglin et al., 2004; Smith, D et al., 2005) or estimated body fat of participants based
on weight and girth measurements (Calavalle et al., 2013; Del Sal et al., 2009). By
recognising resource limitations in the field, providing the most accurate advice to fire
services regarding practical field-based testing methods should occur.

Despite the reported discrepancies between BMI and body fat measurements, many
authors still contend that BMI is an accurate indicator of adiposity in firefighters. A
frequent criticism of BMI in firefighting populations is that the requirements for strength
can lead to relatively high muscle mass of firefighters. The higher muscle mass then
likely leads to misclassification of muscular firefighters as being obese (Poston et al.,
2012), particularly Pacific-Islanders (Jitnarin et al., 2014) who are a growing
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demographic in Australian fire services. However, despite questions regarding the
validity of BMI, no consensus has been reached with Baur et al., (2012) and Clark et al.,
(2002) contending that rates of misclassification of firefighters are low. Any discrepancy
in measurements will likely provide inconsistent information to firefighters regarding
their risk status for CVD and workplace injuries and as such, validating BMI as a tool for
the assessment of body composition in Australian firefighters needs to occur and were
addressed throughout this thesis.

To increase the validity of BMI as a screening tool for CVD in firefighters, it has been
suggested that waist circumference (WC) measurements should be taken (Baur et al.,
2012). A study of UK firefighters found that, compared with the general population, they
had higher rates of obesity (53 % against 42 %) by BMI but not WC (11 % against 34 %)
(Munir et al., 2012). It has also been suggested that alternate measures including waist to
hip ratio (WHR >0.9) and also waist to stature ratio (WSR >0.5) may also be appropriate
field based measures of obesity in this population (Azabdaftari et al., 2009). These
measurement tools would be easily used in the field, however their validity, compared
with laboratory based testing methods, in the Australian context needs to be evaluated
prior to recommending their implementation, particularly in detecting age related changes
to body composition.

Excessive body fat is a growing concern in Australia, with increasing rates of obesity
occurring in the general population. Firefighters represent a part of the population who,
through the needs of their work may be insulated through fitness screening during
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recruitment and the effects of heavy daily work tasks. However, given the wide range of
body composition assessments reported between, and also within countries, it is largely
impossible to accurately predict the body composition of Australian firefighters at this
point. Excess body fat presents a modifiable risk factor for cardiac events and injury at
work. Thus, gaining an accurate appreciation of the body composition of Australian
firefighters will likely provide information to evaluate a current risk profile for cardiac
events in Australian firefighters when they are tasked with emergency responses in the
heat.

2.3.3 Muscular Strength

Firefighters wear heavy personal protective clothing (PPC) and self-contained breathing
apparatus (SCBA) during fire suppression tasks to protect them from radiant heat and
hazardous gases. Although modern PPC and SCBA used in Australian fire services are
lighter than older configurations, they still combine to weigh in excess of 20 kg which
can be uncomfortable (Hooper et al., 2001; Nayak et al., 2014), restrict movement (Coca
et al., 2008; Smith, D, Fehling, Hultquist, et al., 2012) and increase thermal strain for
firefighters (Bruce-Low et al., 2007; Louhevaara et al., 1985). While there are a range of
fitness recommendations for firefighters regarding aerobic fitness, standards relating to
strength are largely lacking in the literature (Rhea et al., 2004) despite them
demonstrating above average grip strength compared with the general population
(Williford et al., 1999). The speed and effectiveness of critical fire suppression tasks,
such as deploying hoses and forcible entry, are primarily dictated by strength (Henderson
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et al., 2007). Accessing fire-affected structures early and quickly can reduce the intensity
and size of fires by allowing firefighters to directly impact on fire spread. Thus,
appropriate levels of strength will likely improve performance speed and the overall
safety of firefighters during the important initial stages where fires are rapidly increasing
in size and intensity (Henderson et al., 2007; Michaelides et al., 2008), hence the
inclusion of strength and power testing in recruitment processes.

Structural firefighting is not the only work task that modern firefighters undertake. Less
than 5 % of modern firefighting responses are related to fire suppression (Kales et al.,
2003; Keelty, 2013). Rather, Australian firefighters spend the bulk of their work time
completing rescue tasks (ropes rescue, urban search and rescue (USAR)), medical and
hazardous materials (HAZMAT) responses, as well as complex extrication of casualties
following motor vehicle accidents. To complete their work tasks, firefighters regularly
carry and use a range of heavy equipment including ladders, hydraulic cutting tools and
generators (Michaelides et al., 2008; Michaelides et al., 2011).

Modern hydraulic rescue tools used during extractions following motor vehicle accidents
weigh in excess of 19 kg (Hurst SP 310 Spreader, Hurst Jaws of Life, Shelby NC).
During complex extrications, tools must be manipulated at different heights and cutting
angles, sometimes for an extended work period, which requires muscular endurance.
Further, to enable cutting tools to be deployed, a power unit in the form of hydraulic
pump, in some cases weighing close to 50 kg (Hurst P 650 4G, Hurst Jaws of Life,
Shelby, NC) must also be used. Therefore, to complete rescue tasks, firefighters require
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high levels of upper body strength, particularly given that work tasks are often performed
in awkward positions, which may be predisposing them to injury if they are not
sufficiently physically conditioned (Lavender et al., 2000; Michaelides et al., 2011;
Peate et al., 2007). The critical need for upper body strength in firefighters is supported
by Bilzon et al., (2001), who found that only 4 out of 15 female navy firefighters were
able to complete a 30 kg drum carry, a regular work task in that setting. The authors
found that those firefighters who were successful at completing the drum carry task had
significantly higher (p<0.05) grip strength (299 N) than those who could not (237 N).

Isometric grip strength is strongly correlated with upper body strength and also lean body
mass (Leyk et al., 2007). Furthermore, grip strength has been shown to be a good
predictor of physical work capacity in firefighters and is significantly correlated with
field-based strength testing tasks used during recruitment including victim rescue,
forcible entry, equipment hoisting and advancing hose lines (Bilzon et al., 2001;
Henderson et al., 2007; Huang et al., 2009; Michaelides et al., 2011; Michaelides et al.,
2008; Rhea et al., 2004; Williford et al., 1999). It is therefore likely that including grip
strength testing in firefighters will present a cost-effective and relatively simple screening
tool for possible injury risk. However, to date no common standards for strength
requirements, outside of task-based testing have been established.

The links between strength and work performance in Australian fire services is generally
accepted, and simulations are generally included in physical assessments during
recruitment. However, no common standards exist between fire services in that
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jurisdiction and understanding the current risk profile of Australian firefighters is largely
unknown due to a lack of ongoing testing following recruitment. Despite links between
peak power and body temperatures in sport, the interaction between strength and work
performance in the heat remains largely unknown, requiring study in Australian
firefighters. This interaction is particularly relevant should differences in strength affect
the ability of individuals to work safely in the heat, particularly should the heat result in
an acute reduction in strength.
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2.4 Ageing firefighters
The retirement age for firefighters in Australia is increasing, with access to the aged
pension for more recent recruits being restricted to those older than 65 years of age
(Fahcsia, 2013). These increases reflect trends reported in other countries (Sluiter &
Frings-Dresen, 2007). As a result, the number of older firefighters responding to
emergency incidents is likely increasing in Australian fire services. It is currently unclear
what effect this is having on the overall risk profile for injury and illness of firefighters
although this thesis hypothesized that ageing would result in declining standards, and
intuitively increasing risk. Australian fire services, like many other countries, conduct
physical assessment of potential firefighters during the recruitment process, likely
removing those at high risk of injury at that time. However, given the lack of ongoing
monitoring and limited research in Australia, any effects of ageing on work performance
and safety cannot be accurately assessed at this stage.

Older firefighters have higher rates of hypertension (Davis et al., 2002) and metabolic
syndrome (Baur et al., 2012) than their younger colleagues. As individuals age, they
experience declines in strength and flexibility, likely resulting in greater risk of injury due
to reduced efficiency (Peate et al., 2007) and reduced activity. Ninety-six percent of
sudden cardiac deaths occurring to firefighters at work in the USA are incurred by those
older than 40 years of age, despite only 36 % of the population being in that age group
(Kales et al., 2003; Yang et al., 2013). These links between ageing and the risk of sudden
cardiac deaths are also seen in the general population with 96 % occurring to those with a
mean age of 49.7 years in marathons from 1976 to 2009 (Webner et al., 2012). Yang et
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al., (2013) investigated National Institute for Occupational Safety and Health (NIOSH)
data involving cardiac fatalities. They found that 63 % of those firefighters younger than
45 years of age who suffered a cardiac event, had a BMI greater than 30 kg.m-2,
demonstrating the link between body composition and the risk of a cardiac event.

The links between ageing and injury risk in Australian firefighters is currently unclear
despite the risk profile likely being similar to other countries. Wynn et al., (2012)
reported that the fitness of individual firefighters is more likely the significant factor in
injury rates than age alone, regardless of younger firefighters demonstrating lower BMI
and levels of body fat (Davis et al., 2002; Wynn & Hawdon, 2012) as well as higher
aerobic fitness (Perroni et al., 2014). Poplin et al., (2014) reported that younger unfit
firefighters are more likely to be injured than older fit firefighters. Also, some conjecture
exists around the decreasing ability to dissipate body heat with increasing age (Larose et
al., 2013) with younger participants producing significantly higher (p=0.004) whole-body
sweat rates. It must be noted that when firefighters are working in impermeable PPC this
may be largely irrelevant. However, despite lower sweat rates in older participants, rectal
temperatures were not significantly different, raising questions regarding the potential
impact on urban firefighters. Regardless, despite ageing possibly resulting in a changing
risk profile due to declining fitness, body composition and capacity to work in the heat,
more experienced firefighters may be partially protected from injury with higher skill and
pacing work periods (Del Sal et al., 2009).
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Older individuals are less likely to engage in intense physical training (Perroni et al.,
2014), possibly exacerbating the age related declines in aerobic capacity observed in the
general population (Inbar et al., 1994; McGavock et al., 2009). Declines in VO2 max occur
at a rate of between 0.2 ml.kg-1.min-1 and 0.5 ml.kg-1.min-1 per year after the age of 30
(Perroni et al., 2014; Saupe et al., 1991; Sothmann et al., 1990). These declines in
aerobic capacity are also linked with concurrent changes in body composition (Pollock et
al., 1997), with body fat percentage potentially being a stronger predictor of changes in
aerobic capacity with age than BMI (Kiss et al., 2014).

Although age related physical declines have been seen in the general population, the
effects of ageing in the professional urban firefighting community in Australia is largely
unknown. Although firefighters are generally recruited at an appropriate physical
standard when they commence their career, it is unclear whether the lack of ongoing
monitoring, combined with a general lack of cohesive wellbeing programs in many
services is exacerbating these declines and therefore reducing operational safety and
effectiveness. Furthermore, although age related physical declines have been seen in the
general population, the impact of an ageing workforce on the ability of fire services to
deliver emergency response is largely unknown. Thus, gaining an appreciation of the
current standard of urban firefighters in Australia, combined with examining the effects
of ageing will be highly relevant in assessing the risk profile for line of duty injury and
fatality in that country.
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2.5 Protective equipment
2.5.1 Personal Protective Clothing

Firefighters are exposed to extreme levels of ambient temperatures, particularly radiant
heat which accounts for approximately 80 % of all thermal exposure, with flame
temperatures between 800 °C and 1000 °C not uncommon in burning structures (Rossi,
2003). As a result, structural firefighting PPC needs to be designed to resist extreme
levels of radiant heat as well as possible exposure to direct flame contact. To achieve
radiant heat protection, PPC is comprised of many layers that work together to reduce the
transmission of heat from the external environment, with the thickness being critical to
maximising exposure time and protection (Song et al., 2008). All PPC used in Australian
fire services must meet the minimum specifications set out in Australian Standard
4967:2009 (Australia, 2009) requiring three layers of protection. The three layers
required in Australian PPC, like many overseas countries, includes an outer shell, a
thermal barrier and also an moisture barrier which resists the transfer of water and
chemical vapours in both directions (BSI, 2014; NFPA, 2013; Smith, D et al., 2012).
Wearing PPC comprising of multiple layers as well as wearing SCBA reduces firefighter
mobility due to the bulk, the fit and overall stiffness of the PPC (Coca et al., 2011; Coca
et al., 2008; Dorman & Havenith, 2009), possibly increasing the physical strain on
workers.

Traditionally, firefighting PPC was made of natural materials such as wool and brass
alone, and was worn without SCBA, which limited the access of firefighters to structures
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during firefighting. Modern materials such as Aramid and Gore-Tex are now used in the
design and construction of PPC, allowing for greater levels of thermal protection for
firefighters. Thus, increasing the heat resistance of PPC has also resulted in firefighters
being able to enter further into fire-affected buildings and work for longer periods in
hostile environments. The overall design of PPC for urban firefighters has changed in
modern times with fire services worldwide adding protective pants (over pants) to the
structural firefighting ensemble. Perhaps unsurprisingly, adding over pants led to a 93 %
decrease in lower body burns in New York City firefighters (McLellan & Selkirk, 2004;
Prezant et al., 2000) and surprisingly, an 86 % decrease in burns to the upper body. The
authors could not explain the decrease in upper body burns however it is likely that the
improved technology in the fabrics, including the use of an internal core and elastic
openings reducing the access of hot air into the tunic, may have played a part in these
findings. However, while reducing burns, adding pants to the structural firefighting
ensemble has also led to a reduction in overall work time due to an increase in thermal
strain (Hostler, Reis, et al., 2010). In Australia, structural firefighting PPC consists of
both over pants and jacket, along with boots, gloves, flash hoods and helmets which are
subject to ongoing review and improvement (Australia, 2009).

One of the most significant changes in modern Australian PPC has been the introduction
of an impermeable moisture barrier. The moisture barrier is designed to protect
firefighters from chemical ingress and steam burns (Nayak et al., 2014). However, by
adding a moisture barrier, the reduction in evaporative cooling created by the PPC may
be further impaired. When sweat and heat are trapped within the PPC, sweat collects in
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clothing worn underneath, and indeed in the PPC itself which decreases comfort for
firefighters (Cheung & McLellan, 1997; Nayak et al., 2014; Nelson et al., 2009) and
increases skin temperatures (Havenith, 1999). When firefighters work in hot
environments they can sweat a significant amount, which is then heated, leading to
increased humidity contained in the PPC. The increased humidity contained in PPC can
condense on the skin and also collect in the clothes worn underneath which may increase
the temperature of the clothing, the skin and consequently the blood (Richards, M &
Fiala, 2004; Rossi, 2003). The sweat can turn to steam when firefighters meet high
radiant heat, resulting in increased burns to the firefighters, the very thing that the
moisture barrier is designed to eliminate (Morel et al., 2014; Rossi, 2003) at levels as low
as 15 % to 20 % of the system weight (Barker et al., 2006). Thus, further review of the
negative impacts of a moisture barrier, compared with any benefits, need to be
established to inform standard operating procedures for PPC selection and use during
emergency responses.

Along with PPC, firefighters in many fire services wear a range of clothing
configurations underneath. Termed ‘station wear’ in Australia, regular clothing worn
underneath generally consists of long pants and cotton ‘button up’ shirts. The amount of
clothing worn under PPC is related to levels of thermal strain, with Gonzalez et al.,
(1993) (cited in McLellan et al., (2004)) reporting that, by changing from long pants to
shorts under PPC, thermal resistance can be reduced by ~10%. Thus, minimizing the
amount of clothing worn underneath the PPC will likely reduce the amount of heat
storage and thus the rate of heat illness in firefighters (Bruce-Low et al., 2007). A change
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to wearing shorts and T-shirts underneath the PPC has occurred in a number of fire
services (Malley et al., 1999; McLellan & Selkirk, 2006; Prezant et al., 2000). By
reducing the amount of clothing worn, specifically on the lower body, McLellan et al.,
(2004) found that, during lighter work, time to exhaustion could be increased by between
10 % and 15 %. Further, they found that when work periods exceeded one hour, rectal
temperatures (Trec) were significantly reduced when wearing shorts and T-shirts
compared with long pants. Many Australian fire services have failed to adopt shorts and
it is unclear if this is adding to any increased thermal strain resulting from changes to
PPC design.

The main argument against wearing shorts and T-shirts under PPC is that it may reduce
the overall safety of firefighters by increasing the risk of burns. However, Prezant et al.,
(2000) and Malley et al., (1999) found that wearing shorts underneath PPC significantly
reduced lost workdays from heat stress without impacting on the thermal protection
offered by the PPC, thereby making a strong case for change. However, regardless of
these findings, many Australian fire services still insist that firefighters wear long pants
along with ‘button up’ shirts, possibly compromising the safety of firefighters during
firefighting tasks.

While anecdotal evidence in Australian fire services indicates that thermal strain may be
increasing due to the inclusion of a moisture barrier in PPC, this has largely been
untested. Further, traditional work practices, established prior to the adoption of modern
structural PPC, still see Australian firefighters wearing this PPC to a range of emergency
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responses where they are unlikely to come into contact with flame. Hence study into the
effects of the PPC, and particularly configurations with a moisture barrier, on firefighters
must be undertaken, both in extreme heat as would be experienced in structural
firefighting events, but also in more temperate environments where the bulk of
emergency responses occur (Keelty, 2013). Gaining this understanding will help to clarify
any increase in risks of thermal strain in urban firefighters.

2.5.2 Self Contained Breathing Apparatus

To work safely in smoke filled, potentially toxic and oxygen deficient environments,
Australian urban firefighters wear a positive pressure self-contained breathing apparatus
(SCBA) in conjunction with their PPC. Wearing PPC and SCBA increases the
requirement for oxygen by between 15 % and 22 % (Dreger et al., 2006; Eves et al.,
2005; Smith, D, Fehling, Hultquist, et al., 2012) and increases heart rates (Bruce-Low et
al., 2007) particularly when breathing rates exceed 40 L.min-1 (Butcher et al., 2006;
Muza et al., 2002). An increased need for oxygen has been attributed, in part, to the extra
weight imposed by the SCBA (Bruce-Low et al., 2007; Smith, D et al., 2012) which can
be nearly 10 kg (Scott contour 300, Scott Safety, NSW) and limit the work potential of
firefighters (Dorman et al., 2009). The weight of the SCBA, combined with PPC
represents an extra load of more than 20 kg, which has led to studies into lightweight
designs, despite the widespread reluctance of fire services to adopt them (Bakri et al.,
2012; Coca et al., 2011; Eves et al., 2005). It is likely that, with increased need for
oxygen in the magnitude of 20 % to 25 % (McLellan et al., 2013), those firefighters who
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are at an inappropriate level of aerobic fitness will be at much greater risk of physical
injury when wearing SCBA during firefighting. It is also likely that those firefighters
demonstrating reduced strength and efficiency, possibly as a result of increasing age may
be experiencing increased strain due to the extra weight imposed by SCBA, PPC and
firefighting equipment.

To protect firefighters from ingress of smoke or toxic gases, SCBA in Australia uses
positive pressure. Positive pressure SCBA is designed to create higher pressure within the
SCBA mask than the external environment to protect firefighters should the mask, or any
component parts fail. Air in the SCBA cylinder is compressed and stored at high
pressure, relying on a pressure reducer and an ‘on demand’ regulator to provide air to the
firefighter. Firefighters must therefore actively draw air by inhalation to create a pressure
gradiant within the mask in order to open a valve and deliver air to the firefighter .As
such, compared with breathing in normal air, the SCBA regulator provides extra
resistance (Butcher et al., 2006; Dreger et al., 2006; Eves et al., 2005). The increased
resistance provided by the regulator requires greater pressure from the respiratory
muscles (Cheung et al., 2010; Muza et al., 1996), leading to increased intra-thoracic
pressure and a reduction in stroke volume (Nelson et al., 2009). As breathing rates
increase with work, the resistance from the breathing regulator may become critical. It is
likely that those firefighters who are less aerobically fit will need to work at a higher
relative intensity and thus consume greater volumes of air than others (Cheung et al.,
2010) again reinforcing the value of ensuring that firefighters are appropriately
conditioned prior to work in hazardous environments. It is currently unclear whether
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minimum recommended aerobic capacities have been derived with the reduction caused
by the SCBA accounted for.

2.6 Physiological responses to firefighting
When firefighters respond to emergency tasks, they often do so in high temperatures,
wearing PPC and SCBA, which can result in thermal strain and premature fatigue. The
combination of ambient temperatures and PPC when firefighters are working can lead to
high core temperatures (Tc), high heart rates and changes to immunity and inflammation.
However, to date, little research has been conducted into the working conditions of
Australian urban firefighters, particularly the extent of rises in temperatures, which may
be reducing their safety at work. Research in this thesis will aim to provide an
understanding of the current physical profile of Australian firefighters and the interaction
between these profiles and work in hot environments. Thus, in addition to body
composition and fitness of Australian firefighters, understanding the physiological
changes that occur as a result of working in the heat will allow incident controllers to
effectively plan emergency responses. These understandings will allow fire services to
adequately create and provide effective conditioning programs for firefighters prior to
their attendance at emergency responses in the heat.

2.6.1 Heat balance

When considering the ability of the body to dissipate heat, we must consider the heat
balance equation and the requisite components leading to the risk of exertional heat strain
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(Table 2.3) (Leon et al., 2015; McLellan et al., 2013; Sawka et al., 2011). There are four
factors that influence the heat balance (McLellan et al., 2013);


The local environment: Firefighters are exposed to heat in the form of radiation
(solar and infrared from a local heat source such as flame), convection (from the
movement of hot air in the environment) and conduction (heat transfer to another
object including solids and liquids).
o Wind can wash away the warm boundary air layer surrounding the body,
thus increasing the cooling rate through evaporative cooling and dry heat
loss
o High humidity reduces the ability to evaporate sweat



Clothing: Textiles trap air between the skin and the clothing, along with between
multiple layers of clothing. High water vapour resistance reduced the ability for
the body to evaporate sweat.



Work intensity: The amount of metabolic heat that will be produced during work
will be directly related to the work rate required. In firefighters this is linked with
load carriage and intensity.



Individual factors: Different individuals will have varied responses to the heat
based on factors including acclimation and body composition.
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Table 2.3: Heat balance equation

Heat Balance Equation
S = M – (W)  (R+C)  K – E
S

Rate of heat storage (can be negative, positive or neutral)

M

Rate of metabolic heat production

W

Mechanical work

R+C

Rate of Radiant (R) and Convective (C) heat exchange

K

Rate of Conduction

E

Rate of evaporative heat loss

Where S is >0, heat storage is greater than heat loss which increases the thermal load.
Where S is <0, heat storage is less than heat loss which decreases the thermal load.
Where S=0 heat storage and heat loss are equal which results in no change to thermal
load.

2.6.2 Core temperatures

When firefighters work in hot environments, they experience substantial increases in Tc
(Barr et al., 2009; Cheung et al., 2010; Eglin et al., 2004; Horn et al., 2013; Hostler,
Bednez, et al., 2010; Kong et al., 2010; McLellan & Cheung, 2000; McLellan & Selkirk,
2004; Petruzzello et al., 2009; Smith, D et al., 2011; Wright-Beatty et al., 2014). High Tc
can result in a reduction in muscle force (Nybo, 2008; Peiffer, Abbiss, Nosaka, et al.,
2009; Pointon et al., 2012), physical exhaustion and impaired cognitive function
(Bandelow et al., 2010; Faerevik & Reinertsen, 2003). Urban firefighting is an
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occupation defined by high intensity, time critical work tasks, often with high levels of
radiant and ambient heat. To complete these emergency work tasks, firefighters must be
able to work quickly and safely, ideally by minimising the effects of heat through
controlling rises in Tc. By understanding the mechanisms that result in rising Tc, fire
services can provide individuals with working conditions and equipment that will
maintain safety and reduce injury and fatality.

Acknowledging that elevated Tc has an impact on the ability of individuals to work safely
in the heat, safety limits have been established in industrial settings (ISO, 2004; NIOSH,
1986). Safe working limits in industrial settings generally limit Tc to 38.0 °C, however
for heat-acclimated, medically screened workers, allowances for temperatures up to 38.5
°C can be made (Brake & Bates, 2002; Malchaire et al., 2000). Firefighters working in
the heat may be considered to be heat acclimated due to regular work tasks hot
environments thus allowing for higher Tc at work. However, the status of the heat
acclimation of individual firefighters is likely to vary widely based on differing exposure.
Likewise, the nature of emergency response may make the lower limits of Tc impractical
during work periods where ceasing work prematurely could result in loss of property or
life. Thus, establishing a profile of thermal strain in Australian firefighters when they
work in the heat will provide incident controllers with a risk profile for illness or injury
during emergency firefighting events. Further, Australian fire services generally utilise
passive cooling methods at fire scenes, which may be exacerbating any thermal strain
when they require firefighters to re-enter buildings or be redeployed. Hence, evaluating
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appropriate cooling methods for use at fire scenes is highly relevant to mitigating any
high Tc incurred at work.

Firefighting simulations have resulted in mean Tc of 38.5 °C to 39.2 °C, with individual
peaks of between 39.6 °C and 40.9 °C (Brearley et al., 2011; Brearley et al., 2013;
Colburn et al., 2011; Selkirk & McLellan, 2004). These temperatures are above the safe
occupational standard of 38.5 °C for heat-acclimated, medically screened personnel (ISO,
2004), and are likely due to high work rates and ambient temperatures demanded in these
experimental conditions. In laboratory settings, exertional heat exhaustion while working
in PPC is synonymous with core body temperatures in excess of 39 °C (Selkirk et al.,
2001; Tikuisis et al., 2002), a temperature that exceeds the recommended industrial limit
(ISO, 2004). The research studies to be conducted in this thesis, will examine any rises in
thermal strain from working in PPC, to establish whether results seen in laboratory
studies would be replicated using more realistic settings including heat and PPC. Thus,
should firefighters working in PPC in the heat experience Tc above safe working limits, a
range of practical solutions including physical preparation, hydration, active cooling and
standard operating procedures should be addressed to allow firefighters to safely
complete their work tasks in the heat.

When firefighters work in hot environments, the increases in Tc can increase immune and
inflammatory activity. These changes, in conjunction with performance decrements may
be increasing the risk of injury, illness and cardiac events. However, currently the extent
of Tc increases and the resulting changes to the risk profiles for firefighters working in
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the heat is largely unknown in the Australian context and requires evaluation. Further,
evaluating cooling modalities will likely provide insight into mitigation strategies for
firefighters following work in the heat and mitigate any negative impacts in Australian
firefighters.

2.6.3 Immune and inflammatory responses to work in the heat

Physical work in the heat leads to increases in Tc, which can impact the immune system
of the human body as it works to protect the body from invading microorganisms (Huang
& Acevedo, 2011). At rest and when the body is in a thermo-neutral state, the
gastrointestinal (GI) mucosa protects the systemic environment from the ingress of gram
negative bacteria including the harmful endotoxin lipopolysaccharide (LPS) (Gisolfi,
2000; Hall et al., 1994; Leon & Bouchama, 2015). The highly toxic outer cell
membranes have been shown to have a role in heat stroke pathology (Gathiram et al.,
1987). When individuals are exposed to high Tc, intestinal permeability can increase,
leading to migration of endotoxin into the circulatory system (Moseley, 1997; Pyne et al.,
2014; Selkirk et al., 2008). When only small amounts of LPS leak into the portal
circulation, the liver can protect the body by eliminating the endotoxin (Gathirim et al.,
1987). However, when LPS rises rapidly in the blood, as occurs when body temperatures
rise, this process can be overwhelmed and trigger a range of pro-inflammatory responses,
including the cytokines; tumor-necrosis factor-α, Interleukin (IL)-6 and IL-10 that
activate an immune response (Bosenberg et al., 1988; Bouchama et al., 1991; Sakurada
& Hales, 1998). These elevations in cytokines can elevate the hypothalamic set point for
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temperature regulation (Hull et al., 1993; Reidel, et al., 1982; Sakurada et al., 1998),
which may increase the risk of heat illness.

When pro-inflammatory cytokines rise in the plasma as a result of the changes in
endotoxicity in the bloodstream, elevations in immune function occur. This elevated
immune response is particularly evident in high levels of leukocytes which, in
firefighters, can remain elevated for up to 90 minutes following a work task in the heat
(Smith, D et al., 2005). This immune response may be a concern for firefighters as both
acute and ongoing increases in immune activity can increase the likelihood of
immunosuppression (Lim et al., 2009) in conjunction with immunothrombosis.
Firefighters regularly attend emergency incidents including motor vehicle accidents and
other medical responses where they will likely come into contact with infected
individuals. As such, any possible immunosuppression in firefighters may be
predisposing them to increased risk of illness at work (Reed et al., 1993). Further, many
Australian urban firefighters are deployed to disaster zones following earthquakes and
storms which are conducted over multiple days in adverse conditions, where they will
likely come into contact with bodily fluids and deceased victims. However, currently the
risk of the immune systems of Australian firefighters being overwhelmed following work
in the heat, and the subsequent risk of illness is currently unknown and requires
evaluation.

Firefighters sustain high rates of thrombotic events during or immediately following
emergency work. Although the risk of a thrombotic event is likely related to body
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composition and fitness of individual firefighters, significant increases in platelet activity
can occur following firefighting work in the heat (Hostler et al., 2014; Smith, D et al.,
2004; Smith, D et al., 2014; Smith et al., 2005; Smith, D et al., 2011). Smith et al., (2011)
conducted a live-fire training exercise with 114 firefighters. While the authors reported
increased heart rates and Trec following work in the heat, they also reported a 24 %
increase in platelet numbers and aggregation. This platelet response occurred despite
work time being limited to 18 minutes, well inside the expected limit of one SCBA
cylinder and the working requirements, which generally requires firefighters to complete
more than one work bout. Smith D L et al., (2011) also reported that, following the 18
minute work period in the heat, leukocyte numbers increased by 38 %. These findings
have been replicated in other firefighter studies (Hostler et al., 2014; Smith, D et al.,
2004; Smith, D et al., 2005; Wright-Beatty et al., 2014). Any increases in platelet activity
may increase the risk of thrombotic events in Australian firefighters during, or following
work in the heat. Given that the bulk of firefighter fatalities are related to cardiac events,
changes in platelet activities is likely relevant to understanding the risk profile for
individual firefighters. Further, understanding the effects of heat on platelet numbers at
intervals greater than 90 minutes is currently poorly understood and may be impacting on
the safety of firefighters when the are redeployed to further work tasks.

Increased platelets occur, as part of an immune response to pathogens and bacterial
products as the body creates a micro vascular thrombosis or clot, to isolate the pathogens
(Pfeiler et al., 2014). Micro vascular thrombosis serves to isolate the invading pathogen
to allow leukocytes to more effectively eliminate the potential threat. However, there is a
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risk that when this process becomes uncontrolled, possibly through excessive Tc or poor
physical condition, the partial or whole occlusion of the blood vessel can occur (Pfeiler et
al., 2014). Further, localised clots can migrate to major blood vessels leading to ischemic
events including stroke and deep vein thrombosis (DVT) (Engelmann & Massberg, 2012;
Sexton & Smyth, 2014). Given that the firefighters sustain high numbers of thrombotic
events, the links between high Tc and heat related changes to immunity and inflammation
need to be examined, along with understanding any possible risk profile related to
physical conditions of firefighters, their work/rest cycles and post-incident cooling
protocols.

Although reporting an acute increase in platelets following 18 minutes of a simulated
live-fire task, Smith D et al., (2014) report that platelet numbers had returned to baseline
following 2 hours of passive rest in a 20 °C room with ad libitum water. Core
temperatures following the recovery were lower than baseline (-0.22 °C) and plasma
volume had increased by 1.5 % which may have played a role in the reduction of platelet
numbers through increased hydration. It must be noted that the same authors reported
sustained leukocyte elevations after ninety-minutes of recovery following the same work
protocol (Smith, D et al., 2005). Thus, it is currently unclear whether the decline in
platelet numbers observed following 2 hours of rest occurred as a result of lower Tc and
increased hydration.

Older firefighters potentially experience decreasing ability to dissipate body heat (Larose
et al., 2013). The reductions in skin blood flow for sweating may not have any net effect
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on cooling in PPC, and indeed may provide a benefit through reduced dehydration.
Hence any age related decrements are more likely relevant in less restrictive clothing.
Intuitively, should this be true, an increased risk of thermal strain, would likely impact on
the extent of immune changes given that there is also a propensity for older individuals to
demonstrate higher resting levels of circulating inflammatory markers including IL-6,
TNF-α and CRP (Wright, McLellan, et al., 2013). However, Wright-Beatty et al., (2014)
found no correlation between age and immune responses, given a standardised work bout
in the heat. In their study, Wright-Beatty et al., (2014) compared the responses of
firefighters and non-firefighters separated by age groups. They found that IL-6 changes
were mediated by occupational status (firefighter or non-firefighter) rather than age.
Thus, the authors propose that IL-6 changes are likely mediated by perception of strain
with firefighters more likely to have experienced working in the heat compared with nonfirefighters, which may prove to be a protective mechanism (Wright, Larose, et al., 2013;
Wright-Beatty et al., 2014). However, the effects of increased service time are currently
unclear and require further examination.

Any heat-related increases in immune or inflammatory activity will likely increase the
risk of thrombotic events in firefighters and may be impacting on the integrity of their
immune system when they come into contact with pathogens during rescue tasks.
Although research has been conducted indicating that elevated platelets occurs following
work in the heat, along with elevated leukocyte activity for up to 90 minutes, a timeline
of changes outside this are yet to be established. Understanding the timeline of immune
and inflammatory activity has relevance to Australian firefighters when they are
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redeployed to subsequent emergency tasks, or they work in multi-day deployments.
Further, an individual profile of resistance to immune and inflammatory changes is yet to
be established. Hence, researching the interaction between acute responses to working in
the heat and physical profiles in the Australian context should occur, along with
establishing effective post-incident recovery protocols with a view to mitigating heat
related changes.

2.6.4 Hydration

Maintaining the hydration status of firefighters will likely improve their ability to sustain
work in the heat. The role of hydration has been extensively studied in sports settings
(Cheuvront et al., 2003; Cheuvront et al., 2010; Dion et al., 2013; Ebert et al., 2007;
Mitchell et al., 2002; Montain & Coyle, 1992a, 1992b; Murray, 2007; Oppliger &
Bartok, 2002; Sawka et al., 2007; Wall et al., 2013) and to a lesser extent in occupational
settings (Cheung & McLellan, 1997; Horn et al., 2012; Hostler, Bednez, et al., 2010;
Lindseth et al., 2013; McLellan & Cheung, 2000; Mclellan et al., 1999; Raines et al.,
2015). When fluid losses approach 5 % of body mass, the Tc tolerated prior to exhaustion
and, as a consequence the time that individuals can exercise will be reduced (McLellan et
al., 2013; Sawka et al., 1992). However, while all authors are in agreement that hydration
likely plays some role in the performance of individuals in the heat, consensus has not
been established regarding acceptable levels of dehydration or hydration strategies. Thus,
the effects of dehydration of Australian firefighters when they work in the heat needs to
be determined.
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When athletes complete vigorous exercise in the heat, sweat rates up to 3 L hr-1 have
been reported (Murray, 2007). Murray et al., (2007) points out that is likely that this rate
of water loss will be difficult to replace during work due to an upper limit on gastric
emptying which could be ~1.3L.hr-1 . It is unclear whether firefighters would produce
similar sweat rates. The inability for the body to replace lost water can lead to
dehydration which likely impacts on the performance of individuals when they work in
the heat. A number of researchers have proposed that when body mass loss, a surrogate
measure of dehydration, exceeds 2 % then performance will be negatively affected
(Cheuvront et al., 2003; Murray, 2007; Sawka et al., 2007). Cheuvront et al., (2003) in
particular reports that 2 % to 7% dehydration decreases endurance performance by
between 7 % and 60 %. However, a growing body of evidence in sport and occupational
settings has indicated that a body mass loss up to 3.5 % has no effect on performance
(Cheung & McLellan, 1997; Dion et al., 2013; Mclellan et al., 1999; Mitchell et al.,
2002; Wall et al., 2013). The ongoing lack of consensus makes it difficult to prescribe
appropriate hydration protocols for use during emergency work in the heat, as does
understanding any likely impacts on performance or safety of firefighters should
dehydration occur.

Dehydration can contribute to an increase in Tc (Costill et al., 1970; Gisolfi & Copping,
1974; Hamilton et al., 1991), heart rate (Candas et al., 1986; Francis, 1979) and
perception of effort (Ebert et al., 2007; Sawka et al., 2007) leading to increased
cardiovascular and heat strain along with altered central nervous system and metabolic
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function (Cheuvront et al., 2003). Higher plasma volumes improve the maintenance of
stroke volume often reduced at higher Tc as vasodilation redirects blood to the skin for
cooling (Cheuvront et al., 2003; McLellan & Selkirk, 2006; Montain & Coyle, 1992a).
Dehydration leads to decreased in stroke volume due to a reduction in blood volume and
the subsequent elevation in heart rate to maintain cardiac output (Cheung & McLellan,
1997; Gonzalez-Alonso et al., 2000; Rowell et al., 1966). In at-risk populations this
elevated heart rate may increase the risk of a cardiac event. For firefighters, who may be
experiencing age related declines body composition and fitness, dehydration may further
increase the risk of a cardiac event following work in the heat.

Euhydration, the state of being appropriately hydrated is subject to differing assessments.
Further, definitions of euhydration are mixed. However, urine specific gravity (USG) less
than 1.020 is considered an effective measure (Horn et al., 2012; Sawka et al., 2007).
Likewise, plasma osmolality of less than 290 mOsm.L-1 is considered to be euhydrated
(Raines et al., 2015). Of concern in firefighting settings, is that firefighters routinely
demonstrate USG values above the euhydration threshold prior to on-shift training
activities (Horn et al., 2012; Hostler et al., 2014). Specifically, Horn et al., (2012) found
that when firefighters attended a live-fire training exercise, the mean USG of the group
was 1.025, a value in excess of the threshold for euhydration. Further, only nine percent
of individual firefighters were below the threshold of 1.020, despite instructions from
researchers to maximise their hydration prior to their attendance. It is likely that the level
of dehydration observed by Horn et al., (2012) would occur during normal work shifts
with a large number exceeding these values prior to working in the heat. However, it is
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currently unclear what the effect of dehydration of firefighters prior to work is in the
‘real-world’ and if it is affecting their safety during emergency responses in the heat.

Wearing PPC creates an uncompensable environment, likely leading to increased sweat
rates as the body seeks to remove heat (Cheung & McLellan, 1997; Cheung et al., 2000;
McLellan & Cheung, 2000; Sawka et al., 2007). When working in these uncompensable
environments, the body will attempt to maintain sweat rates to offset rises in Tc
(McLellan & Selkirk, 2006). However, the impermeable PPC actively reduces the rate of
heat loss, which will likely see the body producing large amounts of sweat in an attempt
to mitigate rising Tc. Thus, as firefighters, are required to wear impermeable PPC for
protection, it is intuitive to expect that they will experience high levels of dehydration
following work bouts in the heat. Horn et al., (2012) found that, following a 3-hour live
fire training simulation, individuals lost approximately 2 kg of body weight (2.4 % in 83
kg firefighters), despite ongoing ad libitum hydration being provided during the
intermittent rest periods. However, despite evidence of performance declines in athletic
settings, the impacts of dehydration reported in firefighters remains largely unknown,
particularly in Australian firefighters during long-duration work tasks.

Cheung et al., (1997) found that when individuals were working in HAZMAT PPC,
hydration status had no effect on the tolerance time of individuals during a heavy work
bout. This was in contrast to participants in the same study who completed a light work
bout, with hydration having a significant effect on individual tolerance times. Wearing
PPC in the heat will likely see substantial increases in skin temperatures (Tsk),
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independent of rising Tc, which in euhydrated subjects is considered to be a limiting
factor for submaximal performance (Cheuvront et al., 2010; Sawka et al., 2012). Skin
temperatures Tsk may account for differences in tolerance times during light work,
independent of hydration status. Further, along with Cheung et al., (1997), McLellan et
al., (2000) found that when wearing the same PPC configuration, fluid replacement only
played a role in mitigating Tc rises when work time exceeded 60 minutes. Thus, it is
likely that while hydration may play a role in increasing tolerance time when firefighters
work in the heat, familiarising them with increased Tsk, in conjunction with protecting
them from rises in Tc may be of greater value to incident controllers than levels of
hydration in isolation (Cheung et al., 1998; Ebert et al., 2007; McLellan & Cheung,
2000; Mitchell et al., 2002). However, ensuring that firefighters arrive at emergency
incidents euhydrated is likely important to maintaining safety during work bouts in the
heat. Likewise, controlling for hydration status prior to research activities will maximise
the validity of physiological measurements during simulated work tasks.

Maximising the hydration of firefighters may contribute to an increase in the performance
of firefighters, through an increased ability to maintain Tc. However, despite a number of
researchers proposing a dehydration threshold of 2 % to maintain performance, this link
is unclear in firefighting populations. Should a safety threshold exist, then fire services
should aim to maximise the hydration of firefighters prior to and also during attendance
at emergency events in the heat. Establishing a safe level of dehydration in urban
firefighters is particularly relevant should firefighters attend emergency events with
already impaired hydration.
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2.7 Post-Incident Cooling
To maintain the operational capability of fire services during long duration emergency
incidents, firefighters regularly re-enter fire scenes to continue fire suppression and
related tasks. To minimise fatigue and to lower the risk of exertional heat illness during
re-entry or redeployment, mitigating rises in Tc sustained during work periods should be
an operational priority. Prolonged intense emergency events can see recovery periods
between work periods being restricted to less than 10 minutes. During this period,
firefighters are required to maintain their operational readiness by replenishing their
equipment and PPC. Restoring their equipment is of critical importance for firefighters
prior to undertaking any rehydration and cooling protocols and thus evaluating cooling
methods that rapidly reduce the time to cool Tc will likely prove valuable in sustaining
emergency responses.

During prolonged emergency events, effective rehabilitation protocols, inclusive of rapid
and effective cooling modalities, should be a priority for fire services. The prime
advisory body in the USA, the National Fire and Protection Association (NFPA)
recommends the provision of formal rehabilitation sectors at incidents and during training
exercises in the heat (NFPA, 2008). However, at this point, no consistency in protocols
for post-incident cooling exists in countries outside the USA. Numerous cooling
modalities have been examined (Table 2.7), including ice vests (Barr et al., 2011;
Barwood et al., 2009; Hausswirth et al., 2012; Kenny et al., 2011; Norton et al., 2010),
misting fans (Brearley et al., 2011; Selkirk et al., 2004), iced towels (Armstrong et al.,
1996; Espinosa, 2008; Horn et al., 2011), crushed ice ingestion (Brearley et al., 2011)
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cool intravenous fluids (Hostler, Reis, et al., 2010; McEntire et al., 2013) and water
immersion; either whole or lower body immersion (table 2.5) or hand and/or forearm
immersion (table 2.6). Of the aforementioned cooling methods, NFPA 1584 states that
hand and/or forearm immersion in cold water is the most appropriate cooling protocol for
use by firefighters following work periods in the heat (Barr et al., 2011; NFPA, 2008).

Interestingly, forearm immersion is only used by firefighters and in some military
settings. Further, while forearm immersion is recommended for use by the US Army
(DeGroot et al., 2013), the Australian Defence Force (ADF) recommends cooling heataffected soldiers by immersion of the whole body (5 °C to 10 °C) and makes no reference
to forearm cooling as a recommended protocol (ADF, 2008). The use of forearm
immersion has been established, in part based on a perceived need for firefighters to
continue wearing a level of PPC during recovery bouts. However, it is likely that
continuing to wear PPC following work in the heat will reduce the effectiveness of
cooling methods at fire scenes. Rapidly reducing Tc should be a priority to minimise
fatigue and possibly alter changes to immune and inflammatory function in Australian
firefighters, and to date methods used in elite sport and medical settings, specifically
whole-body water immersion, appears to have not been adequately assessed.

Rapidly cooling heat stressed firefighters following work in hot environments is critical
to mitigating the risk of heat stroke, a potentially life threatening condition (Casa et al.,
2005; Casa, McDermott, et al., 2007; Smith, J, 2005). To assess the effectiveness of
different cooling protocols, a Tc cooling rate (°C.min-1) criterion (Table 2.4) was applied
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according to McDermott et al., (2009). The cooling rate classifications were based on
time to lower Tc analogous with exertional heat stroke to ~38.9 °C, with cooling rates of
0.079 °C.min-1 or greater deemed acceptable and Tc cooling of greater than 0.155 °C.min1

recognised as ideal.

Table 2.4: Rate of core temperature cooling in individuals suffering Exertional Heat Stroke from 42.2
°C to ~38.9 °C (McDermott et al., 2009).
Cooling Category

Cooling Rate

Ideal (<20 mins)

≥0.155oC.min-1

Acceptable (20-40 mins)

0.079-0.154oC.min-1

Unacceptable (>40 mins)

≤0.078oC.min-1

2.7.1 Water Immersion
Researchers conducting studies using whole body water immersion report Tc cooling
rates ranging from ~0.01 to 0.35 °C.min-1 (Table 2.4). However, cooling rates conferred
by body immersion are generally considered to be acceptable (n=8) or ideal (n=14) based
on McDermott et al., (2009) (Table 2.6. However, it must be noted that it appears that no
studies using whole body immersion have been conducted on firefighters and, as such the
results reported in Table 2.5 only represent athletic or medical settings, reinforcing the
need for study in firefighting settings.

The highest Tc cooling rate of 0.35 °C.min-1 was reported when participants were
immersed in circulated 2 °C water (Proulx et al., 2003) compared with 8 °C (0.19
°C.min-1), 14 °C (0.15 °C.min-1) and also 20 °C water (0.19 °C.min-1) immersion. Of the
14 trials that produced cooling rates deemed to be ideal, only Proulx et al., (2003) utilized
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a water temperature greater than 14 °C. Further, the five trials that produced cooling rates
greater than 0.20 °C.min-1, utilised cold water with a temperature range of 1 °C to 8 °C.

Studies reporting cooling rates in the acceptable range (n=8), generally employed higher
water temperatures than those used in studies reporting ideal rates (n=14), with 3 of the 8
trials using 14 °C or 15 °C water (Peiffer et al., 2010; Proulx et al., 2003; Vaile et al.,
2011). In field settings, it is unlikely that firefighters would be able to access cold water
with approximately 82.5 kg of ice required to reduce the temperature of 600 L of water
from 26 °C to 14 °C (Brearley et al., 2011). In acknowledging the logistical challenge in
delivering and maintaining cold water for firefighters in a field setting, Taylor et al.,
(2008) and Friesen et al., (2014) cooled athletes using 26 °C water, a temperature likely
to be achievable using either reticulated water supplies (Brearley et al., 2011) or a fire
appliance. The studies using temperate water immersion (23.5 - 26.0 °C) achieved
cooling rates of 0.10 °C.min-1 to 0.11 °C.min-1 (Taylor et al., 2008; Friesen et al., 2014;
Lee et al., 2012) demonstrating the likely advantages of whole-body immersion in the
field.

Increasing the surface area exposed to water appears to increase the cooling rate in heat
affected individuals. Specifically, the highest cooling rate of 0.35 °C.min-1 was achieved
by Proulx et al., (2003) using neck-out immersion, which exposes approximately 93% of
body surface area (DuBois & DuBois, 1915). Neck-out immersion, also trialed by Taylor
et al., (2008) using warmer water temperatures (14 °C) than Proulx et al., (2003), also
resulted in cooling rates in the ideal range (0.18 °C.min-1). Further, by using neck-out

83

immersion Taylor et al., (2008), was also able to achieve an acceptable cooling rate using
26 °C water. Given the disparity in water temperature between these studies, it appears
that increasing the amount of body surface exposed can mitigate the possible diminishing
benefits of immersion when water temperature is increased.

Given the strong link between whole body immersion, and the relatively superior cooling
rates compared with passive cooling alone, it is timely that a review into its effectiveness
for post-incident cooling in urban firefighters be established, particularly given a lack of
research in this area. Urban firefighters in Australia attend structural firefighting events
with a number of resources in the form of nutrition and protection from the weather. Thus
it is likely that the resource limitations experienced in remote settings may be ameliorated
at urban fire scenes making water immersion a possible solution for use by urban
firefighters in Australia.

84

Table 2.5: Descriptive data for cooling studies using whole-body immersion. (Papers, n=20; conditions,
n=34). Studies are ranked according to their cooling rates (°C.min -1).
Reference:
(Hausswirth et al., 2012)

Ambient
Temp (°C)

Water
Temp (°C)

Duration
(minutes)

Pre Tc

Cooling Rate
(oC.min-1)

Immersion Depth

20

20

25

38.6

~0.01

Mid-sternum

(Dunne et al., 2013)

18.0

8

15

38.3

~0.03

Lower-body

(Brearley, M. B. et al.,
2011)

29.5

25

30

38.5

~0.04

Mid-sternum

(Clapp et al., 2001)

-

10-12

30

38.8

0.04

Torso

(DeMartini et al., 2011)

22.2

14

30

38.7

~0.04

Neck-out

(Dunne et al., 2013)

18.0

15

15

38.4

~0.05

Lower-body

24.0

14.3

20

38.5

~0.05

Mid-sternum

24.0

14.3

10

38.6

~0.05

Mid-sternum

24.0

14.3

5

38.6

~0.06

Mid-sternum

(Friesen et al., 2014)

22.0

26

~42

40

0.06

Mid-sternum

(Lee, E. C. et al., 2012)

25.0

11

30

39.8

~0.06

Mid-sternum

(Robey et al., 2013)

23.0

14

15

38.8

~0.07

Mid-sternum

(Vaile et al., 2008)

-

14

15

38.5

~0.08

Neck-out

(Peiffer et al., 2010)

35.0

14

15

38.6

0.08

Mid-sternum

(Vaile et al., 2011)

32.8

15

15

38.5

~0.09

Neck-out

(Friesen et al., 2014)

22.0

26

~25

40

0.10

Mid-sternum

(Taylor, N. A. et al., 2008)

20-22

26

-

40.1

0.10

Neck-out

(Lee, E. C. et al., 2012)

25.0

23.5

6

39.2

~0.11

Mid-sternum

(Gagnon et al., 2010)

25.0

2

16

39.6

0.14

Neck-out

(Proulx et al., 2003)

25.7

14

17

39.8

0.15

Neck-out

(Clements et al., 2002)

28.9

5.2

12

39.5

0.16

Torso

(Clements et al., 2002)

28.9

14

12

39.6

0.16

Torso

(Yeargin et al., 2006)

29.5

14

12

39.5

0.16

Torso / Upper-legs

(Friesen et al., 2014)

22.0

2

~16

40

0.16

Mid-sternum

(Lee, E. C. et al., 2012)

25.0

11.7

6

39.8

~0.18

Mid-sternum

(Taylor, N. A. et al., 2008)

20-22

14

13.9

40.1

0.18

Neck-out

(Proulx et al., 2003)

25.7

8

15

39.8

0.19

Neck-out

(Proulx et al., 2003)

25.7

20

18

39.8

0.19

Neck-out

(Yeargin et al., 2006)

29.5

5.2

12

39.5

0.20

Torso/Upper-legs

(Armstrong et al., 1996)

24.4

1-3

16

41.2

0.20

Torso / Thigh

(Lemire et al., 2008)

-

8

13.1

39.9

0.20

Mid-sternum

(Lemire et al., 2008)

-

8

12.8

40.1

0.23

Mid-sternum

(Friesen et al., 2014)

22.0

2

~9

40

0.27

Mid-sternum

(Proulx et al., 2003)

25.7

2

9

39.8

0.35

Neck-out

(Peiffer, Abbiss, Nosaka, et
al., 2009)
(Peiffer, Abbiss, Watson, et
al., 2009)
(Peiffer, Abbiss, Watson, et
al., 2009)
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2.7.2 Hand and forearm Immersion
The National Fire Protection Association (NFPA) recommends that hand and forearm
immersion is the most appropriate and effective cooling protocol for post-incident
cooling of firefighters (NFPA, 2008). The NFPA is widely referenced in other countries,
leading to the adoption of hand and forearm immersion by a number of fire and rescue
services in North America, South East Asia and Australia along with the US Army. The
recommendation to include forearm immersion is based on the research of Selkirk et al.,
(2004) who compared hand and forearm immersion (~17 °C) with a commercially
available misting fan and seated rest in the shade (35 °C, 50 % relative humidity). While
Selkirk et al., (2004) and later McLellan et al., (2006), provided data supporting forearm
immersion as a more effective practice than passive rest in hot ambient temperatures,
cooling rates were in the unacceptable category based on McDermott et al., (2009) for
heat stroke casualties.

Despite the recommendation by the NFPA, evidence supporting hand and forearm
immersion as an effective post-incident cooling modality is not universally recognised.
Hostler et al., (2010) and Carter et al., (2007) found that when ambient temperatures
were lower than 24 °C, forearm immersion provided no better cooling rates than passive
cooling alone, despite using relatively low water temperatures (14.3 °C). Colburn et al.,
(2011), using more temperate water (22 °C) also reported that forearm immersion was no
better than passive cooling.
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Cooling rates of studies investigating forearm immersion ranged from 0.013 °C.min-1
(Katica et al., 2011) to 0.054 °C.min-1 (Hostler, Reis, et al., 2010) (Table 2.7), with all
studies resulting in unacceptable Tc cooling rates. Thus, based on cooling rates alone, it
appears that forearm immersion is unlikely to cool heat-affected firefighters in a timely
manner during or following emergency incidents. As a result, prior to recommending
cooling modalities for use in Australian firefighting settings, establishing other methods
as a comparison to forearm immersion should occur, given that forearm immersion is
recommended for use in NFPA countries.

Table 2.6: Descriptive data for studies using forearm immersion. (Papers, n=8; conditions, n=9)
Ambient
Temp (°C)

Water Temp.
(°C)

Duration (minutes)

Cooling Rate (°C
min-1)

Pre Tc

18

19

15

0.013

38.2

(Katica et al., 2011)

-

17

20

0.015

38.5

(Selkirk et al., 2004)

35

17.4

20

0.018

38.3

(Burgess et al., 2012)

32.5

10

15

0.019

38.0

(Selkirk et al., 2004)

35

17.4

20

0.025

38.9

31.2

17.8

30

0.019

38.5

(Carter et al., 2007)

15

12.5

20

0.038

38.5

(Khomenok et al., 2008)

35

10

10

~0.040

~38.2

22.5

20.9

30

0.05

38.3

24

14.3

20

0.054

~38.3

Reference:

(Barr et al., 2011)

(Barwood et al., 2009)

(Colburn et al., 2011)
(Hostler, Reis, et al., 2010)
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2.7.3 Iced Slush Drinks

Lowering the temperature of drinking water has been shown to improve cooling rates
during passive rest (Lee, J. K. et al., 2008; Mundel et al., 2006) and also reduce Tc of
athletes prior to exercise (Byrne et al., 2011). Mundel et al., (2006), along with Lee at al.,
(2008) trialed water at 4 °C compared with 19 °C and 37 °C water between two cycling
bouts in a hot environment. The authors reported that the colder fluid was more palatable,
with participants consuming greater volumes, which may partially explain the significant
improvement in endurance. The authors also report that ingesting colder water may
attenuate the rises in Tc in uncompensable environments. However, this view is not
universal with Lamarche et al., (2015) noting that, when hot water (50 °C) was
consumed, compared with cold water (1.5 °C) there was no difference in whole body heat
storage in a compensable environment. Although a discrepancy in results exists,
differences may be due to methodology based on exercise in compensable and
uncompensable environments. Regardless, both environments are relevant for firefighters
working in the heat and the possible impacts of water temperature should be considered.

A growing body of research in athletic settings has shown that ingestion of a crushed ice
drink (SLUSH) prior to exercise can significantly increase time to fatigue and minimise
the rate of Tc rise, particularly when used for pre-cooling prior or between bouts of
exercise (Ihsan et al., 2010; Ross et al., 2011; Siegel et al., 2010; Siegel et al., 2011,
2012). This is contrary to findings by Stanley et al., (2010) who, while acknowledging a
higher cooling rate compared with water alone, found that SLUSH produced no
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improvement in performance following a recovery period in a hot environment. Despite
these findings, the cooling rates add value to investigating the effectiveness of SLUSH to
rapidly cool firefighters particularly given its relative ease of deployment.

SLUSH presents a relatively easy method of cooling in the field, compared with ice vests
and water immersion and can be be prepared off site and transported partially frozen
(Ross et al., 2011). SLUSH ingestion also concurrently provides firefighters with rehydration and possibly carbohydrates and electrolytes. The logistical ease of using
SLUSH, combined with a reduced requirement to undress to administer, makes it a
potentially effective cooling modality for firefighters by both reducing Tc and also
allowing for a more sustained effort on re-entry to fire scenes, particularly where
removing tunics is not possible during rapid recycling back into the fire scene. However,
with the exception of Brearley et al., (2011) who tested SLUSH in the tropics, to date it
appears that this modality has not been tested in firefighting populations. Further, SLUSH
has been tested primarily as a pre-cooling method and its effectiveness in cooling
hyperthermic firefighters in more temperate conditions is currently unknown and
therefore requires investigation.

A possible limitation to the effectiveness of SLUSH lies in the ability of firefighters to
consume large volumes of ice in a timely fashion. Brearley et al., (2011) noted that, while
cooling rates were 0.032 °C.min-1 in a tropical setting, some firefighters indicated
difficulty in consuming 7.5 ml.kg-1 due to “brain-freeze”. This discomfort led to some of
the ice melting prior to consumption, which was also reported by Siegel et al., (2010) for
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some athletes. Further, Brearley et al., (2011) noted that participants ingesting SLUSH
demonstrated cooling rates approximate to that of water immersion, however they
sustained higher Tgi compared with water immersion in subsequent work bouts. The
authors were unable to account for this, however it is likely that firefighters were able to
work harder due to perceptions of wellness as Siegel et al., (2010) report that subjects
sustained a higher Tc when stopping exercise due to exhaustion compared with a passive
control. Cooling rates for Tgi and also esophageal temperatures (Tes) change more rapidly
than for rectal temperatures (Trec) (Kolka, Levine et al., 1997; Lee, Williams et al., 2000),
which may explain some differences in reported cooling rates between modalities and
thus confound a comparison between cooling methods. Regardless, investigation of
SLUSH as a cooling method for firefighters at emergency fire scenes is warranted.

It is likely that SLUSH can provide a practical post-incident cooling modality for use by
urban firefighters following work in the heat. However due to only one author (Brearley
et al., 2011), studying the use of SLUSH in occupational settings, its effectiveness at
cooling Tc of heat affected firefighters is largely unknown. Further, Brearley et al.,
(2011) conducted research into the effectiveness of cooling in a tropical setting, and as a
result its value as a cooling modality in temperate climatic conditions requires further
evaluation.
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2.7.4 Misting fans

Fire appliances respond to firefighting events carrying fans for ventilation of buildings
following structural firefighting events. Given that fans are provided at fire scenes their
use, with attachments to provide mist, has been suggested as a cooling method (Brearley
et al., 2011; Hostler, Bednez, et al., 2010; McLellan & Selkirk, 2006). McLellan et al.,
(2006) found that, using a commercially available misting fan, firefighters were able to
extend their working time and mitigate core temperature rises after re-entry to a
simulated fire scene, compared with a passive recovery alone. Further, although Hostler
et al., (2010) reported a relatively slow cooling rate of 0.041 °C.min-1, they note that
firefighters indicated that fans, along with ice vests, were their preferred method of
cooling compared with forearm immersion and iced IV infusion. However, the misting
fan was not as effective as hand and forearm immersion at cooling firefighters when they
completed repeated low intensity work bouts in the heat (Hostler, Reis, et al., 2010).

Brearley et al., (2011) report that in a tropical setting, misting fans were not significantly
better than passive rest due in part, according to the authors, to a possible reduction in
sweat rates. The idea that sweat rates can be impaired by misting fans is likely due to
participants in that study reporting being uncomfortably cold due to the combination of
water and fast moving air, resulting in shivering and a likely retardation of cooling rates.
Given that Brearley et al., (2011) conducted research in a tropical setting with higher
ambient temperatures than would be experienced in temperate environments, it is likely
that the cold experienced by firefighters in that setting would be further enhanced by
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cooler ambient temperatures, making it less likely that firefighters would engage with it
as a cooling method. Given that firefighters will generally enter rehabilitation sectors
with skin wetted from sweating in their PPC, the presence of moving air may be effective
without the mist, however this needs further investigation.

2.7.5 Ice Vests

Ice vests are growing in popularity in athletic settings both for cooling and pre-cooling of
athletes and may present a valid cooling method for firefighters due to a limited need to
remove PPC at the fire scene, the prevalent argument for the use of forearm immersion.
Barr et al., (2011), in one of the only studies using firefighters, used ice vests between
two 20-minute work bouts in the heat both as a stand-alone cooling modality and also to
enhance the effectiveness of forearm immersion. Compared with a passive recovery, ice
vests alone resulted in no difference in Tc at the conclusion of a 15 minute rest period for
firefighters (Barr et al., 2011). Further, no significant differences between ice vests and
passive cooling were evident in studies using athletes (DeMartini et al., 2011; Lopez &
Cleary, 2008). By combining the ice vest with forearm immersion, Barr et al., (2009,
2011) produced cooling rates of only 0.013 °C.min-1 and 0.030 °C.min-1 respectively. In
contrast, House et al., (2013) found that the temperature of the ice vest played a role in
the effectiveness of ice vests in attenuating Tc rises, with 0 °C and 10 °C vests far better
than the passive control and vests at 20 °C and 30 °C. However compared with Barr et
al., (2011), firefighters in the study by House et al., (2013) wore the vest over a T-shirt
but under a double layered cotton combined with a woolen set of coveralls compared
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with structural firefighting pants and boots. This may have played a role in the
effectiveness of the cooling modality and would have a likely impact on ice vests in the
field following work in the heat.

Although ice vests may play a role in pre-cooling of athletes, it is unlikely that they will
provide rapid and effective cooling of firefighters following work in the heat. However,
as Barr et al., (2009, 2011) demonstrated, adding ice vests to forearm immersion
protocols can increase its validity as a cooling method, though it is likely that this
increased resource requirement will reduce its attractiveness to fire services. It is also
likely that, during work, the presence of an ice vest may be a useful mitigation strategy,
however the extra weight may increase the metabolic heat load and thus nullify any
benefits gained.
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Table 2.7: Cooling rates of different cooling methods used in firefighting and athletic settings. Studies
are listed in order of cooling rates.

Reference:

Cooling
Method

Ambient
Temp
(°C)

Duration
(minutes)

Cooling
Rate
(°C.min-1)

Pre Tc

(Barr et al.,
2011)
(Siegel et al.,
2010)
(Barr et al.,
2011)

Ice vest

21.0 ± 0.5

15

0

38.2 °C

Cold Water
(4°C)

34.1 ± 0.2

30

0.008

37.1 °C

Ice vest & HFI

21.0 ± 0.5

15

0.013

38.2 °C

Iced SLUSH
drink
(14 g.kg-1)

Not reported

30

0.020

Not reported

Misting fan

29.5

30

0.022

38.5 °C

34.1 ± 0.2

30

0.022

37.2 °C

Not reported

30

0.024

Not reported

21.0 ±0.5

15

0.030

38.2 °C

26.6 ± 2.2

43.8

0.030

38.7 °C

29.5

30

0.032

38.5 °C

33.7 ± 0.8

50

0.038

38.9

Cooling Vest

24

20

0.041

Not reported

Misting fan

24

20

0.041

Not reported

Ice vest

22.2 ± 4.9

10

0.050

38.7 °C

Iced Intravenous
solution

24

20

0.065

Not reported

(Ross et al.,
2011)
(Brearley et al.,
2011)
(Siegel et al.,
2010)
(Ross et al.,
2011)
(Barr et al.,
2009)
(Lopez & Cleary,
2008)
(Brearley et al.,
2011)
(Stanley et al.,
2010)
(Hostler, Bednez,
et al., 2010)
(Hostler, Bednez,
et al., 2010)
(DeMartini et
al., 2011)
(Hostler, Bednez,
et al., 2010)

Iced SLUSH
drink
(7.5 g.kg-1)
Iced SLUSH
drink
(14 g.kg-1) +
Iced towel
Ice vest & HFI
Cooling Vest
(22 °C)
Iced SLUSH
drink
(7.5 g.kg-1)
Iced SLUSH
drink (1 kg)
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2.8 Conclusion
With an overall lack of published research into Australian urban firefighters and the
specific working environment that they work in, it is timely that research be conducted to
establish a likely profile of risk in that jurisdiction. Physical fitness standards and body
composition are particularly relevant to ensuring that Australian firefighters work safely
in the heat, particularly given the possible links between heat related changes to
inflammation and immunity and cardiac events. However, based on the discrepancies
between countries regarding body composition and fitness, predicting the risk profile in
Australian firefighters is problematic at this point. Further, establishing the effects of
ageing in Australian fire services not conducting ongoing health and fitness programs
will provide a profile of risk in that population. Identifying possible risks of cardiac
events to specific individuals in fire services will likely validate the need for the inclusion
of such programs, particularly should an interaction between physical profiles, work in
the heat and cardiac risk be established.

Where a profile of physical competency and ageing can be established, an understanding
of the impacts of working in hot environments should be established. Although it is likely
that the elevated temperatures and thermal strain seen in other countries will also be seen
in Australian firefighters, differences in operational tactics and protective equipment may
provide a confounding influence on any predictions made for Australian fire services.
Thus, conducting research using Australian firefighters, with their specific PPC, and
reflecting as close as possible, their working environment, will allow fire services to
more accurately assess the risk of injury and cardiac events within their workforces.
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Understanding the likely interactions between body composition, PPC design and the
working environment will further allow for research into providing a profile of heat
resistance in Australian urban firefighters and to inform possible health and fitness
programs. Further, this understanding can then inform possible post-incident cooling
practices to maximise the effectiveness of rest in reducing the likely changes to immunity
and inflammation occurring as a result of elevated Tc from working in the heat. Given
that Australian firefighters regularly re-enter fire scenes or are redeployed to subsequent
emergency tasks, establishing valid field cooling modalities, based on those used in
medical and athletic settings should occur.

It was the aim of this research project that an understanding of the working environment
and its effects on urban firefighters be undertaken. Specific goals include understanding
the health implications of the working environment and to provide contemporary data to
inform recommendations for training and operational procedures when firefighters
operate in thermally challenging environments.
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Chapter Three: Study one - The ageing Australian Firefighter:
An argument for age based recruitment and fitness standards
for urban Fire Services.
This is an Accepted Manuscript of an article published by Taylor & Francis in
Ergonomics 57 (4), 612-621 on 3rd March 2014, available online:
http://www.tandfonline.com/ 10.1080/00140139.2014.887790

Foreword:
Selection processes for recruit firefighters in Australia generally entail a range of physical
competency tests designed to closely replicate operational tasks for urban firefighters.
Competency based physical tests can include ladder lifts, hose drags, simulated victim
rescues, confined space tolerance, working at heights and manipulating a range of rescue
tools (Sothmann et al., 2004). Further, as a reflection of a recommendation for a
minimum aerobic capacity for firefighters, many Australian fire services currently use
multi-stage shuttle run testing (Leger et al., 1988; Ramsbottom et al., 1988) as part of the
recruitment pre-test battery (CFA, 2012; MFS, 2014; QFES, 2014). The purpose of this
testing is to ensure that potential recruits can safely and effectively undertake emergency
work in Australian fire services.

In spite of recommendations from peak advisory bodies in Australia (AFAC, 2003) and
other countries (NFPA, 2003), no Australian urban fire service currently conducts
ongoing fitness assessments following recruitment. As a consequence, no common
information regarding the physical standard of Australian firefighters currently exists.
Thus, study one aims to evaluate the current state of firefighters in an Australian fire
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service and to establish an understanding of the role that ageing may be playing in
changes to the physical traits in this population.
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3.1 Abstract
Currently, there is no enforcement of physical standards within Australian fire services
post-recruitment, possibly leading to inappropriate fitness and body composition. The
present study evaluated the impacts of ageing on physical standards of Australian
firefighters. Seventy-three firefighters from three different 10-year age groups (25-34
years (n=27), 35-44 y (n=27), 45-54 years (n=19)) volunteered for physical testing using
Dual Energy X-ray (DXA) analysis and existing fitness tests used for recruitment by an
Australian fire service. Older (45-54 years) participants demonstrated significantly
decreased

physical

standards

compared

with

younger

participants

including

cardiovascular fitness (p<0.05) strength (p=0.001) and simulated operational power
testing tasks (p<0.001). Age related body composition changes were also observed
independent of body mass index (BMI). Minimum recruitment standards and fitness
programs need to account for age related declines in physical capabilities to ensure the
minimum standard is maintained regardless of age.
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3.2 Introduction
Firefighters spend much of their working shift on standby, with long sedentary periods
(Dobson et al., 2013; Taylor, N. A. S. & Taylor, 2012). On short notice, firefighters
respond to high intensity emergency situations in heavy protective clothing while
wearing a self-contained breathing apparatus (SCBA), operating at near maximal
capacities (Elsner & Kolkhorst, 2008; Holmer & Gavhed, 2007; Kales et al., 2003;
Smith, D. L. et al., 2001). Combined with situational unpredictability and high ambient
temperatures, these stressors may lead to firefighters facing potentially dangerous levels
of thermoregulatory and cardiovascular strain (Barr et al., 2010; Perroni et al., 2013). To
ameliorate this risk and ensure operational effectiveness and safety, firefighters should
maintain high levels of physical fitness (Lindberg et al., 2013; Smith, D. L., 2011; Storer
et al., 2013).

Declining aerobic capacities have been observed in firefighters and reflect the general
population (Inbar et al., 1994; McGavock et al., 2009) regardless of endurance training
status (Wilson & Tanaka, 2000). Aerobic capacity declines have been linked to
concurrent changes in body composition (Pollock et al., 1997). Specifically, declines in
maximal aerobic capacities have been shown to occur at a rate of approximately 0.2
ml.kg-1.min-1 to 0.5 ml.kg-1.min-1 per year (Perroni et al., 2014; Sothmann et al., 1990)
after the age of 30 years in firefighters (Saupe et al., 1991). These physical declines are
generally age related, however, they are not necessarily age dependent and can be
reduced by effective fitness and health interventions (Bennett et al., 2011). In Australia,
minimum retirement ages have increased from 55 years for those born prior to 1960 with
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access to age pensions increasing to 65 years of age (Fahcsia, 2013). Increasing
retirement ages will result in a greater number of older firefighters attending emergency
incidents. To understand the impact of ageing on the workforce in an operational
firefighting setting, it is important that research is conducted into the effects on this
population. At this stage, little research has been conducted into ageing in an Australian
context.

Successful completion of firefighting tasks requires aerobic capacities of between 29
ml.kg-1.min-1 and 44 ml.kg-1.min-1 (Storer et al., 2013) with activities including search
and rescue, ladder/stair climbing and carrying victims (which is estimated to be at the
higher end of this range) (Perroni et al., 2013; Tofari et al., 2013). To ensure that
firefighters effectively complete their work tasks with a sufficient safety margin, the
minimum maximal aerobic capacity for high intensity work has been set at 42 ml.kg1

.min-1 (IAFC, 2013; NFPA, 2011). Aerobic capacities at or below these values will

likely demand very high levels of physical exertion from the individual creating physical
strain and reducing the safety and effectiveness of the firefighting team. Indeed,
firefighters who demonstrate aerobic fitness values below 43 ml.kg-1.min-1 have been
shown to incur injuries 2.2 times more often than those who demonstrate aerobic
capacities greater than 48 ml.kg-1.min-1 (Poplin et al., 2014). Higher aerobic capacities
would therefore require less exertion while completing firefighting tasks and provide a
safety margin for firefighters (Elsner & Kolkhorst, 2008; Tofari et al., 2013).
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Increasing physical fitness to allow firefighters to work with less strain may be
particularly prudent given that cardiac events already account for forty to fifty-one
percent of line of duty firefighting fatalities (Barr et al., 2010). In particular, the
intermittent high intensity work of firefighting contributes to increased cardiac risk in
firefighters who demonstrate inappropriate fitness, strength and body composition (Storer
et al., 2013). A high proportion of all firefighting injuries occur to those in the
overweight or obese category (BMI ≥25 kg/m2) (Kuehl et al., 2012). Additionally, those
who have experienced a cardiac event during work typically present with poor body
composition (mean BMI 31 kg/m2) (DeJoy et al., 2010). In Australia, military service
personnel (Randazzo-Matsel et al., 2012) as well as volunteer firefighters (ACTRFS,
2011) require active employees to undergo regular fitness assessments. However, regular
fitness assessments are not required for Australian professional urban firefighters.

Australian professional urban fire services require an equivalent minimum maximal
aerobic capacity of 45 ml.kg-1.min-1 during recruitment. However, standards for aerobic
capacity are lower in some states. Recruitment also includes the assessment of functional
strength and power, acknowledging the role these attributes play in firefighting tasks.
However, once recruitment has occurred, little is known about the maintenance of these
fitness variables as no ongoing assessments are conducted in Australian urban
firefighting services. Therefore, it is unclear if operational readiness and safety is being
maintained post-recruitment.
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3.2.1 Aims
The impact of ageing on the fitness and body composition of Australian firefighters is
largely unknown. The relationship between ageing and concurrent changes in physiology
is important to understand, given the link between lower fitness, poor body composition
and increased risk of injury and cardiac events. In the context of an ageing workforce, the
present study sought to establish the current state of an Australian fire service in relation
to established fitness standards and compared them with normative population data.

3.3 Methods
3.3.1 Participants

Seventy-three male firefighters (mean (SD) age 38.9 (9.0) years, service time 10.2 (8.8)
years, height 180.8 (6.6) cm and body mass 84.2 (9.2) kg), volunteered to participate in
the study. Participants were all full time professional urban firefighters. Informed consent
was obtained from all participants after the University of Canberra Human Research
Ethics Committee approved the study. Body composition and fitness assessments were
conducted on separate days and completed within a 2 week period during duty hours.
Participants age and service time were compared to establish a relationship between
ageing and operational experience.

3.3.2 Body composition testing
Height was measured to the nearest 0.1 cm using a wall mounted stadiometer (Seca 222,
Hamburg, Germany) and weight to the nearest 0.1 kg with electronic scales (Seca,
Hamburg, Germany). An accredited anthropometrist took all measurements according to
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guidelines set by the International Society for the Advancement of Kinanthropometry
(Stewart et al., 2011). Waist circumference was measured at the narrowest point of the
abdomen between the lower costal border and the top of the iliac crest. BMI was
calculated as the weight in kilograms divided by the square of height in metres (kg.m-2)
(Baur et al., 2012).

Percentage body fat, android/gynoid (A/G) ratio, bone mineral density and lean tissue
mass of participants was assessed with a Lunar Prodigy Pro Dual Energy X-Ray (DXA)
scanner (GE Healthcare, United Kingdom). A narrow fan beam (4.5°) was used, with
body fat calculated by previously published methods (Taylor et al. 2003). All scans were
completed on the same scanner by two operators who had been fully trained in the
operation, positioning of participants and analysis of results according to the
manufacturer’s guidelines. Participants undertook a minimum 4-hour fast before scanning
and wore minimal clothing with all jewellery and metal objects removed.

3.3.3 Predicted maximal aerobic capacity testing
Cardio-respiratory fitness testing was conducted using the Yo-Yo Intermittent Recovery
Test Level 1 (YRT1) (Bangsbo et al., 2008). Testing was completed on a bitumen surface
free of debris, with participants dressed in their choice of athletic clothing and footwear.
Ongoing verbal encouragement was provided to participants to maximise individual
efforts. Performance was recorded based on distance covered. Maximal aerobic capacity
(VO2

max)

was then estimated using established methods (Bangsbo et al., 2008). To

establish the relationship between age and predicted aerobic capacity, results were
compared with normative data established by Herdy and Uhlendorff (2011) for visual
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comparison (Figure 3.4). To establish an understanding of absolute maximal aerobic
capacity relative to individual body mass, VO2 was converted to L.min-1.

3.3.4 Strength testing
Dominant-hand grip strength was assessed using a 200 lb. Baseline® hydraulic hand
dynamometer (Fabrication Enterprises Inc., New York) with participants in a seated
position, with their shoulder adducted and neutrally rotated. The elbow was flexed at 90°
with the forearm in a neutral position and the wrist between 0 and 0 of dorsiflexion
(Nicolay & Walker, 2005; Richards, 1997). The arm was unsupported during testing and
participants were tested once only.

3.3.5 Simulated operational power testing
Individuals were tested for power and muscular endurance using pre-established (ACT
Fire and Rescue) recruitment protocols. Recruitment protocols include a hose-drag and
dummy-drag, both simulating operational firefighting tasks. All participants completed
the simulated operational power testing wearing athletic clothing including running
shoes, combined with ACT Fire and Rescue issued structural over-pants, jacket (Stewart
and Heaton, Australia) and helmet (Pacific Helmets, New Zealand). Times for the hoseand dummy-drag were recorded as indicative power measures for firefighting operations.

3.3.5.1 Hose-drag
Beginning five metres from a stationary fire truck, participants advanced a twenty-five
mm high-pressure hose made from Duraline and filled with water (Chubb Fire Safety,
Chubb Australia), a distance of fifty metres over a flat bitumen surface. The hose was
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located on a drum on the side of a fire truck and unrolled as participants moved away,
increasing the weight and resistance as the distance increased. At twenty-five metres, to
stop momentum of the drum, participants ceased forward movement by stopping and
bringing two feet together, before advancing the remaining twenty-five metres. During
recruitment to become a firefighter in the Australian Capital Territory Fire and Rescue
(ACTFR) service, the maximum time allowed for this test is eighty seconds. Participants
were hand timed using a stopwatch. Upon conclusion of the hose-drag, participants
commenced a one-minute passive recovery period before performing the dummy-drag.

3.3.5.2 Dummy-drag
Participants were required to drag a70 kg mannequin, equipped with a 7 kg (total weight
77 kg) breathing apparatus (Scott Safety Australia, Sydney NSW) around a 60 metre
rectangular course (20 metres x 10 metres). Participants self selected their method of
dragging but were limited to moving backwards and having part of the dummy in contact
with the ground at all times. Participants were hand timed using a stopwatch. To become
a firefighter in the ACTFR service, the maximum time allowed to complete this test is
one hundred seconds.

3.3.6 Data Analysis
Data analysis was performed in SPSS ver. 20 (SPSS Inc., Chicago, IL, USA).
Participants were grouped into ten-year age groups to allow for comparison with
normative aerobic capacity data established by Herdy and Uhlendorff (2011) (25-34
years (n=27), 35-44 years (n=27), 45-54 years (n=19)). A one-way analysis of variance
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(ANOVA) with Tukey post-hoc correction was performed to determine differences
between groups with the alpha level set at 0.05 and 95% confidence intervals (CI)
reported. A p value between 0.05 and 0.10 was noted as a difference possibly existing
(Curran-Everett & Benos, 2004). Effect sizes (ω2) were calculated and reported as being
‘small’ <0.009, ‘medium’ 0.010–0.059, ‘large’ 0.060–0.1 8, and ‘very large’ ≥0.1 9
(Cohen, Jack, 1988). Mean (SD) data for all age groups are presented graphically and in
text and compared with age-group normative data from existing literature. Pearson’s
product moment correlations were calculated to determine relationships between fitness
and body composition variables and age. Cohen (1988) reports that correlations of 0.100.29 are considered ‘small’, 0. 0-0.49 ‘moderate’ and ≥0.50 ‘strong’.

3.4 Results
3.4.1 Age and service time

Mean service time of participants was 10.2 (8.8) years. A significant difference and very
large effect size between ten-year age groups based on service time was observed
(p<0.001, ω2=0.79) (Figure 3.1). Post hoc analysis revealed significant increases in
service time between 25-34 and 35-44 (5.5 (1.2) years, 95 % CI 2.6 to 8.5, p<0.001) and
45-54 year age groups (18.4 (1.3), 95 % CI 15.4 to 21.5, p<0.001) and between 35-44 and
45 to 54 year age groups (12.9 (1.3), 95 % CI 9.7 to 16.1, p<0.001).
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Figure 3.1: Service time of participants by 10-year age groups. * Represents a significant increase
between 25-34 years (p<0.001), ** represents a significant increase between 35-44 and 45-54 years
(p<0.001) and ^ represents a significant increase between 25-34 and 35-44 years (p<0.001).

3.4.2 Body composition
Overall mean BMI and body fat results were 25.8 (2.3) kg/m2 and 20.0 (6.5) %
respectively. Based on BMI and body fat standards set by the World Health Organisation
(WHO) (2011), 35 % of participants were classified as normal weight, 61 % as
overweight and 4 % as obese, while 21 % were considered to be over-fat (body fat ≥25
%).
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A significant difference and large effect size was detected between groups for waist
circumference (p=0.026, ω2=0.09) (Figure 3.2). Post-hoc analysis revealed significantly
lower waist circumference for 25-34 compared with the 45-54 year age group (-4.8 (1.8)
cm, 95 % CI -9.2 to -0.5. p=0.026). There was a trend towards increased body fat and
decreased lean mass with medium effect sizes detected up to the 45-54 year age group
(figure 4.3). However, there were no significant differences detected (p=0.162, p=0.208
respectively). The Android/Gynoid ratio significantly increased with age with a large
effect size detected (p=0.024, ω2=0.08). Post hoc analysis revealed a significant increase
in A/G ratio between 25-34 and 45-54 years (0.2 (0.1), 95% CI 0.0 to 0.3, p=0.02). BMI
remained relatively unchanged between ten-year age groups (Figure 3.3) with no
significant differences only a medium effect size detected (p=0.181, ω2=0.02).

Bone mineral density showed no differences and very small effect sizes with ageing in
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the present study (p=0.296, ω2<0.01).
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Figure 3.2:Mean (SD) waist circumference (cm) by 10 year age groups. * Represents a significant
increase in waist circumference between 25-34 and 35-44 years (p=0.026).
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Figure 3.3: Body composition variables including body mass index and percentage body fat, by 10 year



age groups.  Represents body mass index (kg m-2), body fat (%) and  lean mass (%).

3.4.3 Predicted maximal aerobic capacity
Mean predicted maximal aerobic capacity for all participants was 49.5 (5.2) ml.kg-1.min1

. Ageing resulted in a significant decline in maximal aerobic capacity and was associated

with a very large effect size (p<0.001, ω2=0.23) (Figure 3.4). Post-hoc analysis revealed a
significant decrease between 25-34 and 45-54 year age groups (7.7 ml.kg-1 min-1, 95 %
CI -4.0 to -11.4, p<0.001), 25-34 and 35-44 years (3.8 ml.kg-1.min-1, 95 % CI -0.4 to -7.2,
p=0.027) and 35-44 and 45-54 year age groups (3.9 ml.kg-1.min-1, 95 % CI -0.2 to -7.7,
p=0.039).
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Absolute predicted maximal aerobic capacity significantly declined with age with a very
large effect size detected (p<0.001, ω2=0.17) (Figure 3.5). Post hoc analysis showed a
significant decline between 25-34 and 45-54 years (-0.7 L.min-1, 95 % CI -1.1 to -0.3,
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p<0.001) and 35-44 and 45-54 years (-0.5 L.min-1, 95 % CI -0.9 to -0.1, p=0.008).

10-year age groups
Figure 3.4: Age based decline in predicted maximal aerobic capacity of  participants compared with
active and sedentary populations (Herdy & Uhlendorf, 2011). The dashed line denotes the minimum
recommended maximal aerobic capacity value of 42 ml.kg-1.min-1 (IAFC, 2013; NFPA, 2011). ∧
represents significant difference between 25-34 and 45-54 year age groups (p<0.001). * Represents
significant differences between 25-34 and 35-44 year age groups (p=0.027) and ** between 35-44 and
45-54 year age groups (p=0.039).
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Figure 3.5: Mean (SD) predicted absolute maximal aerobic capacity (L min-1) by 10-year age groups. *
Represents a significant decline between 35-44 and 45-54 years (0.008) and ** represents a significant
decline between 25-34 and 45-54 years (p<0.001).

3.4.5 Strength

A significant age-related decline with a very large effect size for grip strength was
detected (p=0.001, ω2=0.21) (Figure 3.6). There was a significant strength decrease from
35-44 to 45-54 year age groups (9.9 kg, 95 % CI -3.9 to -8.5, p=0.001). A possible
difference was noted between the 25-34 and 45-54 year age groups (11.8 kg, 95 % CI 0.5 to 11.3, p=0.08), however this difference was not statistically significant.
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Figure 3.6: Mean (SD) grip strength by 10 year age groups and for  participants compared with
normalised data for the general population (Hanten et al., 1999). * Represents a significant difference
between 35-44 and 45-54 year age groups (p=0.001) and ** a possible difference between 25-34 and 4554 year age groups (p=0.08).

3.4.6 Simulated operational power testing

A significant difference and large effect size was detected between age groups for both
the dummy drag and the hose drag (p<0.001, ω2=0.26 and P<0.001, ω2=0.46
respectively) (Figure 3.7). Post hoc analysis of hose drag results revealed a significant
increase in time between 25-34 and 45-54 year age groups (6.4 (0.8) seconds, 95 % CI
4.3 to 8.4, p<0.001) and 35-44 and 45-54 (5.8 (0.9), 95 % CI 3.8 to 7.8, p<0.001). Post
hoc analysis of dummy drag results revealed a significant increase in time between 25-34
and 45-54 year age groups (24.7 (5.2) seconds, 95 % CI 12.4 to 37.0, p<0.001) as well as
between 35-44 and 45-54 age groups (22.1 (5.2), 95 % CI 9.7 to 34.5, p<0.001).
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Figure 3.7: Results of simulated operational power testing for dummy drag and hose drag. The dashed
line represents the current Australian Capital Territory Fire and Rescue recruiting standard times (hose
drag 80 seconds, dummy drag 100 seconds). * Represents a significant difference between 35-44 and 4554 year age groups (p<0.05) and ** represents a significant difference between 25-34 and 45-54 years
(p<0.05).

3.4.7 Correlations

A strong positive correlation was observed between age and service time in the present
study (r = 0.774, p<0.001) and a strong negative correlation between age and predicted
maximal aerobic capacity (r = -0.547, p<0.01). A small negative correlation of age with
strength (r = -0.250, p<0.01) and small positive correlations between age and body fat
percentage (r = 0.228, p<0.05) and time to complete simulated operational power testing
(r = 0.237, p<0.05) were observed.
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3.5 Discussion
The present study represents the first investigation of the effects of ageing in an
Australian professional urban firefighting service. Results of body composition, strength,
power and aerobic capacity testing demonstrate that, although participants in the present
study demonstrated fitness profiles exceeding minimum recruitment standards, ageing
among firefighters is causing declines at a rate that appears to mirror the general
population. Australian fire services do not mandate or monitor physical fitness standards,
nor employ standardised recruitment protocols, and as a result it is unclear if operational
safety and effectiveness is being affected in Australian fire services.

Mean BMI of participants in the present study was 25.8 (2.3) kg.m-2 which is lower than
firefighters in the USA (BMI 28.6 (4.6) kg.m-2) (Poston et al., 2011) though higher than
Italian firefighters (BMI 24.4 (2.3) kg.m-2) (Perroni et al., 2014). Results of BMI
assessment in the present study indicate that the majority (64 %) of firefighters are in the
overweight category (BMI ≥ 25). Nearly seventy-five percent of injuries in American fire
services have been reported to occur to those who are in the overweight or obese
categories (Kuehl et al., 2012) and it is possible that this would also be occurring in
Australian fire services. However, with no standardised data, a link between body
composition and injury is unclear at this stage and requires further investigation.

The present study indicated medium effect sizes for changing body composition
including increasing body fat and decreasing muscle mass (Figure 3.3) that was not
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evident based on BMI standards and is possibly exacerbated by a lack of workplace
strength and conditioning programs. Further, a significant increase and large effect size
detected in the A/G ratio was observed which represents a shift towards a greater
tendency for the present population to store fat around the core as they age. Mean body
fat (approximately twenty percent) reported in the present study was well below the
twenty-five percent being defined as the standard for obesity, compared with the mean
BMI of 25.8 kg.m-2, placing participants in the overweight category (General, 2001;
WHO, 2011). The apparent contradiction in classifications raises questions as to the
validity of BMI as an assessment tool for injury risk factors in this population and
requires further examination.

Waist circumference (WC) has been shown to be significantly different between obese
and non-obese populations and has been linked with cardio vascular disease (CVD) and
increased body fat (Smith, D L et al., 2012). The significant age related increases in waist
circumference observed in the present study demonstrated a change in body composition
that was not detected by BMI or DXA analysis. Participants in the present study
demonstrated WC below the 94 cm standard for increasing CVD risk (WHO, 2011),
though the significant increase and large effect size observed raises questions regarding
the impact of ageing on the health of this population, particularly after the age of 55 years
and requires further investigation. Given the relative ease of measuring WC in the field,
we recommend that it be considered as a measurement tool for firefighters to screen for
CVD risk factors as part of any wellbeing program.
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Aerobic capacity of participants in the present study declined with age at a rate appearing
to parallel the general population (Figure 3.4). Current recruitment standards in
Australian fire services are only marginally higher than the minimum safety standard of
42 ml.min-1.kg-1. With an expected decline in aerobic capacity of between six and fifteen
ml.min-1.kg-1 occurring after 30 years of age, combined with significant declines in
strength and indicative power likely to occur over a 30 year career (Perroni et al., 2014;
Sothmann et al., 1990), it is intuitive to expect that as firefighters age, without ongoing
strength and conditioning programs in the workplace, that they may not maintain these
levels through to retirement. It is also likely that the significant declines and very large
effect sizes detected in absolute aerobic capacity are linked with the concurrent changes
in body composition observed in the present study. A greater understanding of the
combined effects of fitness declines and changes in body composition on operational
effectiveness requires further investigation. Strength testing in the present study (Figure
3.6) indicates that firefighters appear to be not notably different (in some age groups), to
that of the general population (Hanten et al., 1999) and that significant age related
declines are occurring between the 35-44 and 45-54 year age groups. Small methodology
differences in testing may explain some of the differences in results, however we
recommend that further investigation of appropriate strength levels for firefighting be
conducted.

The mean age of operational firefighters in Australia is increasing (43 years 11 months in
the present study) and reflects trends in other countries (Sluiter & Frings-Dresen, 2007).
Older personnel are significantly less likely to engage in intense exercise (Bennett et al.,
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2011) which may be facilitating the age related physical declines reported in the present
study with a strong correlation between ageing and service time observed. Fire services
do not discriminate against potential recruits on the basis of age, though the results of the
present study indicate that this population was likely recruited at relatively young ages
with a significant increase and very strong correlation for service time and age groups
observed. Ongoing, structured, regular physical activity has been shown to be effective in
slowing age related physiological degradation in firefighters (Booth et al., 2011; Ciolac,
2013; Rogers et al., 1990; Trappe et al., 1996) with structured workplace health
programs being shown to dramatically reduce workers compensation and medical costs
post implementation in fire services (Kuehl et al., 2013). If the recruitment age of
firefighters in Australia reflects the results of the present study, the implementation of
strength and conditioning programs and age based monitoring standards early and
throughout a firefighter’s career may play a part in extending their operational fitness
through to retirement.

The Australasian Fire and Emergency Services Authorities Council (AFAC) guidelines
(AFAC, 2003) and the National Fire Protection Association (NFPA) standard 1582
(NFPA, 2003) recommend that professional firefighters be subject to ongoing physical
training programs and that fire services provide appropriate training equipment, time and
qualified training officers (AFAC, 2003; Mehrdad et al., 2013; NFPA, 2003; Tsismenakis
et al., 2009; Williams & Ineson, 2004). In Australia, no urban fire services have
implemented the AFAC recommendations and in the USA, 70 % of fire services have
failed to adopt workplace health programs (Poston et al., 2013). Where fire services in
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the USA have implemented fitness initiatives, injury rates have declined and overall
wellness and operational readiness have improved (Poston et al., 2013).

Firefighters in the present study demonstrated significant age related declines that are
likely being exacerbated by a lack of cohesive fitness programs and ongoing testing. All
age groups represented in the present study produced results that exceed the minimum
standards currently required for the ACT Fire and Rescue service, though the
performance of those in excess of fifty-five years is not currently understood. Given the
significant declines prior to this age group, it is likely that those above the age of 55 years
may be demonstrating inappropriate levels of fitness and body composition. Hence,
further research into this age group needs to be undertaken to establish if the significant
declines are impacting on the operational effectiveness of those in the final ten years of
their career, as very little is understood regarding the physical competence of firefighters
over fifty-five years of age.

Results of the present study indicate that recruitment benchmarks for fitness may need to
be evaluated to allow for the significant age related physical fitness declines observed.
Further, results of indicative power testing showed inconsistent results with regards to the
proximity of firefighters to recruiting benchmark. The disparity in results observed
between testing evolutions raises questions as to their validity as screening tools for
recruitment and require further investigation. Comparisons of aerobic capacity testing
protocols have previously indicated that load carriage tasks conducted wearing PPC and
SCBA, elicit the greatest physiological strain at values in excess of the recommended 42
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ml.kg-1.min-1 (Perroni et al., 2013; Tofari et al., 2013). We recommend that recruitment
testing should therefore be conducted using specific workplace tests based on the
operational tasks likely to be encountered and at levels that reflect the recommended
standard for aerobic capacity. Regardless of the age of the firefighter, it is important that
they can complete work tasks safely and effectively. Given the declines observed in the
present study, and to minimise injury risks, appropriate age-based fitness and recruitment
standards, that allow for observed effects of ageing, combined with coordinated and
effective training programs need to be established to ensure that all members of
Australian fire services are operationally fit for duty regardless of their age.

The present study has demonstrated a significant effect of ageing on the fitness of
operational firefighters. With the retirement ages in the present service increasing from
55 to 65 years for firefighters, it is likely that the declines observed may have an impact
on the safety and operational effectiveness of older firefighters. We recommend that
recruiting standards and ongoing task specific fitness programs and assessments be
employed within Australian fire services to minimise the impacts of ageing on the health
of professional urban firefighters.
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Chapter Four: Study two – Physiological Responses to design
adaptations in Firefighting PPC during simulated firefighting
tasks.
This Chapter has received copyright approval for inclusion in this thesis; Order detail
ID: 66477124, Science of Sport, Exercise & Physical activity in the tropics by Edwards,
Andrew; Leicht, Anthony in the format Thesis / Dissertation by Copyright Clearance
Center pgs. 91 – 102.

Foreword:
Prior to undertaking research regarding the effects of working in the heat (study three to
study six), it was important to understand the extent of variables including the impacts
that the protective clothing (PPC) worn by firefighters may be having on the levels of
thermal strain that they experience. Modern firefighters wear PPC that is designed to
increase the time that they can be exposed to radiant and convective heat. This increased
exposure time then allows them to enter further into fire affected buildings. To increase
the safety of firefighters, ongoing improvements to PPC design have occurred, with a
reduction in natural (wool and brass – Figure 4.1 (A/B)) to modern synthetic materials
including Gore-Tex and Nomex (Figure 4.1 (C)). Modern PPC has also included the
introduction of a self-contained breathing apparatus (SCBA), over pants and ‘flash
hoods’ along with similar evolution to glove and boot design. The most modern outer
clothing is now designed to mitigate the ingress of steam and chemicals with the
introduction of a moisture barrier.
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Study two aims to establish an understanding of the impacts that modern firefighting
PPC may be having on the levels of thermal strain experienced by Australian professional
urban firefighters. Specifically, the addition of a moisture barrier may be further
increasing the level of thermal strain that is experienced from wearing PPC and SCBA in
both temperate (17 °C) and high-heat (120 °C) working conditions. Participants in study
two are recruits, and as a result it is likely that they will have reduced skill compared with
operational firefighters. Given that recruits are at a similar baseline, the likely
confounding influence of skill gained from operational experience is thus reduced.
However, due to the recruit-training program involving regular exposure to live-fire and
training time in the heat-chamber, they are likely considerably more heat acclimated than
operational firefighters might be.

(A)

(B)

(C)

Figure 4.1: Firefighting PPC from an Australian fire service (A) 1960’s, (B) 1990’s and (C) 2015.
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4.1 Abstract
Introduction. To ameliorate the effects of steam and chemical ingress during firefighting
operations, modern Personal Protective Clothing (PPC) require the presence of a moisture
barrier. Little research has been undertaken evaluating the impact of this barrier on
physiology of firefighters working in different environments.
Methods. Ten Australian recruit firefighters (five per group), (mean (SD) age 30.8 (5.8)
years), undertook one of two twenty-minute simulated firefighting tasks separated by a
ten-minute recovery period; (1) In a heat chamber set at 120 °C, filled with smoke,
firefighters conducted a search and rescue task and (2) at temperate temperatures (17 °C),
firefighters completed firefighting activities. After the recovery period, the task was
repeated. A randomised order crossover design saw participants wearing PPC containing
either a moisture barrier (BARR) or no moisture barrier (NBAR).
Results. Relative to NBAR (37.7 (0.7) °C) BARR showed a moderate increase in Tc
(38.0 (0.5) °C, η2=0.096) and a small increase in air consumption (NBAR 64.5 (8.3)
L.min-1, BARR 66.6 (1.9) L.min-1, η2=0.037) in the temperate condition group. No
meaningful differences for skin temperature or change in body mass were observed.
Compared with NBAR (39.0 ± 0.6 °C), BARR resulted in higher skin temperatures (39.6
(0.6) °C, η2=0.178) and greater air consumption (NBAR 45.8 (7.5) L.min-1, BARR 48.7
L.min-1 (7.1), η2=0.044) and a greater change in body mass (NBAR 2.4 (0.6) %, BARR
2.6 (0.9) %, η2=0.021) in the heat chamber. No differences for Tc were observed in the
heat chamber group.
Conclusion. The presence of a moisture barrier in structural firefighting PPC may be
increasing thermal stress encountered in firefighting settings. Increased strain resulting
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from design changes may require re-evaluation of work practices to account for the stress
of wearing structural PPC when responding to emergencies.

4.2 Introduction
Firefighters respond to emergency incidents that are characterised by high levels of
ambient and radiant heat (Eglin, 2007; Eglin et al., 2004). High ambient temperatures,
combined with smoke and hazardous gases, create an environment that would be
untenable without protective clothing (PPC) and specialised self-contained breathing
apparatus (SCBA). The combined weight of protective equipment can exceed 20 kg and
increases oxygen consumption and heart rates (Barr et al., 2010; Smith, D et al., 1995),
along with reducing maximal aerobic performance by twenty to thirty percent
(Louhevaara et al., 1985). This weight is acknowledged as an extra physical burden, but
modern day PPC may provide additional stressors to workers (Barr et al., 2010;
McLellan & Cheung, 2000).

Firefighting has one of the highest rates of line of duty fatalities for civilian occupations
(Fabio et al., 2002). Changes in equipment, combined with improved firefighting tactics,
led to a reduction in injuries to firefighters during the 1970’s and 1980’s. However the
trend towards reduced injury has reversed in recent years during emergency incidents
(Burton, 2007; DeJoy et al., 2010). Cardiac events during emergency incidents are
prevalent in fire services and are linked to inappropriate levels of fitness and body
composition (Baur et al., 2012; Smith, D et al., 2012). The high rates of cardiac events
during firefighting are likely exacerbated by thermal strain imposed by PPC and exposure
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to high ambient temperatures combined with poor physical conditioning of firefighters.
Fire services have to strike a balance between protection from heat and flame, and
increases in thermal strain from the protective clothing. Intuitively, any increase in
thermal load as a result of design changes to PPC will likely impact on the operational
safety of firefighters during emergency incidents, thus an understanding of the impacts in
the Australian setting is required.

Australian design standards (AS/NZS 4967:2009) require an impermeable membrane in
structural firefighting PPC to minimise chemical exposure and steam burns. Multiple
layers of material actively protect firefighters from radiant heat and flames and increase
the time that firefighters can work in fire-affected environments (Barr et al., 2010).
Wearing PPC has been shown to increase thermal strain in firefighters by reducing the
ability to eliminate excess heat by sweating (McLellan et al., 2000). High Tc in particular,
have been linked with increased strain for firefighters, and can exceed the recommended
safety range of between 38.0 °C and 38.5 °C (ISO, 2004; NFPA, 2011) during
firefighting events. Research has demonstrated that firefighters exceed these ranges
during emergency responses (Brearley et al., 2011; Horn et al., 2013). However, testing
has generally been conducted using temperatures or durations not reflecting operational
conditions (Bruce-Low et al., 2007; Eglin, 2007) .

In the context of two simulated rescue tasks in different ambient conditions, the present
study aimed to understand the impacts of the addition of a moisture barrier in modern
firefighting PPC (BARR) compared with more contemporary protective clothing lacking
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this feature (NBAR). Physiological variables including Tc, skin temperature, sweat rate
and air consumption were evaluated and direct comparisons made between BARR and
NBAR groups.

4.3 Methods
4.3.1 Participants

Ten Australian male recruit firefighters (Mean (SD) age 38.0 (5.8) years, height 179.8
(6.6) cm, weight 83.1 (9.4) kg and BMI 25.7 (2.1) kg.m2) volunteered to participate in the
present study. Participants were all partially heat acclimated and tested during a recruittraining program for an Australian fire service. Informed written consent was obtained
from all participants prior to testing.

Participants were randomly assigned to either an ambient temperature (17 °C) or heat
chamber (120 °C) group, where they completed simulated firefighting tasks. The present
study consisted of a randomized crossover with participants wearing PPC containing
either a Gore-Tex® moisture barrier (BARR), or no moisture barrier (NBAR) while
wearing SCBA. Participants completed the simulated firefighting tasks over two twentyminute periods, separated by a ten-minute minute passive recovery as per ACT Fire and
Rescue standard operating procedures. Participants completed testing in both PPC
configurations separated by one week. To ameliorate likely impacts of diurnal variations
to Tc, testing was completed for both trials in the morning. Participants were advised to
follow the same diet in the previous twenty-four hours and maximise their hydration prior
to attending testing.
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Participants wore a full structural fire fighting personal protective clothing (PPC)
ensemble comprising boots (Haix Special Firefighter®, Haix USA), woollen socks,
Nomex® pants (Stewart and Heaton, Australia), over-pants and tunic (with Gore-Tex®
lining, and without Gore-Tex® lining) (Stewart and Heaton, Australia), cotton T-Shirt,
Nomex® flash hood (Life liners Inc., Morristown, USA), gloves (ESKA, Thalheim,
Austria) and helmet (Pacific Helmets, New Zealand). All protective clothing complied
with Australian Standard AS/NZS 4967. Participants wore an open-circuit Scott Safety
Contour 300 self-contained breathing apparatus (SCBA) weighing 9.6 kg (Scott Safety
Australia, Sydney NSW). The combined weight of PPC and SCBA was 22.0 kg. During
the intermediate rest period, participants removed their SCBA, jacket, gloves and helmet
and consumed 600 ml of water (ambient temperature). Participants worked in pairs, as
per standard operating procedures.

4.3.2 Temperate Temperature Group

Participants undertook a simulated firefighting task using a ladder to make entry to the
2nd floor of a training tower, followed by exiting the tower and rolling out and rolling up
thirty metres of 65 mm hose twice. Participants then ascended the external staircase of
the training tower to the top floor (seven flights) carrying a 20 kg foam drum. Participants
were instructed to complete as many climbs as possible within the twenty-minute testing
period, though this was not recorded. Participants then rested for ten minutes and
consumed 600 ml of water at room temperature before completing the simulated
firefighting task for a second time.
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4.3.3 Heat Chamber Group

Participants undertook a simulated search and rescue task in a purpose built heat chamber
set at 120 °C. The room was darkened and filled with smoke, which significantly reduced
visibility for all participants and likely added to the difficulty of the task. During the
search and rescue task, participants located and retrieved rescue dummies weighing
between ten and fifty kilograms. Participants were instructed to employ standard search
procedures, which included periods of climbing and crawling and were instructed to
complete as many rescues as possible within the twenty-minute testing period, though
this was not recorded. Participants then rested for ten-minutes in the shade and consumed
600 ml of room temperature water before completing the simulation for a second time.

4.3.4 Core Temperature Monitoring

Tympanic Tc was measured using a Braun Thermoscan Pro 4000 Ear Thermometer
(Welch Allyn Australia, Rydalmere NSW). Participants were assessed prior to the
simulated firefighting task to establish a baseline Tc. Assessments were undertaken at the
beginning of the recovery interval and at the completion of the work task. All
temperatures are reported in °C.

4.3.5 Mean skin temperature (MST) monitoring

Skin temperatures were measured with Thermocron iButtons (Maxim Integrated
products, Inc., Sunnyvale, CA, USA) based on protocols previously validated (Smith, A D
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H et al., 2010). Sensors were secured with rigid strapping tape at the following points;
chest (TCHEST), located midway between sternum and the nipple at the line of the 5th rib,
forearm (TARM) located at the site of the largest circumference, thigh (TTHIGH) at the midthigh skinfold site and the calf (TLEG) located at the midline of the posterior calf at the
level of the largest circumference. Overall mean skin temperature (MST) was calculated
by (MST) = 0.3*TCHEST + 0.3*TARM + 0.2*TTHIGH + 0.2*TLEG (Ramanathan, 1964).

4.3.6 Body Mass Change

Change in body mass was calculated as the difference in mass between a baseline score
immediately prior to the simulation and at its conclusion. Participants were weighed
wearing only underwear on a set of portable scales (Charder MS-3200, Charder Medical,
Taiwan). The 600 ml of water consumed during the passive recovery was accounted for
when calculating change in body mass of participants.

4.3.7 Air Consumption

Air consumption during the simulation was calculated based on the following formula;
Air consumption = cylinder pressure (bar) * Total volume of cylinder (6.8 litres) *
compression factor at altitude (600 metres = 0.911). Cylinder pressure was assessed using
the pressure gauge attached to the SCBA, with measurements recorded immediately after
donning and directly prior to doffing the facemask. The difference between these values
was taken as the amount of air used during the simulation.
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4.3.8 Data Analysis
Data analysis was performed in SPSS ver.20 (SPSS Inc., Chicago, USA). Data is
presented as mean (SD). Results were compared with existing standards for air
consumption (Standards Australia, 2003), work durations (NFPA, 2008) and Tc (ISO,
2004). Data was analysed using effect sizes (η2) and 95 % confidence intervals were
reported to compare BARR to NBAR on each variable. To calculate effect sizes, a twoway ANOVA was used for each variable and reported as being ‘small’ 0.01-0.059,
‘moderate’ 0.06-0.1 8 and ‘large’ ≥0.1 9 (Cohen, 1998). To establish differences in Tc
and Tsk pre- to post-simulation, a repeated measure ANOVA was undertaken with
significance set at p≤0.05.

4.4 Results
4.4.1 Tympanic Temperatures

Tc significantly increased for both groups pre- to post-simulation in temperate and heat
chamber groups (p<0.01). Relative to NBAR (37.7 °C, 95% CI 37.1 to 38.3 °C), BARR
resulted in moderately higher Tc at the conclusion of the second work period in the
temperate condition group (38.0 °C, 95 % CI 7.4 to 8.6 °C, η2=0.096, p=0.383) (Figure
4.2). However, NBAR (39.1 °C, 95 % CI 38.3 to 39.8 °C) showed no meaningful
differences compared with BARR in the heat chamber group at the conclusion of the
second work period (Figure 4.2) (39.0 °C, 95 % CI 8. to 9.7 °C, η2=0.002, p=0.887).
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Figure 4.2: Post-simulation tympanic temperature values (mean ± SD) for Ambient and Heat Chamber
simulations. Black bars represent NBAR and grey bars BARR. * Represents a moderate increase
(η2=0.096)

4.4.2 Skin Temperatures

Tsk significantly increased for both groups pre- to post-simulation in both temperate and
heat chamber groups (p<0.01). No meaningful differences in Tsk were detected between
NBAR (36.1 °C, 95 % CI 35.3 to 37.0 °C) and BARR (36.3 °C, 95 % CI 35.4 to 37.2,
η2=0.007, p=0.815) in the temperate condition group at the conclusion of the second
work period (Figure 4.3). However, compared with NBAR (39.0 °C, 95 % CI 38.4 to
39.6 °C), BARR showed a large increase in Tsk in the heat chamber group at the
conclusion of the second work period (39.6 °C, 95 % CI 8.9 to 9.7, η2=0.178, p=0.196)
(Figure 4.3).
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Figure 4.3: Post-simulation skin temperature values (mean (SD)) for Ambient and Heat chamber
simulations. Black bars represent NBAR and grey bars BARR. * Represents a large increase (η2=0.178).

4.4.3 Body Mass Change

No meaningful differences were detected between NBAR (-1.4 %, 95 % CI 0.9 to 2.0 %)
and BARR for body mass change in the temperate condition group (-1.5 %, 95 % CI 1.0
to 2.0 %, η2=0.004, p=0.855) (Figure 4.4). Relative to NBAR (-2.4 %, 95 % CI 1.7 to 3.1
%), BARR showed a small decrease in body mass during the simulation in the heat
chamber group (-2.6 %, 95 % CI 1.9 to . %, η2=0.021, p=0.653) (Figure 4.4).
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Figure 4.4: Post-simulation change in body mass rates (mean (SD)) for Ambient and Heat Chamber
simulations. Black bars represent NBAR and grey bars BARR. * Represents a small decrease in body
mass (η2=0.021).

4.4.4 Air Consumption
Compared with NBAR (64.5 L.min-1, 95 % CI 58.3 to 70.7 L.min-1) a small increase in
air consumption for BARR was observed in the temperate condition group (66.6 L.min-1,
95 % CI 60.4 to 72.8 L.min-1, η2=0.037, p=0.596) (Figure 4.5). Similarly, relative to
NBAR (45.8 L.min-1, 95 % CI 39.23 to 52.43 L.min-1) a small increase in air
consumption for BARR was observed in the heat chamber group (48.7 L.min-1, 95 % CI
42.1 to 55.3 L.min-1, η2=0.044, p=0.512) (Figure 4.5).
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Figure 4.5: Air consumption values (mean (SD)) for Ambient and Heat Chamber simulations. Black
bars represent NBAR and grey bars BARR. * Represents a small increase in air consumption (Ambient
η2=0.037, Heat Chamber η2=0.044).

4.5 Discussion
The present study investigated changes in physiological variables when firefighters wear
PPC containing a moisture barrier, compared to a previous design lacking this feature.
The present study reveals a trend indicating that the moisture barrier may be increasing
the physiological load on firefighters when operating in a range of conditions (Figures 4.2
to 4.5). Appropriate PPC should achieve a balance between fire protection for firefighters
and any likely increased thermal load. The small trend towards increased physiological
strain observed across a number of variables, due to the presence of the moisture barrier,
indicates that standard operating procedures for use of PPC may need to be re-evaluated
in the Australian context to mitigate the physiological strain of firefighters during
emergency responses.

It must be noted that a limitation of the present study of Tc exists in the form of tympanic
measurements, which likely underestimate deep tissue temperatures of participants.
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Tympanic measurements are more likely to be influenced by the ambient temperatures
during testing and are less reliable than more direct measures (Barr, 2010). However,
whilst acknowledging this limitation, our findings show that in temperate conditions
BARR may be less effective at attenuating Tc increases than NBAR (Figure 4.2). The
possibly lower Tc observed for NBAR in the ambient environment indicates that the
thermal resistance properties of the moisture barrier may be leading to increased Tc which
may exceed safe working limits (Figure 4.2). The bulk of modern firefighting responses
in Australia are conducted in environments other than those affected by fire
(approximately ninety-five percent) including motor vehicle accidents, medical responses
and false alarms (Keelty, 2013; Smith, D L et al., 2013). Thus, any increase in Tc in
temperate operating conditions is highly relevant and requires consideration regarding
appropriate PPC for tasks where fire protection may be unnecessary. It is likely that
BARR may be increasing Tc to levels that are likely to prematurely fatigue firefighters
during emergency response events.

In contrast to the temperate condition, our findings show that in the heat chamber, no
meaningful differences in Tc were observed between the different PPC configurations. As
such, the moisture barrier is not negatively affecting thermal stress compared with PPC
lacking this feature, but likely still provides resistance to steam and chemical burns.
However, it should be noted that Tc in both PPC configurations were likely in excess of
the safe working limits of between 38.0 °C and 38.5 °C (ISO, 2004; NFPA, 2008) (Figure
4.2). High Tc during emergency responses may result in safety being compromised in
environments where extreme heat is prevalent and effective cooling protocols are not
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employed. Given that firefighters work in extreme heat environments, we recommend
that appropriate work cycles and rehabilitation practices be investigated in Australian fire
services to minimise the strain on firefighters and allow them to be redeployed following
emergency incidents.

The increased skin temperatures for BARR in the heat chamber group is likely due to
decreased vapour permeability as a result of the moisture barrier (Bruce-Low et al., 2007;
Eglin, 2007). Previous studies have stated that high skin temperatures, rather than Tc are a
driving factor in premature fatigue (Cheuvront et al., 2010; Sawka et al., 2012). Thus,
high skin temperatures in firefighters wearing structural PPC may be leading to increased
fatigue in extreme heat environments and requires further study to understand the impacts
on the ability of firefighters to sustain high work rates required during emergency
responses.

The presence of the moisture barrier produced no meaningful differences in the rate of
body mass change as a result of the work cycles. Nevertheless, structural firefighting PPC
is comprised of multiple layers of material (Barr, 2010) and causes conditions whereby
sweating occurs as a result of a heated microclimate created within the PPC (Hostler,
Reis et al., 2010). Thus, regardless of the presence of a moisture barrier, the
uncompensable microclimate present in PPC is likely driving sweat rates in firefighters.
Changes observed in body mass following the heated cell simulation in the present study
are in excess of two percent. This decrement is regarded as a limiting factor for physical
performance (Cheuvront et al., 2010; Sawka et al., 2012), and may have a negative
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impact on the safety of firefighters when responding to emergency incidents and
appropriate hydration strategies should be employed that reflect this observation.

Standard operating procedures for Australian fire services dictate SCBA wearing time
based on a respiratory volume of 40 L.min-1 (Standards Australia, 2003). The air
consumption values observed in the present study in the temperate condition well exceed
this value. Additionally, increases detected for BARR were greater compared with
NBAR in both environmental conditions (Figure 4.4). This high air consumption is
particularly relevant in the ambient environment, given that much of the time spent in
emergency response is in non fire-affected environments (Smith et al., 2013).

The overall difference in air consumption rates between the heated cell and the temperate
conditions are likely due to a pacing effect as a result of the extreme heat (Cheuvront et
al., 2010) and the large variance in Tc between the two conditions. As a protective
mechanism, humans self-select a lower work rate in hotter conditions. It has been
suggested that changes in Tc drive this pacing strategy (Marino et al., 2004). The
Standards Australia (2003) document that underpins standard operating procedures likely
needs to be re-evaluated to establish a more appropriate standard for air consumption to
ensure that working times are set based on figures reflective of the modern firefighter and
environment.
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4.6 Conclusion
It appears that the presence of a moisture barrier is creating conditions where
physiological strain may be higher for firefighters responding to emergency incidents. It
is likely that the moisture barrier is increasing the physiological strain on firefighters
during emergency incidents by raising temperatures, body mass change rates and
requirements for air. The design changes in PPC have been made in an attempt to
increase the safety of firefighters in environments where extreme heat and flame impact
is likely. However, firefighters spend the bulk of emergency incidents responding to nonfire events including motor vehicle accidents, medical responses and rescue tasks, when
wearing structural firefighting PPC is unnecessary. Based on results in the present study,
it is likely that wearing structural PPC is detrimental to the physical state of firefighters
and should be limited to those firefighting tasks that are impacted by high temperature
and radiant heat. Further, the results of the present study indicate that formal cooling
protocols post incident should be translated into operational settings (Brearley et al.,
2011; NFPA, 2008) to elicit greater rates of cooling and to minimise the negative effects
of PPC observed in the present study, thereby maximising the safety of firefighters during
and directly following emergency responses.
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Chapter Five: Study three - Repeat work bouts increase
thermal strain for Australian Firefighters working in the heat.
This is a Manuscript of an article published by Maney Online in the International
Journal of Occupational and Environmental Health accepted on 1st March 2015,
available online: http://www.maneyonline.com.
DOI: 10.1179/2049396715Y.0000000006

Foreword
Firefighters in Australia are regularly exposed to high temperatures when they work. To
ensure that they are protected from thermal radiation and high ambient temperatures, they
wear impermeable PPC, which increases the strain on individuals and can lead to high
core temperatures in a range of operating conditions (study two). Although study two
demonstrated elevated gastrointestinal temperatures (Tgi) resulting from work in a
extreme heat environment, participants worked without the presence of smoke and
darkness. Smoke and darkness will likely increase the strain on individuals as they
complete a simulated search and rescue task. Thus, the present chapter (study three)
actively increases the validity of testing by reducing visibility for participants with the
addition of smoke to a darkened room, while they wore PPC that contained a moisture
barrier, which can in itself increase the thermal strain on individuals (study two).

Resource limitations in study two led to the use of tympanic temperature measurement
following work in the heat, possibly confounding the results of Tc analysis. Thus, studies
three to six all utilise ingestible thermometers to maximise the validity of Tc analysis.
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Increased accuracy in measurement of Tc also allows for greater clarity regarding thermal
strain and the physiological impacts of heat on firefighters. Unlike study two, study
three utilised operational firefighters likely to have higher skill level and acclimation
status.

Study three therefore aims to expand on the results of study two, by studying the effects
of extreme heat on operational firefighters with minimal visibility and in modern PPC.
Changing participants to a more experienced cohort, reducing visibility and employing
more valid Tc measurement tools better describes the thermal stress experienced by
operational firefighters.
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5.1 Abstract
Background: Firefighters regularly re-enter fire scenes during long duration emergency
events with limited rest between work bouts. It is unclear whether this practice is
impacting on the safety of firefighters.
Objectives: To evaluate the effects of multiple work bouts on firefighter physiology,
strength and cognitive performance when working in the heat.
Methods: Seventy-seven urban firefighters completed two 20-minute simulated search
and rescue tasks in a heat chamber (105 (5) °C), separated by a 10-minute passive
recovery. Gastrointestinal and skin temperature, RPE, thermal sensation, grip strength
and cognitive changes between simulations were evaluated.
Results: Significant increases in gastrointestinal temperature and perceptual responses
along with declines in strength were observed following the second simulation. No
differences for other measures were observed.
Conclusions:
A significant increase in thermal strain was observed when firefighters re-entered a hot
working environment. We recommend that longer recovery periods or active cooling
methods be employed prior to re-entry.
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5.2 Introduction
When working to suppress structure fires, modern firefighters are exposed to extreme
ambient temperatures and high levels of radiant heat flux (Barr et al., 2010; Eglin, 2007)
leading to increased core temperatures (Cheung, et al., 2010; McLellan & Cheung, 2000)
and fatigue (Walker, P et al., 2014). To protect firefighters from the external environment
and increase working time, they wear heavy impermeable protective clothing (PPC) and
self-contained breathing apparatus (SCBA), which reduces the ability of operators to
dissipate metabolic heat production (Hostler, Reis, et al., 2010) and in turn, contributes to
a greater risk of heat illness (Yamazaki, 2013). Added to this strain, Australian urban
firefighters are often tasked with re-entering a fire scene with minimal recovery time
using only passive cooling methods, a situational condition not well reported in the
literature.

Exacerbating the heat load from the operating environment, PPC creates an
uncompensable environment which slows core temperature regulation by disturbing the
evaporation of sweat and decreasing the temperature gradient from core to skin
(Yamazaki, 2013). Due to a requirement for firefighters to remain ready for emergency
response during rest periods, it is likely that some level of PPC will remain donned
during recovery, which will slow the natural cooling process provided by the sweat
mechanism and thereby reduce rates of cooling. Any reduction in the ability of
firefighters to cool during rest periods will likely impact on their ability to safely and
effectively complete work tasks when re-entering fire scenes (Hostler, Bednez, et al.,
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2010). However, testing using real world conditions and operational tempo is currently
lacking.

Standards for firefighting operations in the United States of America (USA), outlined by
the National Fire Protection Association (NFPA), form the basis of fire ground recovery
practices (NFPA, 2008) in that country. Standard 1584 (NFPA, 2008) requires that a
formal recovery sector be established following a second SCBA cylinder during fire
suppression activities, as it is likely that core temperatures would exceed safe working
limits of between 38.0 °C and 38.5 °C (ISO, 2004) at this point. However, no common
policy for recovery has been established in Australian urban fire services, which may be
resulting in firefighters re-entering hot environments with core temperatures in excess of
safe working limits. Further, standardised cooling protocols are lacking across Australian
fire services with many countries using only passive cooling methods including partial
PPC removal, rehydration and shade. This type of recovery is generally informal and
levels of PPC removal and rehydration are generally self-selected by firefighters.

High core temperatures are a critical factor for fatigue during physical activity in
uncompensable environments (Gonzalez-Alonso et al., 1999; Nielsen et al., 1993) and are
prevalent in firefighters working in hot environments (Horn et al., 2013; Walker, A et
al., 2014). In a study comparing skin and core temperatures during moderate exercise in
high ambient heat (40 °C), it was reported that core temperature values greater than 40 °C
were a driving factor for fatigue of trained athletes independent of skin temperatures
(Gonzalez-Alonso et al., 1999). However, other studies have indicated that high skin
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temperatures, rather than core temperatures, in euhydrated subjects impairs submaximal
aerobic performance (Cheuvront et al., 2010; Sawka et al., 2012). The disparity in views
requires further examination, particularly in an Australian firefighting context, to guide
policies for recovery and re-entry during long duration emergency responses.

The physical and dynamic nature of emergency response requires that firefighters
demonstrate appropriate levels of strength to safely complete tasks such as moving hose
lines, raising ladders and rescuing casualties (Walker, A et al., 2014 ; Williford et al.,
1999). Consequently, any declines in strength likely affect the ability of firefighters to
safely complete work tasks. Links between heat exposure and declines in strength have
been observed in athletic populations (Nybo, 2008; Peiffer et al., 2009) and it is therefore
intuitive to expect that as firefighters work in the heat, strength may be impaired.
However, it is currently unclear whether heat related reductions in strength are occurring
in trained firefighters and, as a result whether safety and operational effectiveness are
being affected during long duration events.

Firefighters are required to quickly evaluate and respond to changes in the emergency
environment during operational tasks. Thus, it is critical to the safety of firefighters that
situational awareness and cognitive function be maintained. Extended exposure to heat
has previously been linked with cognitive impairment in military (Faerevik & Reinertsen,
2003; Radakovic et al., 2007) and athletic settings (Bandelow et al., 2010) and has been
attributed to dehydration and increased core temperatures (Barr et al., 2010). However,
testing in firefighting populations has been generally confined to simple reaction time
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tests only (Smith, D & Petruzzello, 1998). Given that the working environment for
firefighters is inherently dynamic and subject to rapid changes, investigation of cognitive
changes, based on complex tasks conducted following realistic operating conditions is
necessary.

Despite formal recovery guidelines in place in other countries (NFPA, 2008), currently,
no standardised approaches to recovery exist across Australian fire services. Additionally,
the implications of using only passive cooling methods to facilitate core temperature
reductions along with minimising possible strength and cognitive declines are currently
not well understood. Therefore, the present study aimed to characterise the thermal strain
experienced by urban firefighters during a simulated search and rescue task when they
are tasked with re-entering a fire scene after a brief recovery period using passive
recovery protocols. A secondary aim was to establish whether NFPA 1584 is appropriate
for use in the Australian context.

5.2 Methods
5.2.1 Participants

Seventy-seven male Australian professional urban firefighters volunteered to participate
in the present study. Subject demographics and morphometrics are shown in Table 5.1.
All participants were operationally active at the time of testing and represented all active
ranks of the fire service. Testing was conducted in early autumn, and participants were
partially heat acclimated following a summer bushfire season. Informed written consent
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was obtained from all participants prior to undertaking testing based on protocols
approved by the University of Canberra Human Ethics Research Committee.

Participants undertook physical fitness profiling within a two-week period prior to
undertaking a simulated search and rescue task. Aerobic capacity was estimated using the
Yo-Yo Intermittent Recovery Test Level 1 (YYRT1) (Bangsbo et al., 2008) with
participants dressed in athletic attire, and running on a flat bitumen surface. Body
composition including body fat was measured using Dual Energy X-Ray Analysis
(DXA). Body mass index (BMI) was calculated (Baur et al., 2012) with height measured
to the nearest 0.1 cm using a wall mounted stadiometer (Seca 222, Hamburg Germany)
and weight to the nearest 0.1 kg with electronic scales (Seca, Hamburg Germany).

Table 5.1: Mean (SD) demographics and morphometrics of participants (n=77).

Age (years)

38.9 (9.0)

Height (cm)

180.0 (10.0)

Mass (kg)

84.3 (9.3)

BMI (kg.m2)

25.8 (2.2)

Estimated Aerobic Capacity
(ml.kg-1.min-1)

48.7 (6.0)

Body fat (%)

20.1 (6.5)

BMI: body mass index

146

5.2.2 Simulated search and rescue task

Participants wore a full structural fire fighting PPC ensemble comprising boots (Haix
Special Firefighter®, Haix USA), wool socks, Nomex® pants (Stewart and Heaton,
Australia), over-pants and tunic (Stewart and Heaton, Australia), cotton T-Shirt, Nomex®
flash hood (Life liners Inc., Morristown, USA), structural fire fighting gloves (ESKA,
Thalheim, Austria) and helmet (Pacific Helmets, New Zealand). Participants wore an
open-circuit Scott Safety Contour 300 self-contained breathing apparatus (SCBA)
weighing 9.6 kg (Scott Safety Australia, Sydney NSW). The combined weight of PPC
and SCBA was ~22.0 kg.

Participants completed a simulated search and rescue task consisting of two 20-minute
simulations in a purpose built heat chamber set at 105 (5)˚C, separated by a 10-minute
intermediate seated rest period (19.3 (2.7) ˚C). During the simulations, participants were
required to negotiate a multi-room facility (Figure 5.1) containing a range of furniture
configurations that would likely be encountered at a typical house fire. Searching was
conducted in darkness and smoke and required firefighters to locate a cache of plastic
drums containing firefighting foam (20 kg) and return them individually to the starting
location. Participants exited the chamber briefly to undertake core temperature and
perceptual data measurement at each 5-minute interval after an initial 10-minute search.
Timing clocks were stopped when participants were outside the chamber (<20 seconds).
Other variables including HR and Tsk were recorded and accessed by computer at the
conclusion of testing. Participants were instructed to conduct their search using preestablished techniques that involved periods of crawling and climbing. Working in pairs,
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both members retrieved drums after completing a search pattern down either the left or
right wall. The search pattern alternated after the first 20-minute period.

During the intermediate rest period, participants removed their SCBA, jacket, gloves and
helmet, changed their SCBA cylinders and consumed 600 ml of water (ambient

temperature). Due to safety requirements requiring participants to wear SCBA in the
extreme heat environment, they had no access to water during the simulations.
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Figure 5.1: Internal floor plan of heated cell. The cache of drums was located at the top right of the
building and entry and exit occurred by the door in the top left. All internal doors were closed during the
simulated search and rescue task and searching was conducted in smoke and darkness.

5.2.3 Gastrointestinal temperature monitoring

Gastrointestinal temperatures (Tgi) were measured using an ingestible thermometer and
radio receiver (HQ Inc., Florida, USA) swallowed at least 6 hours prior to testing to
minimise the confounding influence of food or fluid on the pill (Hostler, Reis, et al.,
2010). Ingestible thermometers are considered a valid tool for the measurement of core
temperature with differences <0.1 °C when compared with rectal temperatures (Casa,
Becker, et al., 2007; Gant et al., 2006) and are a recommended method of temperature
measurement for ambulatory, field based measurements (Byrne & Lim, 2007). To control
for the effect of localised cooling from fluid ingestion, Tgi data was excluded from
analysis when baseline temperatures were ≤35.5 °C or decreased by 2 °C in any 5 minute
period during testing (Brearley et al., 2011; Walker, A et al., 2014). However,
participants completed the simulated simulations with all other testing variables reported.
Baseline Tgi were measured with participants wearing PPC and SCBA, directly prior to
entering the heat chamber for the first simulated search and rescue task.

5.2.4 Mean Skin Temperature (MST)

Skin temperatures (Tsk) were measured using Thermocron iButtons (Maxim Integrated
products, Inc., Sunnyvale, CA, USA) based on protocols previously validated (Smith, A.
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D. H. et al., 2010). Sensors were secured with rigid strapping tape on the right side of the
body at the following points; chest (TC), placed on pectoralis major, forearm (TA) placed
on brachioradialis, thigh (TT) placed at the midline of quadriceps femoris and calf (TL)
placed at the midline of the gastrocnemius at the level of the largest circumference.
Overall mean skin temperature (MST) was calculated by (MST) = 0.3*TC + 0.3*TA +
0.2*TT + 0.2*TL (Ramanathan, 1964).

5.2.5 Heart rate monitoring

Heart rate was continuously monitored during the simulated firefighting task with each
participant wearing a Suunto Memory Belt and measured in beats per minute (bpm)
(Suunto, Vantaa, Finland).

5.2.6 Perceptual measurements
During testing, a surrogate measure of work – Borg’s rate of perceived exertion (RPE)
(Borg, 1974), was measured using a scale of 6 (very, very light) to 20 (very, very hard).
Participants were asked, “how hard are you working?” and responded by pointing to a
number on a chart presented. Further, thermal sensation (TS) (Young et al., 1987) was
measured using a scale of 0.0 (unbearably cold) to 8.0 (unbearably hot). Participants were
asked, “how do you feel?” and responded by pointing to a number on a chart presented. A
short familiarisation session occurred prior to testing for all participants.

5.2.7 Cognitive Testing
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All participants completed baseline cognitive testing prior to the entering the heat
chamber and then immediately following the second simulation. Participants wore PPC
during testing, however they removed their helmet, gloves and SCBA mask. Testing was
completed on portable laptop computers (CogState Inc., CT, USA) and involved coloured
playing cards appearing on the screen. Three tests were performed in sequence as follows
1) Speed of processing (detection task) - measuring variations in psychomotor function.
Participants were asked, “Has the card turned over?” Response times were measured in
milliseconds with a lower score indicating better performance. 2) Visual Attention
(Identification task) – measuring variations in vigilance. Participants were asked, “Is the
card red?” Lower scores indicated better performance. 3) Working Memory (one-back
task) – measuring variations in attention. Participants were asked, “Is the previous card
the same?” Results were measured as the proportion correct with a higher score
indicating better performance (Collie et al., 2003). To minimise learning effects between
the first and second trials, all participants were fully briefed and completed a
familiarisation session prior to testing, with an instructor giving assistance as required
(Falleti et al., 2006).

5.2.8 Grip Strength Testing

Grip strength was assessed with participants seated, with their shoulder adducted and
neutrally rotated using a 200 lb. Baseline® hydraulic hand dynamometer (Fabrication
Enterprises Inc., New York, USA). The elbow was flexed at 90˚ with the forearm in a
neutral position and the wrist between 0˚ and 0˚ of dorsiflexion (Nicolay & Walker,
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2005; Richards, 1997). The arm was unsupported during testing and all participants were
tested on the right hand only.

5.2.9 Change in Body Mass

Participants were weighed immediately prior to the first simulation and directly following
the second wearing only underwear (Charder MS 3200, Charder Electric Co. Ltd, China).
Participants used a towel to wipe all sweat from their bodies prior to being weighed.
Overall changes in body mass were calculated taking into account water ingestion and
any urine output.

5.2.10 Air consumption

Air consumption during each simulation was calculated based on the following formula;
Air consumption (L.min-1) = Δ pressure (bar) * Total volume of cylinder (6.8 litres) *
compression factor at altitude 600 metres (0.911) divided by wearing time (minutes).
Cylinder pressure was measured in bar using the pressure gauge attached to the SCBA
immediately after donning and directly prior to doffing the facemask. The difference in
readings was used to calculate air consumption during the simulation.

5.2.11 Data Analysis

Data analyses were performed in SPSS ver. 20 (SPSS Inc., Chicago, IL, USA). Results
are presented as Mean (SD). A repeated measures ANOVA was conducted to determine
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differences in core temperature, skin temperature, heart rate response and cognitive
variables at all time points. RPE and thermal sensation were analysed using a Friedman’s
two-way analysis of variance. Post-hoc tests were conducted with a Bonferroni
adjustment to determine individual differences with the alpha level set at P ≤0.05. To
maximise clarity for practitioners in occupational settings, 95 % confidence intervals (CI)
were reported. Effect sizes (Cohen’s d) were calculated between simulations for core
temperature, skin temperature, heart rate response and cognition and reported as being
‘small’ 0.20-0.49, ‘moderate’ 0.50-0.79 and ‘large’ ≥0.80 (Cohen, 1988).

5.3 Results
5.3.1 Core Temperatures

Mean baseline core temperature of participants was 37.5 (0.4) °C and rose significantly
(p<0.001) to 38.0 (1.3) °C at the conclusion of the first simulation and 38.9 (0.7) °C at
the conclusion of testing (Figure 5.2). Temperatures at the conclusion of the seated
intermediate rest period were 38.3 (0.5) °C. Further, a large increase in core temperatures
was detected at the conclusion of the second simulation relative to the first (+0.8 °C, 95
% CI 0.525 to 1.135, P<0.001, d=0.822). Thirty participants demonstrated core
temperatures in excess of 39.0 °C, with two participants exceeding 40.0 °C (40.2 °C and
41.0 °C).
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Three participants voluntarily withdrew from testing citing fatigue and dizziness, with
peak core temperatures of 38.4 °C, 39.1 °C and 39.7 °C. All three participants withdrew
following the 15-minute measurement during the second simulation.

Figure 5.2: Mean (SD) gastrointestinal temperature (A), skin temperature (B) and heart rates (C) of
participants during two simulated search and rescue tasks separated by a 10-minute passive rest period.
Data was collected at 5-minute intervals after an initial 10-minute search was conducted. * Represents
significance at p<0.05 and ** p<0.01.

5.3.2 Mean Skin Temperature (MST)

Results showed significant differences in MST during the testing period (P<0.001)
(Figure 5.2) with large differences at the conclusion of simulation 1 and simulation 2
compared with the intermediate rest period observed (Simulation 1: +5.8 °C, 95 % CI 5.1
to 6.4, P<0.001, d=4.93; Simulation 2: +5.9 °C, 95 % CI 5.3 to 6.5, P<0.001, d=4.79).
However, no significant differences in MST were detected at the conclusion of
simulation 2 compared with simulation 1 (-0.1 °C, 95 % CI -0.4 to 0.2, d=0.158).
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5.3.3 Heart rate response

A significant increase in heart rate response was detected overall (P<0.001) (Figure 5.2).
Relative to the first simulation, post-hoc analysis showed a moderate increase in heart
rates at the conclusion of the second 20-minute simulation (+15.1 bpm, 95 % CI 11.9 to
18.4, P<0.001, d=0.775).

5.3.4 Perceptual Results

5.3.4.1 Rate of Perceived Exertion
A significant increase in RPE was detected during the testing period (P<0.001) (Figure
5.3) with post hoc analysis also showing a significant increase at the conclusion of the
second 20-minute simulation compared with the first (p<0.005). A significant decrease in
RPE was observed following the intermediate rest period.

155

Figure 5.3: Thermal sensation (A) and RPE (B) of participants during two simulated search and rescue
tasks taken at 5-minute time points after an initial 10-minute search was conducted. A 10-minute
passive recovery was undertaken between search and rescue tasks. * Represents significance at p<0.05
and ** p<0.01.

5.3.4.2 Thermal Sensation
A significant increase in TS was detected during the testing period (P<0.005) (Figure 5.3)
with post hoc analysis also showing a significant increase at the conclusion of the second
20-minute simulation relative to the first (p<0.005). A significant decrease in TS was
observed following the intermediate rest period.

5.3.5 Cognitive Testing

5.3.5.1 Speed of Processing
Relative to the baseline score, no significant differences were detected for speed of
processing at the conclusion of the second simulated search and rescue task, with only a
trivial effect size detected (+0.01 ms, 95 % CI -0.02 to 0.023, P=0.112, d=0.15).
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5.3.5.2 Visual Attention
Relative, to the baseline score, the simulated search and rescue task produced
significantly improved scores and a small effect size for visual attention of participants (0.022 ms, 95 % CI, -0.32 to -0.012, P<0.01, d=0.39).

5.3.5.3 Working Memory.
No significant differences were detected between the results of working memory testing
at the conclusion of the second simulated search and rescue task compared with the
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Working Memory (C). * Represents a significant difference (p<0.01) between scores pre- to postsimulated search and rescue task.
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5.3.6 Grip Strength

Relative to the first simulation, a significant decrease in grip strength was detected at the
conclusion of the second 20-minute simulation (-5.9 kg, 95 % CI 4.6 to 7.2, P<0.01,
d=0.015).

5.3.7 Change in Body Mass

Mean body mass change for all participants was -1.5 (0.5) % during the total testing
period. Twelve participants exceeded 2% body mass change during the testing period.

5.3.8 Rate of air consumption

A significant increase in the rate of air consumption during the second 20-minute
simulation was detected compared with the first simulation (+3.4 L min-1, 95 % CI 0.2 to
4.4, P=0.029, d=0.015).

5.4 Discussion
The present study demonstrates a significant increase in the thermal strain of firefighters
when tasked with completing multiple work bouts during a simulated search and rescue
task in the heat. This study was conducted using protocols closely reflecting actual
operating conditions and timing for an Australian fire service making our results unique
in the literature, with previously published results based on studies completed in hot
laboratories, or with participants not wearing PPC (Hostler, Bednez, et al., 2010; Kong et
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al., 2010). Significant increases in core and skin temperatures, heart rate and perceptual
responses, along with a significant decrease in grip strength were observed across the
duration of testing and also at the conclusion of a second simulation relative to the first.
Further, this study indicates that, using only passive recovery methods during rest
periods, firefighters likely re-enter fire scenes with core temperatures exceeding the
recommended safe limits of between 38.0 °C and 38.5 °C (ISO, 2004).

Core temperatures of participants rose rapidly during the first 20-minute simulated search
and rescue task and, interestingly, continued to rise during the intermediate rest period
prior to re-entering the hot environment for a second time (Figure 2A). Temperatures
continued to increase significantly during the second work simulation with mean
temperatures of 38.9 (0.7) °C recorded at the conclusion, a value approaching the limit of
occupational safety (ISO, 2004). Thus, it appears that when using only passive cooling
methods, rest and hydration alone was ineffective in ameliorating core temperature
increases resulting from the initial exposure to the hot environment. The findings of the
present study are likely replicated in real world settings and it appears that safety of
firefighters may be compromised when re-entering fire scenes using only passive
recovery methods between work bouts.

Research in military and firefighting settings has demonstrated the value of active cooling
methodologies in delivering superior cooling rates compared with passive methods alone
(DeGroot et al., 2013; House et al., 2003; Walker, A et al., 2014). Using active cooling
methodologies, specifically cold-water immersion (CWI) (Casa, McDermott, et al.,
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2007), it has been shown that core temperature rises can be attenuated through immediate
cooling. CWI also provides a pre-cooling effect for subsequent work bouts (Brearley et
al., 2011). Thus, active cooling methods may be effective in ameliorating the rising core
temperatures in firefighters and thereby mitigate the risk of exertional heat stress (Casa et
al., 2005) during emergency responses. Further, active cooling methods have been shown
to partly ameliorate heat related declines in strength (Walker, A et al., 2014) and will
likely improve the operational safety and effectiveness of firefighters when tasked with
re-entering fire scenes.

NFPA 1584 (NFPA, 2008) currently recommends that formal recovery sectors be
instigated at the conclusion of a second SCBA cylinder. Results of the present study
indicate that this recommendation is appropriate in the Australian context following
repeat work bouts in the heat with mean core temperatures approaching 39.0 °C
following a second SCBA cylinder. Further, thirty participants exceeded this value at the
conclusion of the testing period. Operational decisions at emergency incidents are
integrally linked to the number of available firefighters and appliances. Therefore, to
allow for shorter work intervals and increased rest periods, it would be prudent to
increase the number of firefighters deployed to emergency incidents, particularly in the
initial stages where workloads are likely to be high. Pre-cooling of firefighters when they
are in standby positions may also assist in mitigating likely core temperature increases
(Brearley et al., 2011) and should be investigated.
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Despite an ongoing increase in core temperatures, removing PPC led to significant
declines in skin temperature, RPE and TS during the intermediate rest period (Figure 5.2
B/C and Figure 5.3 A/B). Thus, it appears that perceptions of wellbeing are closely
related to skin rather than core temperatures. The apparent disconnect between
perceptions of wellbeing and core temperature may highlight significant issues in the
ongoing safety of firefighters with incident controllers generally relying on individual
perceptions of wellbeing prior to their re-entry to fire scenes. The present study indicates
that relying on individual sense of wellbeing to dictate re-entry to fire scenes, likely fails
to account for the ongoing core temperature rises occurring when passive cooling alone is
employed and, as a result better monitoring systems should be explored.

Changes in core temperature, perceptual data, cognition and strength occurred despite
relatively small changes in body mass, indicative of only mild dehydration. Studies into
the effects of hydration have previously indicated a decline in physical (Cheuvront et al.,
2010) and cognitive (Sawka et al., 2012) performance when body mass loss exceeds 2 %.
Changes in body mass of participants in the present study did not typically exceed the 2
% threshold value indicating that the hydration strategy employed (600ml of room
temperature water) appears to be appropriate to minimise dehydration of firefighters
when working in the heat.

The present study indicated no significant decrements to cognition as a result of working
in the heat. Any impairment to cognitive function is highly relevant to the safety of
firefighters operating in rapidly changing operating environments. Given previous links

161

between dehydration and cognitive impairment (Sawka et al., 2012) it appears that the
hydration strategy applied in the present study may have played a role in mitigating
cognitive declines in participants in this study. However, though we found no significant
negative impacts on cognition, the link between hydration and cognitive performance in
urban firefighters still remains largely unclear and requires further investigation, possibly
with standardized workloads and self-selected hydration strategies during rest periods.

The significant declines in grip strength observed in the present study replicate findings
in a number of settings and are likely related to exposure to heat (Nybo, 2008; Peiffer et
al., 2009). Firefighters responding to emergency incidents in the heat are tasked with
carrying various loads including hoses and tools requiring high levels of physical strength
to ensure safe and effective operations (Storer et al., 2013; Walker et al., 2014). Thus,
heat related declines in strength observed in this study would likely be replicated in the
field and may be leading to a decrease in the ability of firefighters to safely complete
work tasks during long duration emergency events. Thus, it may be prudent to evaluate
possible strength and conditioning programs to maximise strength, in conjunction with
appropriate rehabilitation programs to maximise strength related performance and safety
of firefighters when working in the heat.

Previous research by Hostler et al., (2010a), using a similar timeframe, albeit conducted
in a laboratory and without SCBA, saw no firefighters able to complete a 50-minute
simulation (Hostler, Bednez, et al., 2010) despite mean core temperatures of participants
not exceeding 38.2 °C. The reported aerobic capacity of participants in the Hostler (2010)
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study, was 37.4 (3.4) ml.kg-1.min-1, a value well below the recommended standard of 42
ml.kg-1.min-1 (IAFC, 2013; NFPA, 2011) and below those previously reported for
Australian firefighters (Walker, A et al., 2014). In comparison, only 3 participants
voluntarily withdrew during this study, perhaps due to higher mean predicted aerobic
capacity of participants (48.7 (6.0) ml.kg-1.min-1). Emergency responses of firefighters
generally involve periods of high intensity work interspersed with relatively lower
intensity as reflected in the design of the present study, when compared with Hostler
(2010) who performed a constant workload. Compared with Hostler (2010), whose
participants worked at a constant rate, the regular pauses in our study may have produced
sufficient distraction to facilitate an extended work period. However, whilst noting the
difference in work protocols, it is likely that differences in aerobic capacity are a factor in
the ability of participants to work for sustained periods in the heat. However, the links
between aerobic capacity and the ability of firefighters to work in the heat remains
largely unclear and we recommend further study comparing individual responses, to
determine appropriate standards of fitness for firefighters operating in hot environments.

The present study demonstrated increasing thermal strain in firefighters when they are
tasked to re-enter fire scenes, particularly when only passive cooling protocols are
employed. Further, reductions in skin temperatures and perceptual measures during rest
periods, independent of significant increases in core temperatures, indicates that relying
solely on individual perceptions of wellbeing may be insufficient to ensure the safety of
firefighters when asked to re-enter fire scenes. In line with NFPA standard 1584, we
recommend that active cooling protocols and monitoring systems be adopted by
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Australian fire services following a second SCBA, to ensure that increases in
physiological strain in firefighters are addressed prior to re-entry or redeployment.
Further, we recommend that the duration of rest periods be investigated to ensure a
balance between operational necessity and the safety of individual firefighters during
emergency responses.
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Chapter Six: Study four - Immune and inflammatory
responses of Australian firefighters after repeated exposures to
the heat
This is an Accepted Manuscript of an article published by Taylor & Francis in
Ergonomics on 4th May 2015, available online:
http://www.tandfonline.com/10.1080/00140139.2015.1051596.

Foreword:
Working in a hot environment has been shown to increase Tgi (study two and three),
which results in increased thermal strain in the form of elevated heart rates and
perception of effort. Thermal strain has been shown to increase immune and
inflammatory activity in firefighters up to 90 minutes following exposure to work in the
heat. Any increases in immune and inflammatory activity is likely to affect the safety of
firefighters due to an increase in the risk of experiencing a cardiac event. Cardiac events
represent the highest rate of line of duty death and injury.

Both study two and three saw thermal strain increase significantly following work in a
hot environment. However, given that work was conducted in smoke and darkness, the
level of thermal strain is likely influenced by the skill of individual operators.
Specifically, more experienced firefighters likely to work more efficiently in mentally
challenging environments and may therefore be working at a lower intensity. As such,
study four and study five aim to eliminate the possibly confounding influence of pacing
by conducting heat testing in an environment which, while still hot, has visibility
increased by removing the smoke from the heat cell. Further, unlike study two and study
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three, participants in study four and study five will complete the task using a
standardised work rate.

6.1 Abstract
Introduction: When firefighters work in hot conditions, altered immune and
inflammatory responses may increase the risk of a cardiac event. The present study aimed
to establish the time course of such responses.
Methods: Forty-two urban firefighters completed a repeat work protocol in a heat
chamber (100 (5) °C). Changes to leukocytes, platelets, TNFα, IL-6, IL-10, LPS and CRP
were evaluated immediately post work and also after 1 and 24 hours of rest.
Results: Increases in core temperatures were associated with significant increases in
leukocytes, platelets and TNFα directly following work. Further, platelets continued to
increase at 1 hour (+31.2 (31.3) 10^9L, p<0.01) and remained elevated at 24 hours (+15.9
(19.6) 10^9L, p<0.01).
Conclusion: Sustained increases in leukocytes and platelets may increase the risk of
cardiac events in firefighters when performing repeat work tasks in the heat. This is
particularly relevant during multi-day deployments following natural disasters.
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6.2 Introduction
When firefighters complete fire suppression and rescue tasks during structural
firefighting events, they are exposed to high levels of radiant and ambient heat. In these
environments, firefighters must wear heavy protective clothing (PPC) and self-contained
breathing apparatus (SCBA), which increases thermal strain and the risk of heat illness
(Hostler, Bednez, et al., 2010; Yamazaki, 2013). Increased thermal strain not only
presents as an acute risk, but can also trigger an elevated immune response (Hostler et al.,
2014; Smith, D et al., 2005; Wright-Beatty et al., 2014) which may persist for an
extended time and thus have ongoing impacts for firefighters when they are redeployed
following work tasks in the heat.

Exposure to acute stress from repeated work cycles activates the innate immune system
(Huang & Acevedo, 2011) and significantly elevated leukocyte activity has been
observed in firefighters directly following work tasks involving intermittent exposure to
live fires (Smith, D et al., 2004). Furthermore, leukocytes can remain elevated after 90
minutes of rest. It is unclear whether, and to what extent immune responses continues to
increase at intervals greater than 90 minutes.

One likely mechanism for changes in immune activity is the presence of the harmful
endotoxin lipopolysaccharide (LPS). Strenuous physical activity while exposed to high
heat loads triggers the release LPS from the intestinal tract into circulation (Pyne et al.,
2014). Increased LPS in the circulatory system can then trigger inflammatory cytokines
including TNFα, IL-6 and IL-10 which may contribute to an increased risk of heat stress
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(Lim & Mackinnon, 2006). However, the presence and impact of LPS in occupational
settings is largely untested, and requires examination.

Firefighters regularly sustain high rates of cardiac events in the hours following work in
the heat (Poston et al., 2011; Smith, D et al., 2013; Wright-Beatty et al., 2014) possibly
as a result of changes to immunity and inflammation. A useful marker for increased
cardiac risk is elevated levels of C-reactive protein (CRP) (Pepys & Hirschfield, 2003),
which may be affected by elevated Tc, although this is unclear. Additionally, work in the
heat has been shown to increase the activation of platelets in firefighters (Smith, D et al.,
2011). It is proposed that increases in platelets and CRP may, in part, explain the high
rates of cardiac events in firefighters (Hostler et al., 2014). However, the existence, let
alone long term impact of heat exposure on platelet numbers and CRP in experienced
urban firefighters remains poorly understood.

The present study aimed to quantify changes to immune and inflammatory activity in
firefighters for the 24 hours following repeated work bouts in high ambient heat. Previous
studies investigating leukocyte counts of firefighters after working in the heat have seen
increases sustained for up to 90 minutes. It is hypothesised that the sustained elevations
in leukocytes reported by Smith et al., (2005), will also be reflected in platelet and
cytokine numbers following 1 hour and possibly also 24 hours of rest. Firefighters may
be exposed to a number of work tasks in the heat over a shift, or shifts placed close
together. Thus, understanding the timeline of immune and inflammatory changes will
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allow a more accurate appreciation of the risk of heat related cardiac events in urban
firefighters.

6.3 Methods
6.3.1 Subjects and experimental design

Forty-two male firefighters from an Australian fire service volunteered to participate in
the present study (Table 6.1). All participants were professional urban firefighters who
were operationally active at the time of testing and reported as being healthy and did not
present any signs of illness prior to testing. Informed written consent was obtained from
all participants based on protocols approved by the University of Canberra Human Ethics
Research Committee.

Aerobic capacity (VO2 max) and body composition of participants was determined within
two weeks of heat testing. VO2 max testing of participants was completed by the Bruce
protocol treadmill test (Bruce & McDonough, 1969) using open-circuit spirometry
(TrueOne 2400 Metabolic Measurement System, Parvo Medics, Sandy, UT) as
previously described (Crouter et al., 2006). Maximum heart rate (HR

max)

was

determined as the highest HR recorded during the treadmill test by a heart rate monitor
(Polar, Kempele, Finland).

Height was measured to the nearest 0.1 cm using a wall mounted stadiometer (Seca,
Hamburg, Germany) and weight to the nearest 0.1 kg with electronic scales (Seca,
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Hamburg, Germany). Body surface area (BSA) was calculated using pre-established
methods (DuBois & DuBois, 1915). Percentage body-fat and lean tissue mass of
participants was assessed by a Dual Energy X-Ray (DXA) scanner using a narrow fan
beam (4.5°) (GE Healthcare, United Kingdom) following an overnight fast.

Table 6.1: Mean (SD) demographics and morphometrics of participants (n=42)

Age (years)

39.9 (8.5)

Height (cm)

179.7 (6.5)

Weight (kg)

84.5 (8.3)

Body Surface Area (m2)

2.04 (0.12)

VO2 max (ml.kg.min-1)

57.3 (8.0)

VO2 max (L/min-1)
Body Fat (%)

4.9 (0.7)
20.3 (7.2)

6.3.2 Heat testing

Participants completed two 20-minute simulated search tasks in a purpose built heat
chamber, with metal walls, with ambient temperatures of 100 (5) ˚C (dry-bulb). This
temperature represents the minimum limit of a hazardous firefighting environment
(Foster & Roberts, 1994). Heat was provided by gas burners located on the ceiling,
which provided a level of radiant heat, which was also increased due to the metal walls.
However radiant heat was not measured. Participants wore structural firefighting personal
protective clothing (PPC) and self-contained breathing apparatus (SCBA) (Scott Contour
300, Scott Safety Australia, Sydney NSW). The combined weight of PPC and SCBA was
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~22.0 kg. The work periods were separated by a 10-minute rest period in open shelters
outdoors (13.5 (2.4) °C) as previously validated (Hostler, Bednez, et al., 2010; Kong et
al., 2010), where participants removed their jacket, gloves and helmet, changed their
SCBA cylinders and drank 600 ml of water from sealed bottles. Participants completed
one circuit of the heat chamber every 30 seconds (14 m) carrying a plastic drum weighing
~20kg as previously illustrated (Walker, A et al., 2014). Participants exited the chamber
briefly (<20 seconds) for assessment of Tgi at 5 minute intervals. Timing clocks were
stopped when participants were outside the chamber.

6.3.3 Materials and Methods

Gastrointestinal temperatures (Tgi) were assessed at 5-minute intervals during testing,
along with at the conclusion of the rest period, by an ingestible thermometer and radio
receiver (HQ Inc., Florida, USA) swallowed at least 6 hours prior to testing (Hostler,
Reis, et al., 2010). Participants were excluded from Tgi analysis when baseline
temperatures were ≤ 5.5 °C or decreased by 2 °C in any 5-minute period (Brearley, et
al., 2011; Walker, A et al., 2014) however data for all other variables was still included in
analysis (n=3). Heart rate (HR) was continuously monitored (Suunto, Vantaa, Finland)
with percentage HR max of participants calculated based on treadmill testing results.

Borg’s rate of perceived exertion (RPE) (Borg, 1974), was used to determine participants
perceived effort, using a scale of 6 (very, very light) to 20 (very, very hard). Further,
thermal sensation (TS) (Young et al., 1987) was measured using a scale of 0.0
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(unbearably cold) to 8.0 (unbearably hot). A short familiarisation session occurred prior
to testing for all participants.

Blood was collected using an 8.5 ml serum separator tube (SST) and a 4.0 ml EDTA
vacutainer tube (Becton Dickinson Company, North Ryde, Australia) by qualified
phlebotomists at four time points (pre-heat, post-heat, post-heat + 1 hour and post-heat +
24 hours). The SST tube was allowed to clot for ~30 minutes before centrifugation for 10
minutes at 6000 rpm prior to transport for analysis. Aliquots of serum were separated and
stored at -80 °C for batch analysis. Analysis of whole blood cell (WBC) counts was
performed with a haematology analyser (Sysmex XT2000i, Sysmex, Kobe, Japan) using
EDTA preserved fresh whole blood and completed within 6 hours of collection.

Analysis of inflammatory markers CRP, TNFα, IL-6 and IL-10 was completed using
Siemens Immulite 1000 chemiluminescent solid-phase immunometric assays (Siemens
Healthcare, Llanberis UK). Analytical sensitivity for each test was; CRP (0.3 mg/L),
TNFα (1.7 pg/ml), IL-6 (2.0 pg/ml) and IL-10 (5.0 pg/ml). Analysis of serum levels of
LPS was performed by ELISA (HIT302, Hycult, Biotechnology, Netherlands).

Hydration status of participants was measured prior to testing using a portable
refractometer (Atago 3464 UG-a, Atago, Tokyo, Japan) with urine specific gravity (USG)
<1.020 considered to be euhydrated (Oppliger & Bartok, 2002). Participants exceeding
this value (n=2) were instructed to consume 600 ml of water before testing. Changes in
plasma volume were calculated from collected blood using previously described methods
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(Harrison et al., 1982) derived from Dill and Costill (1974). Change in body mass was
calculated with participants weighed immediately prior to and at the conclusion of the
second work period in a nude state (Charder MS 3200, Charder Electric Co. Ltd, China).

6.3.3 Data Analysis

Data analysis was performed in SPSS ver.22 (SPSS Inc., Chicago, IL, USA). Data is
presented as mean (SD). A repeated measures analysis of variance (ANOVA) was used to
identify differences between four time points (pre-heat, post-heat, post-heat + 1 hour and
post-heat + 24 hours) for all variables apart from core temperatures, perceptual measures
and % HR

max

which were analysed at 5-minute intervals during heat testing, and

following the 10 minute rest period. Significance was accepted at p ≤ 0.05. Post hoc
analysis was performed using a Bonferroni correction with 95 % confidence intervals
(CI) reported. Where the assumption of sphericity was violated, changes were calculated
according to Greenhouse and Geisser (Greenhouse & Geisser, 1959) and used to correct
the ANOVA. Effect sizes (ω2) were calculated and reported as being ‘small’ <0.009,
‘medium’ 0.010–0.059, ‘large’ 0.060–0.1 8, and ‘very large’ ≥0.1 9 (Cohen, 1988).

To determine if there was a change in IL-6 and IL-10, the proportion of participants with
values above and below the detection threshold was used for analysis with 99 % CI
reported. A Chi-square test was performed to confirm differences between time points.
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6.4 Results
6.4.1 Gastrointestinal Temperatures

Gastrointestinal temperatures increased during heat testing (+1.4 (0.5) °C) (Figure 6.1A).
Specifically, Tgi increased during the first (+0.5 (0.3) °C) and second work bouts (+0.6
(0.3) °C).

Figure 6.1: Results of gastrointestinal temperature (A) and % of heart rate max (B) of participants
during two 20-minute work periods separated by a 10-minute intermediate rest. * Represents a
significant difference between adjacent time points (p<0.05).

HR increased to 74.3 (7.1) % HR max at the conclusion of the first work bout and reached
90.9 (7.1) % of HR

max

at following the second (Figure 6.1B). Heart rates of participants

decreased during the intermediate rest period (-16.1 (1.9) % HR

max)

followed by a

corresponding increase during the first 5 minutes of the second work period (+16.1 (1.9)
% HR max).
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6.4.2 Perceptual measures

Significant changes in RPE (Figure 6.2A) and TS (Figure 6.2B) were observed during
heat testing.

Figure 6.2: Mean (SD) (A) RPE of participants at 5-minute intervals during heat testing and (B) thermal
sensation. * Represents a significant difference between adjacent time points (p<0.05).

6.4.3 Change in body mass and plasma volume

USG pre testing for participants was 1.0106 (0.0685), indicating that participants were
euhydrated. Plasma volume of participants increased pre- to post-heat (+3.1 (7.4) %, 95
% CI 0.6 to 5.5), decreased to post +1 hr (-1.1 (7.4) %, 95 % CI -3.5 to 1.2) and then
further decreased by post + 24 hrs (-1.6 (7.3) %, 95 % CI -3.8 to 0.7). Further, body mass
decreased (-0.6 (0.6) kg, 95 % CI 0.4 to 0.7, p<0.01) below pre test values immediately
following work in the heat corresponding with a -1.4 (0.6) % change.
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6.4.4 Blood markers

Very large changes in platelet counts were observed throughout heat testing (p<0.01;
very large effect size; ω2=0.590; Fig. 6.3A). Platelet counts increased above baselines
immediately post-heat (+11.7 (19.7) 10^9/L, 95 % CI 7.7 to 23.1, p<0.01) and remained
elevated above pre-heat at post + 1 hr (+50.4 (28.4) 10^9/L, 95 % CI 37.7 to 63.1,
p<0.01) and post + 24 hrs (+15.9 (19.7) 10^9/L, 95 % CI 7.0 to 24.8, p<0.01).

Significant changes in leukocyte presence were observed throughout heat testing (p<0.01;
very large effect size; ω2=0.326; Fig. 6.3B). Specifically, leukocytes increased from preto post-heat (+1.2 (1.2) 10^9/L, 95 % CI 0.6 to 1.7, p<0.01) but decreased by post +
24hrs with values returning close to baseline (+0.2 (0.6) 10^9 L, 95 % CI -0.2 to 0.6,
p=1.00). Neutrophils increased significantly (Figure 6.3C) pre- to post-heat (+1.4 (1.2)
10^9/L, 95 % CI 0.9 to 2.0, p<0.01) with significant decreases thereafter. Lymphocytes
and monocytes (Figure 6.3C) both increased from post–heat to post + 1 hr (+0.3 (0.6)
10^9/L, 95 % CI 0.1 to 0.5, p<0.01; +0.1 (0.0) 10^9/L, 95 % CI 0.0 to 0.1 respectively)
with lymphocytes then decreasing between post + 1 and post + 24 hrs (-0.3 (0.6) 10^9L,
95 % CI -0.5 to -0.1, p<0.01).
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Figure 6.3: Mean (SD) (A) Platelet counts of participants at four time points (pre-heat, post-heat, post+
1 hr and post +24 hrs) (B). (C) Individual leukocyte activity. * Represents a significant difference
compared with pre-heat values (p<0.05). ^ Represents a significant difference (p<0.05) compared with
post-heat. # Represents a significant difference (p<0.05) compared with post + 1hr.

Significant changes in TNFα were observed throughout heat testing and recovery
(p<0.01; very large effect size; ω2=0.286; Fig. 6.4A). Specifically, TNFα significantly
increased pre-heat to post-heat (+1.2 (1.2) pg/ml, 95 % CI 0.6 to 1.7, p<0.01) followed by
significant and ongoing decreases during the recovery periods.

IL-6 changed significantly during heat testing (p<0.01; Chi2 = 43.262; Fig. 6.4B). A
significant increase was detected pre-heat to post-heat followed by a decrease post + 1 hr
to post + 24 hr time points.
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Figure 6.4: Mean (SD) (A) TNFα concentration of participants taken at four time points (pre-heat, postheat, post + 1 hr and post + 24 hrs). (B) Proportion of participants demonstrating (Mean + 99 % CI)
above the detection threshold for IL-6 of 2.0 pg/ml (B). (C) Mean ± SD LPS concentration at four time
points. * Represents a significant difference compared with pre-heat values (p<0.05). ^ Represents a
significant difference (p<0.05) compared with post-heat. # Represents a significant difference (p<0.05)
compared with post + 1hr.

LPS changed significantly during heat testing (p=0.02; medium effect size; ω 2=0.058;
Fig. 6.4C) with values post + 24 hrs significantly higher compared with post-heat (+0.1
(0.2) EU/ml, 95 % CI 0.0 to 0.2, p=0.01).

Mean and individual data of IL-10 did not reach detectable levels during testing (IL-10
>5.0 pg/ml). Likewise, CRP did not change during testing (p=0.285).
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6.5 Discussion
The present study has shown that firefighters likely endure immune and inflammatory
changes following work tasks in the heat. When participants were tasked with completing
a standardised workload in a hot environment wearing PPC and SCBA, leukocytes,
platelets, and TNFα remained elevated for an hour following commonly adopted passive
recovery methods (Walker, A et al., 2014) Further, platelets remained significantly
elevated 24 hours post-heat exposure. Increased platelets (Thaulow et al., 1991) and also
leukocytes (Targer et al., 1996) have been linked with increased cardiac mortality in
otherwise healthy individuals due to an increased risk of thrombosis formation (Smith, D
L et al., 2011). Since firefighters regularly re-enter fire affected buildings or engage in
multi-day deployments, the sustained elevation in levels of immune and inflammatory
activity suggest that they may be at increased risk of cardiac events following work tasks
in the heat.

Participants in the present study completed a standard work protocol in considerable heat,
which resulted in increased core temperature, heart rates, RPE and TS. Thus, the protocol
and environmental conditions mimic the minimum strain previously reported in urban
firefighters working in the heat (Hostler, Bednez, et al., 2010; Kong et al., 2010). Further,
the work protocol likely replicated real world conditions with participants completing
repeat work bouts in heavy, impermeable PPC in hot work conditions with minimal
intermediate rest and cooling. By studying operational firefighters, in PPC and extreme
heat working conditions, our model is unique in the literature when examining the
impacts of heat and work on immune and inflammatory changes in urban firefighters.
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A limitation of the findings in the present study is that core temperatures were well below
those considered to be clinically significant for heat stroke (Bouchama et al., 1993;
Bouchama & Knochel, 2002). Previous studies have reported individual peak core
temperatures in firefighters of between 39.6 °C and 40.9 °C (Brearley, et al., 2011;
Colburn et al., 2011; Selkirk et al., 2004; Walker, A et al., 2014) and as a result, findings
of the present study are likely to be more pronounced in normal firefighting operations.
Further, firefighters in the present study were fitter and leaner than generally reported in
firefighting populations (Clark et al., 2002; Poston et al., 2011; Selkirk & McLellan,
2001), which may also affect the magnitude of changes and underrepresent the risks of
cardiac events reported in the present study.

Significant increases in platelet numbers were observed directly following the two-cycle
work bout in the heat, reflecting previous studies (Hostler et al., 2014; Smith, D et al.,
2005; Wright-Beatty et al., 2014). However, the results of the present study are unique in
the literature with the present study demonstrating that increases in platelet counts
persisted following 24 hours of rest (Figure 6.2). Thus, sustained increases in Tgi
observed suggest that the risk of thrombotic events in firefighters during subsequent
shifts or multi-day deployments may be greater than initially reported. Further heat
exposure during subsequent work shifts may cumulatively increase platelet counts to
levels, in those firefighters who demonstrate cardiac risk profiles including obesity and
hypertension, that then further increase the risk of a cardiac event.
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Along with increased platelets, leukocytes represent a risk factor for cardiac events in
otherwise healthy individuals (Targer et al., 1996) with significantly elevated levels
observed in individuals presenting with myocardial infarctions (Madjid et al., 2004). The
increases in leukocyte counts observed in the present study reflect the elevated levels
previously reported in firefighters following 60 to 90 minutes of rest (Smith, D et al.,
2005). However, compared with Smith et al., (2005) who used live-fire exposure, our
study adopted a standardised work pace, which possibly explains the smaller changes in
leukocyte counts than previous observations. Further, the relatively low BMI of
participants in the present study may also have insulated them from higher levels of
leukocyte activity (Targer et al., 1996). In the real world, pacing strategies are not always
possible in emergency situations and so it is foreseeable that our study underestimates the
impact of firefighting on the immune system.

The present study showed no significant changes in CRP and it may be that the relatively
high fitness levels of participants, may have provided a protective mechanism (Hailes et
al., 2011). CRP values pre-testing in our participants was well below the threshold value
of 3.0 mg/L considered for high cardiovascular risk (Anand et al., 2004) indicating
reduced cardiac risk in the study group. However, in a more general firefighting
population higher resting levels of CRP may be relevant to increased cardiac risk with
participants likely to experience higher absolute values following exposure to the heat
(Poston et al., 2011; Smith, D, Fehling, Frisch, et al., 2012). Thus, CRP may have a role
in future screening programs for firefighters (Pepys & Hirschfield, 2003).
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Previously it was thought that firefighting resulted in little inflammation, at least in terms
of that suggested by increasing TNFα (Wright-Beatty et al., 2014). Our results showed
significant increases in TNFα, likely due to the higher core temperatures sustained by
participants (~38.5 °C v ~37.5 °C) compared with Wright-Beatty and colleagues (2014).
However, while statistically significant, the levels of TNFα detected in the present study
are well below numbers previously reported for individuals suffering exertional heat
stroke (Bouchama et al., 1991) likely due to core temperatures being well below the
accepted threshold of 40 °C (Bouchama & Knochel, 2002; Leon & Helwig, 2010).

Increased Tc during strenuous activity can alter the permeability of the gut lining,
potentially increasing the LPS in circulation (Lambert et al., 2002). Thus, it was
unexpected then that the firefighters in the present study experienced a significant drop in
LPS following work in the heat compared to baseline values (Figure 3B) and returning to
baseline values 24 hours later. Although LPS has been associated with increased levels of
both TNF-α and IL-6 (Lambert et al., 2002) this was not observed in our study. It is
possible that these reductions in LPS occurred as a result of relatively modest thermal
strain, with Tc not approaching the 40 °C threshold generally accepted for heat stroke and
endotoxicity (Pyne et al., 2014). Further, participants in the present study were
experienced operational firefighters who may have adapted to the physiological demands
of the work protocol employed. Thus, extended operational experience may have inferred
a protective effect as a result of repeated exposure over time. The nature of professional
firefighting means that service time cannot generally be associated with heat acclimation,
due to different exposure levels based on station location and workloads. However, in the
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future, a comparison between experienced and newly recruited firefighters would be
advantageous to ascertain whether the experience of firefighters is providing some level
of protection from heat activated LPS leakage. This is also relevant to volunteer
firefighters whose operational experience is likely reduced compared with their urban
counterparts.

For incident controllers managing operational incidents, it is critical to understand that
firefighters are subject to acute changes in core temperature, inflammation and immune
responses following work in the heat which may be increasing the risk of cardiac events
at emergency incidents. Further, these increases may persist for up to 24hrs likely
impacting on the safety of firefighters when they are re-tasked or redeployed, particularly
during multi-day responses. Thus, to minimise the risks to firefighters following work
tasks in the heat, evaluation of appropriate work / rest cycles that minimise changes to
immunity and inflammation should be considered.
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Chapter Seven: Study five - Body composition affects immune
responses of Australian firefighters in the heat.
Foreword:
It is likely that the high rates of cardiac events in firefighting populations are related to
elevated body-fat and poor aerobic fitness levels (Burton, 2007; Fahs, 2011; Yang,
2013). Due to a lack of published research, it is unclear whether Australian firefighters
are as likely to experience cardiac events as those in other countries. However, fatalities
in Australian fire services are rare, possibly due to better body composition and fitness
demonstrated in study one compared with both the USA and the UK. Study four
demonstrated that Australian firefighters experience significant and ongoing immune and
inflammatory changes, up to 24hrs following work in the heat. However, to date
establishing a likely risk profile, based on the results of study one, and study four are
unclear. Given that the bulk of firefighter line of duty fatalities are attributed to cardiac
events, understanding a risk profile of immune and inflammatory changes, with regards
to body composition and aerobic fitness needs to occur to provide evidence supporting
appropriate physical conditioning programs. By targeting fitness programs to minimise
these changes in Australian firefighters the risk of a cardiac event may be reduced. Thus,
study five will compare the immune and inflammatory changes observed in study four
with body composition and aerobic fitness measurements of Australian professional
urban firefighters.
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7.1 Abstract
Purpose: Firefighters experience elevated core temperatures after working in the heat,
leading to increased immune and inflammatory activity. This study aimed to understand
if differences in body composition and fitness impact on immune and inflammatory
responses following work in the heat.
Methods: Forty-five urban firefighters (42 male, 3 female) undertook a work task
comprising of two 20-minute work bouts in a heat chamber (100 (5.0) °C) separated by a
10-minute recovery in outdoor shelters (13.5 (2.4) °C). Blood was collected pre- and
post-heat and after 1 and 24 hrs of recovery and analyzed for leukocytes, platelets, TNFα
and Lipopolysaccharides (LPS). For analysis, blood results were separated into tertiles
based on each body composition (lean mass and body fat, DXA; and BMI) and aerobic
fitness (VO2 max) measure.
Results: The highest body-fat group demonstrated significantly higher resting leukocytes
compared with the low group (p<0.01) leading to higher peak values. Further, low lean
mass was associated with higher leukocytes post-heat and at 1 and 24 hrs post (p<0.05).
There were no significant differences between groupings for platelets, TNFα or LPS
during testing, nor did differences in VO2 or BMI affect any markers.
Conclusion: Lower body-fat may result in both lower resting and peak levels of
leukocytes in firefighters when they work in the heat. Further, high lean mass appears to
reduce the relative workload of firefighters resulting in reduced leukocyte activity. A
program to minimise body-fat and increase lean mass may reduce leukocyte activity and
the risks of cardiac events following work in the heat.
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7.2 Introduction
When firefighters work in the heat, they experience increases in core temperatures (Tc)
(Walker, A, Argus, et al., 2015), changes to immune system activity (Hostler et al., 2014;
Smith, D et al., 2005; Smith, D et al., 2011) and inflammation (Wright-Beatty et al.,
2014). Poor body composition and fitness are known to affect thermoregulation during
physical activity in the heat (Mora-Rodriguez, 2012) and also impact on immune function
and inflammation (Huang & Acevedo, 2011). Therefore, body composition and aerobic
fitness are likely to influence immune responses in firefighters when they work in the
heat. However, the links between the physical profile of urban firefighters and immune
and inflammatory responses following work in the heat is poorly understood.

Excess body fat represents a significant risk factor for cardiovascular disease (CVD) and
acute cardiac events (Baur et al., 2012; Yang et al., 2013), the major cause of line of duty
death and injury in urban firefighters (Burton, 2007). Further, excess body fat can affect
systemic inflammation (Huang & Acevedo, 2011). This relationship is an industry-wide
concern as the number of overweight and obese firefighters is increasing (Dobson et al.,
2013; Poston et al., 2011), no doubt due, in part, to an ageing workforce (Walker, A et
al., 2014 ). However, it remains unclear whether a definitive link exists between body
composition of urban firefighters and risk factors for possible cardiac events following
work in the heat. These risk factors can include elevated platelets (Hostler et al., 2014;
Smith, D et al., 2005) and leukocytes (Huang & Acevedo, 2011). Further, to maintain
safety during emergency responses, firefighters should be aerobically fit (IAFC, 2013;
Lindberg et al., 2013; NFPA, 2011; Perroni et al., 2013; Smith, D, 2011; Storer et al.,
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2013; Tofari et al., 2013). However, as with body composition, it is unclear if these
recommendations serve to minimise potentially fatal immune and inflammatory
responses to work in the heat.

Following work in the heat, the harmful endotoxin lipopolysaccharide (LPS) moves from
the intestinal tract into circulation (Pyne et al., 2014). LPS in circulation then triggers the
inflammatory cytokine TNFα which increases the risk of heat stress (Lim et al., 2009).
Our previous research (Walker, A, Keene, et al., 2015) saw TNFα, in conjunction with
leukocytes and platelets, increase following a repeat work bout in the heat despite LPS
values decreasing during the same period. It is unclear whether the physiological profile
of participants played a part in these responses. Thus, clarifying the role of body
composition and fitness in immune and inflammatory changes following work in the heat
may play a role in understanding the risk profile of changes in these markers in urban
firefighters.

The present study aimed to assess whether differences in body composition and fitness
influence the immune and inflammatory responses of Australian firefighters when they
work in the heat. We hypothesise that those participants demonstrating higher levels body
fat, and those with lower aerobic fitness and lean mass, will experience greater changes in
leukocytes, platelets, LPS and TNFα following a repeat work task in the heat. Thus, we
aim to understand whether the physical profiles of individuals are affecting the extent of
immune and inflammatory responses in professional urban firefighters.
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7.3 Methods
7.3.1 Participants

Forty-five professional urban firefighters (42 males, 3 females) volunteered to participate
in the present study (Table 7.1). All participants were operationally active at the time of
testing and represented all ranks (firefighter to chief officer) from an Australian fire
service. Informed written consent from participants was obtained before testing, based on
protocols approved by the University of Canberra Human Ethics Research Committee.

7.3.2 Body Composition and Fitness

Body composition and maximal aerobic capacity (VO2
determined within two weeks of heat testing. VO2

max

max)

of participants was

testing was completed on a

motorized treadmill by the Bruce protocol treadmill test (Bruce & McDonough, 1969)
using open-circuit spirometry (TrueOne 2400 Metabolic Measurement System, Parvo
Medics, Sandy, UT) as previously described (Crouter et al., 2006).

Height was measured to the nearest 0.1 cm using a wall mounted stadiometer (Seca 222,
Hamburg Germany) and weight to the nearest 0.1 kg with electronic scales (Seca,
Hamburg Germany) with body mass index (BMI) calculated (Baur, Christophi,
Tsismenakis, et al., 2012). Percentage body-fat and lean mass of participants was
assessed following an overnight fast by a dual-energy x-ray (DXA) scanner (GE
Healthcare, United Kingdom) using a narrow fan beam (4.5°) in conjunction with
enCORE software.
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Table 7.1: Mean (SD) (range) demographics and morphometrics of participants (n=45)

Variable

Mean ± SD (Range)

Age (years)

40.1 (8.6) (25.3 to 57.8)

Height (cm)

178.8 (7.5) (155.8 to 199.2)

Weight (kg)

83.3 (9.4) (57.0 to 102.7)

VO2 max (ml.kg-1.min-1)

56.2 (8.6) (36.7 to 76.1)

Body-fat (%)

20.8 (7.2) (5.5 to 35.4)

Body Mass Index (kg/m-2)

26.2 (2.2) (22.2 to 30.7)

7.3.3 Heat Testing

Participants completed two 20-minute work tasks in a purpose built heat chamber with
metal walls (100 (5) ˚C - dry-bulb) as previously described (Walker, A, Argus, et al.,
2015). This temperature represents the minimum limit of a hazardous firefighting
environment (Foster & Roberts, 1994). Participants completed one 14 metre circuit every
30 seconds, carrying a plastic drum weighing ~20 kg at a self-selected pace. Participants
wore structural firefighting personal protective clothing (PPC) and an open-circuit selfcontained breathing apparatus (SCBA) (Scott Safety Australia, Sydney, NSW). The
combined protective equipment weighed ~22.0 kg. The work periods were separated by a
10-minute intermediate rest interval in open shelters outside the heat chamber (13.5 (2.4)
°C) as previously validated (Hostler, Reis, et al., 2010; Kong et al., 2010; Walker, A,
Argus, et al., 2015). During the rest period, participants removed their SCBA, jacket,
gloves and helmet, changed their SCBA cylinders and consumed 600 ml of water
provided in sealed bottles stored outside the heat chamber.
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Core temperatures (Tc) were monitored by an ingestible thermometer and radio receiver
(HQ Inc., Florida, USA) swallowed at least 6 hours prior to testing (Hostler, Reis, et al.,
2010). To control for the potential effect of localized cooling from fluid ingestion,
participants were excluded from Tc analysis when baseline temperatures were ≤ 5.5 °C
or decreased by 2 °C in any 5 minute period during testing (Brearley, et al., 2011;
Walker, A

et al., 2014). Participants briefly exited the chamber (<20 seconds) for

assessment of Tgi at five minute intervals with timing advice provided by portable radio
from researchers located outside the chamber. Timing clocks were stopped when
participants were outside the chamber.

7.3.4 Blood sampling and analysis

Qualified phlebotomists collected blood at four time points during heat testing (pre-heat,
post-heat, post-heat + 1 hr and post-heat + 24 hr) with participants in a seated position in
an air-conditioned room (21 °C). An 8.5 ml serum separator tube (SST) and a 4.0 ml
EDTA tube were used to collect blood. The SST tube was allowed to clot for ~30
minutes before centrifugation for 10 minutes at 6000 rpm prior to transport for analysis at
an accredited haematology laboratory. Aliquots of serum were separated and stored at -80
°C for batch analysis. Sterile procedures were strictly adhered to throughout the
biological sample collection and analysis to minimise the risk of contaminating samples.

After blood collection following heat testing (post-heat) participants remained on site for
one hour. During the one-hour recovery interval, participants completed a passive
recovery consisting of self-selected re-hydration and nutrition strategies while remaining
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seated in an air-conditioned room (21 °C). After blood was collected at the one-hour
interval (post-heat + 1 hr), participants returned to active duty and were encouraged to
maximize their hydration. No participants attended incidents with live fire in the 24 hr
recovery period prior to final blood collection (post-heat + 24 hrs).

A Sysmex XT2000i haematology analyzer, (Sysmex, Kobe, Japan) was used to determine
blood counts including leukocytes and platelets using EDTA preserved fresh whole
blood, completed within 6 hours of collection. A Siemens Immulite 1000
chemiluminescent solid-phase immunometric assay (Siemens Healthcare, LLanberis UK)
was used to complete analysis of TNFα in the blood of participants. Analytical sensitivity
for TNFα was 1.7 pg/ml. Analytical sensitivity for LPS was 0.04 EU/ml and was
performed by ELISA, according to manufacturer’s instructions (HIT 02, Hycult,
Biotechnology, Netherlands).

Hydration status of participants was assessed before heat testing using a portable
refractometer (Atago 3464 UG-a, Atago, Tokyo, Japan). Participants with urine specific
gravity (USG) <1.020 were considered to be euhydrated (Oppliger & Bartok, 2002).
Participants exceeding this value consumed 600 ml of water before testing, provided in
sealed bottles from the fire service to minimise any confounding influence of dehydration
prior to heat exposure. Changes in plasma volume were calculated from collected blood
using previously described methods (Harrison et al., 1982) derived from Dill and Costill
(1974). Changes in body mass were calculated with participants weighed immediately
prior to heat testing and at the conclusion of the second work period in a nude state
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(Charder MS 3200, Charder Electric Co. Ltd, China).

7.3.5 Data Analysis

Data analysis was performed in IBM SPSS version 22.0 (IBM Corp, Armonk, NY, USA).
Descriptive statistics for all variables were derived and reported as mean (SD). Individual
blood results from each participant were grouped into tertiles (low, moderate, high) based
on body-fat (%), lean mass (kg), VO2 max and BMI (Table 7.2). The grouping was based
on each individual variable and, therefore, participant results may be in different groups
based on the results of body composition and aerobic fitness assessment. Data was
visually inspected for outliers using boxplots then tested for normality using the ShapiroWilk test followed by Mauchly’s test of sphericity. A mixed methods ANOVA (betweensubject and within-subject analysis) was used to identify interactions between groupings
on each variable along with changes in each variable over the four time points. Further, to
establish differences in each variable, a one-way ANOVA was conducted at four time
points (pre-heat, post-heat, post heat + 1 hr and post-heat + 24 hrs). Tukey’s post hoc
analysis was performed and 95 % confidence intervals (CIs) were reported following a
Bonferroni correction. Effect sizes (η2) were calculated and reported as being “small”
≤0.009, “medium” 0.010-0.059, “large” 0.060-0.1 8 and “very large” ≥0.1 9 (Cohen,
1988).
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Table 7.2: Mean (SD) (range) descriptive data of groups used for comparison

Body-fat (%)
Lean mass (kg)
VO2 max (ml.kg-1.min-1)
BMI (kg.m-2)

Low
(n=15)
12.6 (2.7)
(5.5 to 15.2)
57.7 (6.3)
(38.6 to 62.5)
46.9 (4.6)
(36.7 to 52.8)
23.9 (1.0)
(22.2 to 24.8)

Moderate
(n=15)
21.5 (2.3)
(15.6 to 23.1)
66.8 (1.8)
(63.4 to 67.5)
55.8 (2.4)
(53.8 to 62.0)
25.9 (0.4)
(24.7 to 26.2)

High
(n=15)
29.3 (3.2)
(23.2 to 35.4)
73.3 (2.8)
(68.2 to 77.8)
65.3 (1.4)
(62.4 to 76.1)
28.6 (1.3)
(26.5 to 30.7)

7.4 Results
7.4.1 Changes in body mass and plasma volume

Mean (SD), USG of participants was 1.010 (0.007) prior to heat testing. Two participants
recorded USG values in excess of 1.020 and subsequently drank 600 ml of water prior to
heat testing. Plasma volume of participants decreased significantly pre- to post-heat (-3.9
(0.3) %, p<0.001) followed by a non-significant increase post-heat to post-heat + 1 hr
(+0.8 (4.8) %). A significant decrease in plasma volume was observed post-heat + 24 hrs
compared with pre-heat values (-4.8 (4.8) %). These changes were accounted for prior to
analysis of immune changes by correcting values based on the change in the blood
volume of individuals. Further, body mass decreased (-1.2 (0.5) kg) pre- to post-heat
corresponding with a -1.4 (0.6) % change.

7.4.2 Gastrointestinal temperatures

A very large increase in Tgi was observed for all participants from pre- to post-heat (37.2
(0.4) °C to 38.6 (0.5) °C, p<0.01, η2=0.847). However, no differences between groupings
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were detected based on body-fat (p=0.96), lean mass (p=0.30), VO2 max (p=0.99) or BMI
(p=0.08). Further, Tgi did not predict leukocytes, platelets, TNFα or LPS at any of the
four time points.

7.4.3 Blood Markers

7.4.3.1 Leukocytes
No significant interactions between leukocytes and body-fat groupings (low, mod, high)
were detected by time (p=0.146, η2=0.081). However, leukocytes were significantly
different between groups (p<0.01, η2=0.970). Specifically, participants in the low group
showed leukocyte values lower than the high group (-1.5 (3.3) 10^9/L, 95 % CI -2.8 to 0.3, p=0.01) and also the moderate group (-1.1 (2.9) 10^9/L, 95 % CI -2.2 to 0.0,
p=0.04). No differences in leukocytes were detected between the moderate and the high
body-fat groupings (p=1.00). One-way ANOVA analysis detected significantly lower
values between the low group and the high group pre-heat (-1.5 (0.1) 10^9/L, 95 % CI 2.6 to -0.3, p<0.01) and post-heat + 1hr (-1.8 (0.1) 10^9/L, 95 % CI -3.1 to -0.4, p=0.01)
and also the moderate group post-heat (-1.3 (0.1) 10^9/L, 95 % CI -2.6 to -0.1, p=0.04)
and post-heat +24hrs (-1.3 (0.1) 10^9/L, 95 % CI -2.4 to -0.2, p=0.02) (Figure 7.1A).

No significant interactions between leukocytes and lean mass groupings were detected by
time (p=0. 9, η2=0.038). However, leukocytes were significantly different between
groups (p<0.01, η2=0.970). Specifically, participants in the high group had significantly
lower leukocyte values overall compared with the low lean mass grouping (-1.5 (0.1)
10^9/L, 95 % CI -2.8 to -0.3, p=0.01). The moderate lean mass groupings showed no
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differences compared with other groupings (low; p=0.20 and high; p=0.65). One-way
ANOVA analysis detected significantly lower leukocyte values for high lean mass
compared with the low group post-heat (-1.8 (0.1) 10^9/L, 95 % CI -3.2 to -0.5, p<0.01),
post-heat + 1 hr (-1.65 (0.1) 10^9/L, 95 % CI -3.0 to -0.3, p=0.02) and post-heat + 24 hrs
(-1.4 (0.1) 10^9/L, 95 % CI -2.6 to -0.1, p=0.05) (Figure 7.1B).

No significant interactions between leukocytes and VO2 max (p=0.21, η2=0.09) or BMI
(p=0.09, η2=0.102) groupings were detected across the four time points. Although we
detected significant overall differences between groups over time (VO2; p<0.01,
η2=0.966 and BMI; p<0.01, η2=0.967) there were no differences in leukocytes between
individual groupings (low, mod, high) based on VO2 or BMI (p>0.05).

Figure 7.1: Mean (SD) leukocyte counts of  low,  moderate and  high body fat (A) and lean mass
(B) groups at four time points (pre-heat, post-heat, post heat + 1hr and post-heat + 24hrs). * Represents
a significant difference (p<0.05) between low and high groups and ^ represents a significant difference
between low and moderate groups.
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7.4.3.2 Platelets
Platelet counts increased significantly for all groups pre- to post-heat (+11.7 (19.7)
10^9/L, p<0.01) and remained elevated at post-heat + 1 hr (+50.4 (28.4) 10^9/L, p<0.01)
and remained elevated for all groups at post-heat + 24hrs (+15.9 (19.7) 10^9/L, p<0.01).
Differences in platelet counts were observed between body-fat groups over the four time
points (p<0.01, η2=0.978) but not at any individual time point based on any variable
(p=0.228, 0.178, 0.449, 0.476 respectively). Further, very large differences between lean
mass groups were detected (p<0.01, η2=0.811) but not at any individual time point
(p=0.361, 0.123, 0.171, 0.391 respectively). No differences in platelet counts were
observed between VO2 max or BMI groups.

7.4.3.3 LPS
No significant interaction was observed across the four time points between LPS and
body-fat (p=0.64), lean mass (p=0.45), VO2 (p=0.49) or BMI (p=0.09). Significant
differences in LPS were observed overall between groups for body-fat (p<0.01), lean
mass (p=0.05) and VO2

max

(p=0.04). However, only lean mass remained significant

between low and moderate groups following post-hoc analysis (+0.2 (0.1) EU/ml, 95 %
CI 0.0 to 0.5, p=0.04). One-way ANOVA analysis demonstrated significantly higher LPS
values post-heat + 1 hr for low compared with the moderate lean mass group (+0.2 (0.1)
EU/ml, 95 % CI 0.3 to 0.4, p=0.03). However, no differences were detected based on
body-fat VO2 max or BMI.
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7.4.3.4 TNFα
No significant interactions were detected between TNFα and body-fat (p=0.28), lean
mass (p=0.06), VO2

max

(p=0.78) or BMI (p=0.34) across the four time points. A

significant difference in TNFα was detected between groups for body-fat groups
(p<0.01). Specifically, TNFα was lower in the low body-fat group compared with the
high body-fat group (-1.8 (0.6) pg/ml, 95 % CI -3.3 to -0.2, p=0.03). However, we
detected no lean mass, VO2 max or BMI. Following a one-way ANOVA, a significantly
lower TNFα count was seen at post-heat + 24hrs for the moderate compared with the high
body-fat group (-1.74 (0.1) pg/ml, 95%CI -3.5 to -0.0, p=0.05). No other differences were
detected for any variable at any time point.

7.4 Discussion
The present study examined the body composition and aerobic fitness of Australian urban
firefighters as possible variables affecting immune and inflammatory changes following
work in the heat, which is unique in the literature. The key finding of this study is that
when completing a standardised work protocol in the heat, differences in body
composition and aerobic fitness had limited impact on the extent of changes in
participant’s leukocytes, platelets, TNFα and LPS. Rather, body-fat, not aerobic fitness or
BMI, affected resting values prior to the work task, and subsequently reduced the peak
values reached by participants with the lowest values. Lean mass then appeared to
provide a protective mechanism for limiting changes in leukocytes following the work
periods in the heat likely due to a reduced relative workload. Thus, it is probable that
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reducing body-fat, while concurrently increasing lean mass may reduce the resting levels
of immune and inflammatory markers in firefighters, leading to a reduction in the peak
values likely to be reached following strenuous work in the heat.

High levels of leucocytes have been reported in individuals experiencing a myocardial
infarction (Madjid et al., 2004). Further, along with elevated platelet counts, high
leukocytes are considered a significant risk factor of a cardiac event in otherwise healthy
individuals (Targer et al., 1996). Participants in the present study with the highest levels
of body-fat demonstrated significantly elevated resting levels of leukocytes compared
with the lowest body-fat grouping. The higher resting leukocyte counts then led to the
highest peak values during testing (Figure 7.1A). Given the links between high leukocyte
counts and cardiac events, it is likely that those firefighters exhibiting higher levels of
body fat are at an increased risk of a cardiac event following work in the heat. However,
it must be noted that the body-fat values (Baur et al., 2012; Poston et al., 2011) and
aerobic fitness (Baur et al., 2012; Bilzon et al., 2001) of participants in the present study,
were superior to those previously reported for firefighters possibly underestimating the
effects of heat in more general firefighting populations.

Participants with higher absolute lean mass, showed lower peak leukocyte values
compared with than those with the lowest mass post-heat, along with after 1 and 24 hrs of
rest, despite similar resting values (Figure 7.1B). It is possible that, when carrying a
standardized weight (~43 kg), those with higher lean mass would be stronger and as a
result worked at a lower relative intensity (Gendron et al., 2015; Von Heimburg et al.,
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2006) resulting in a reduced leukocyte response. This was further reflected in moderate
differences in LPS based on lean mass after 24 hrs of rest. However, the present study
demonstrated no impact of lean mass on TNFα or platelet values, which may be related to
the relatively high physical standard of the group minimising those responses.

Increases in platelet count have previously been observed in firefighters following work
bouts in the heat (Smith, D et al., 2005). Increased platelet counts in the present study
persisted for up to 24 hrs of recovery, although it appears that differences in body
composition and aerobic fitness had no impact on this variable at any time point. Further,
the thermal strain experienced by participants was relatively low, with peak Tgi of
firefighters up to 40.9 °C previously reported (Walker, A, Argus, et al., 2015). In a more
diverse range of firefighters, in more thermally challenging environments, body
composition and fitness may play a role in changes to platelet counts however this
requires further evaluation.

The reported BMI of participants in the present study (26.2 (2.2)), classified the average
as overweight based on World Health Organization standards (WHO, 2011) with values
comparable to American (BMI 28.6 (4.6) kg.m-2 (Poston et al., 2011)) and English
firefighters (BMI 24.7 (1.9) kg.m-2 (Munir et al., 2012). However, body-fat of
participants in the present study (20.8 (7.2) %) was well below the 25 % threshold
considered to be over-fat (WHO, 2011). Despite the wide popularity of BMI to categorize
firefighters, the measure played no role in identifying differences in any variable in the
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present study, again raising questions as to its validity as a screening tool in this
population (Jitnarin et al., 2014; Poston et al., 2011; Walker, A et al., 2014 ).

This study has, for the first time, investigated the links between changes in leukocytes,
platelets, TNFα and LPS and the physical standard of professional urban firefighters
working in the heat. Specifically, low levels of body-fat appeared to provide a protective
mechanism to minimise the peak levels of leukocytes due to reduced resting values
compared with those demonstrating less optimal levels of body-fat. Further, higher lean
mass appears to play a positive role in reducing relative stress compared with firefighters
who may also be less strong due to lower muscle mass. As increased immune function is
considered sub-optimal for health (Huang & Acevedo, 2011) optimizing body
composition is likely to not only assist with occupational readiness (Poston et al., 2011;
Smith, D et al., 2011), it may also provide an indication for future training programs in
firefighters. It is likely programs that focus on reducing body-fat, while concurrently
increasing lean mass may minimise the immune responses of firefighters when they work
in the heat.

201

Chapter Eight: Study six - Cold Water Immersion and Iced
Slush Ingestion are effective at cooling firefighters following a
simulated search and rescue task in a hot environment.
This is an Accepted Manuscript of an article published NRC Research Press in Applied
Physiology, Nutrition and Metabolism 39 (10): 1159-1166 on 5th May 2014, available
online: http://www.nrcresearchpress/doi/10.1139/apnm-2014-0038

Foreword:
Previous studies in this PhD thesis have shown that working in the heat (study two to
study five) results in elevated Tc possibly above those deemed safe (ISO, 2004; NFPA,
2008). Further, study two demonstrated that, while working in more temperate
conditions, representing the bulk of emergency firefighting responses (Keelty, 2013)
wearing modern PPC also actively increases thermal strain on firefighters. The increases
in Tc have led to decrements in strength (study three) along with increases in heart rates
(study two to study five) and immune and inflammatory responses (study four and
five). Intuitively, it would be expected that by rapidly reducing Tc of firefighters through
active cooling methods, that many of the negative effects of working in the heat can be
mitigated prior to their re-entry to fire scenes or redeployment to other emergency tasks.
Fire services operate with limited resources and as such, they require firefighters to be
able to be rapidly recycled back into operational service following emergency tasks to
maintain overall fire protection and coverage. However, should firefighters not be fully
recovered, they are likely to experience increased risk of injury or illness and as a result,
rapidly reducing Tc will likely assist in maintaining overall safety of firefighters.
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In Australia, no common approach to post-incident cooling exists between individual fire
services. This is further compounded by commonly used cooling methods being passive
in nature, with firefighters urged to seek rest in the shade with hydration as the only form
of post-incident recovery used. Much of the reluctance to engage active cooling
modalities at emergency incidents may in part be due to a general lack of understanding
of the extent of the effects of heat on firefighters. However, as studies two to five have
demonstrated, Australian firefighters are likely sustaining considerable thermal strain
during work in the heat. In the USA, the NFPA requires that a formal rehabilitation sector
be established following the use of two SCBA cylinders (NFPA, 2008) to mitigate the
effects of high Tc at that point. However, based on the work of Selkirk and McLellan
(2004) NFPA 1584 recommends the use of hand/forearm immersion as the best cooling
method for firefighters despite the evidence not being universally acknowledged
compared with passive cooling (Carter et al., 2007; Hostler, Reis, et al., 2010). It must
also be noted that the use of hand/forearm immersion is being included as part of postincident rehabilitation strategies for some volunteer fire services in Australia (Savage et
al., 2014).

Thus, study six aims to evaluate the use of cooling methods including the ‘gold standard’
of cold-water immersion (Casa, McDermott, et al., 2007) and the novel method of icedslush ingestion (Brearley, et al., 2011). Many of the proponents of hand/forearm
immersion point to reduced logistics as a positive for this method, hence the inclusion of
iced-slush ingestion, which will likely be easy to deploy to fire scenes following
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emergency tasks and increase its appeal to fire services, particularly if it can produce
cooling rates comparable with cold-water immersion.
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8.1 Abstract
Introduction: Firefighters are exposed to hot environments, resulting in elevated Tc.
Rapidly reducing Tc will likely increase safety as firefighters are redeployed to
subsequent operational tasks. This study investigated the effectiveness of cold-water
immersion and iced slush ingestion to cool firefighter’s post-incident.
Methods: Seventy-four Australian firefighters (mean (SD) age 38.9 (9.0) years)
undertook a simulated search and rescue task in a heat chamber (105 (5) °C). Testing
involved two twenty-minute work cycles separated by a ten-minute rest period. Ambient
temperature during recovery periods was 19.3 (2.7) °C. Participants were randomly
assigned one of three fifteen-minute cooling protocols; 1) Water immersion – 15 °C to
umbilicus (CWI), 2) Iced slush ingestion – 7 g.kg-1.BW-1 (SLUSH) or 3) Seated rest
(CONT). Tc, and strength were measured pre- and post-simulation and directly after
cooling.
Results: Mean temperatures for all groups reached 38.9 (0.9) °C at the conclusion of the
second work task. Both CWI and SLUSH delivered cooling rates in excess of CONT
(0.093 and 0.092 compared with 0.058 °C.min-1) and reduced temperatures to baseline
measurements within the fifteen-minute cooling period. Grip strength was not negatively
impacted by either SLUSH or CONT.
Conclusion: CWI and SLUSH provide evidence-based alternatives to passive recovery
and forearm immersion protocols currently adopted by many fire services. To maximize
the likelihood of adoption, we recommend SLUSH ingestion as a practical and effective
cooling strategy for post-incident cooling of firefighters in temperate regions.
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8.2 Introduction
Firefighters are exposed to extreme temperatures when responding to emergency
incidents, which requires them to wear highly specialized personal protective clothing
(PPC) and self-contained breathing apparatus (SCBA). Firefighters wear PPC comprised
of many layers including a vapour barrier, which actively reduces the dissipation of
metabolic heat by impairment of natural sweating mechanisms (Havenith, G, 1999;
Katica et al., 2011; McEntire et al., 2013). When the body produces metabolic heat at a
rate in excess of its ability to dissipate that heat, as occurs when firefighters work in PPC,
uncompensable heat loading occurs (Snellen, 1966). Further, extreme heat conditions
encountered in the firefighting setting can exacerbate this uncompensable heat gain and
contribute to elevated core temperatures (Tc) (Barr et al., 2010; Cheung et al., 2010;
McLellan & Cheung, 2000). Core temperatures of firefighters during extended
operational incidents may exceed the recommended occupational limits of 38.0 °C to
38.5 °C (ISO, 2004; NFPA, 2008).

High Tc lead to reduced maximal muscle contraction (Nybo, 2008), physical exhaustion
and impaired cognitive function (Bandelow et al., 2010; Faerevik & Reinertsen, 2003). In
occupational settings, Tc in excess of 39.0 °C (ISO, 2004; NFPA, 2008) are considered to
be unsafe despite regular observations of these higher Tc in athletic and medical settings.
In hot conditions, if untreated, Tc can remain elevated for a considerable time and likely
leave the individual in a lethargic state with reduced work capacity. Firefighters are often
redeployed following operational incidents and must respond in a timely fashion. Thus,
the goal of post-incident cooling should be to rapidly return Tc to recommended ranges in
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addition to restoration of baseline strength (Stanley et al., 2010; Sund Levander et al.,
2002).

Commercially available products are marketed to fire services to facilitate post-incident
cooling. These include misting fans (Brearley, et al., 2011; Selkirk et al., 2004), hand and
forearm immersion devices (McLellan & Selkirk, 2006) and cooling vests (Katica et al.,
2011; McEntire et al., 2013). However, these devices provide little benefit in reducing Tc
in temperate recovery climates even after twenty minutes (Carter et al., 2007; Hostler,
Reis, et al., 2010). The fire service in the present study is small and has limited
operational resources to respond to emergency events. Hence, responding units operate
with reduced support and as a result limited rest periods between work periods are
common, particularly in the early stages of emergency events. As a result, cooling
protocols in excess of 20 minutes are impractical for rapid cooling, as redeployment of
firefighters can be time critical. However, it must be noted that all active cooling methods
investigated were more effective than passive cooling alone.

Cold-water immersion (CWI) protocols are well established in athletic programs for postexercise cooling and have proven to be effective at reducing Tc (Casa, McDermott, et al.,
2007; Siegel et al., 2012; Vaile et al., 2011). CWI is considered to be the gold standard
for cooling of heat affected individuals and is particularly effective in reducing Tc in
individuals with greater body mass, who must lose more heat to achieve similar reduction
in Tc (Casa, McDermott, et al., 2007). Positive cooling effects for CWI have been
observed in a range of conditions, though the most effective Tc reduction has been
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achieved by immersion in cool-cold water (2 to 20 °C) for durations between nine and
eighteen minutes (Proulx et al., 2003; Versey et al., 2013). Due to high rates of body
surface area exposure during CWI, a sustained drop in Tc occurs as heat transfers from
the core to the periphery (Gagnon et al., 2010). This phenomenon is referred to as
afterdrop and occurs after CWI partly due to blood temperatures being exposed to the
reduced temperatures of the peripheral limbs and superficial tissue (Casa, McDermott, et
al., 2007; Proulx et al., 2003). A risk of overcooling exists from CWI, hence
conservative temperatures for ceasing cooling and a recommendation for medical
monitoring of hyperthermic individuals during cooling has occurred (Casa, McDermott,
et al., 2007). However, regardless of widespread adoption in medical and athletic
settings, little research into the efficacy of CWI as a post-incident cooling method has
been undertaken for firefighters.

Ingestion of cold drinks (4 °C) and iced slush drinks (SLUSH) have been considered
(Stanley et al., 2010), though not extensively tested in firefighting settings. Brearley et
al., (2011) provided a single bolus of 7.5 g.kg-1.BW-1 SLUSH, reporting inability of
firefighters to consume the provided volume and only moderate cooling rates in hot,
humid conditions (0.032 °C.min-1). Regardless, SLUSH (1.25 g.kg-1.BW-1) has been
shown to be effective in partially ameliorating heat related declines in maximal voluntary
muscle contraction and endurance capacity when exercising in the heat (Siegel et al.,
2012; Stanley et al., 2010) and is more effective at reducing Tc than cold water alone
(Siegel et al., 2010). To date, little study of the efficacy of SLUSH as a cooling modality
for firefighters has occurred.
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To date, little research has been conducted in Australian urban fire services operating in
temperate regions to develop coordinated and effective post-incident cooling protocols.
Rather warm-hot laboratories (Kong et al., 2010; Williams, W et al., 2011) and to a lesser
extent, tropical settings (Brearley et al., 2011) have been examined. Protocols for rapid
cooling are necessary to facilitate safe and effective redeployment of firefighters. Thus,
the aim of the current study was to evaluate the effectiveness of CWI and SLUSH
following a simulated search and rescue task compared with passive cooling alone.

8.3 Methods
8.3.1 Participants

Seventy-four male operational firefighters were recruited from an Australian fire service
and volunteered to participate in the present study (Table 8.1). All participants were
professional urban firefighters who were operationally active at the time of testing and
represented all ranks within the fire service. Testing was conducted in early autumn
during duty hours, and participants were partially heat acclimated after completing a
summer bushfire season. Informed written consent was obtained from all participants
prior to testing based on protocols approved by the University of Canberra Human Ethics
Research Committee.

Prior to the simulated search and rescue task, participants undertook physical fitness
testing. Aerobic fitness was estimated using the Yo-Yo Intermittent Recovery Test Level
1 (Bangsbo et al., 2008). Body composition analysis, including body fat percentage was
conducted using dual energy x-ray analysis (DXA). Body surface area (BSA) was
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calculated as BSA = (height (cm)

0.725

x mass (kg)

0.425

) x 0.007184 (DuBois & DuBois,

1915).
Table 8.1: Mean (SD) demographics and morphometrics of participants (n=74)

Age (years)
Height (metres)

38.9 (9.0)
1.8 (0.1)

Mass (kg)

84.3 (9.3)

BMI (kg.m2)

25.8 (2.2)

Body Fat (%)

19.9 (6.5)

Body Surface Area (m-2)
Estimated aerobic capacity (ml.min-1.kg-1)

2.1 (0.1)
49.8 (5.1)

8.3.2 Design

Following the completion of a simulated search and rescue task, participants removed
their PPC and were randomly allocated to one of three groups; Cold-water immersion
(CWI) (n=26), iced slush drink (SLUSH) ingestion (n=23) or a passive control (CONT)
(n=25) each lasting fifteen minutes. Following DXA scanning during physical testing, no
differences in body composition, including body fat percentage were detected between
groups. Baseline Tgi and grip strength was assessed prior to the simulated search and
rescue task, at its conclusion, and directly after the cooling protocol (Figure 8.1).
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Figure 8.1: Visual representation of timeline for testing. Gastrointestinal temperatures were assessed
directly on exiting the heat chamber and at the conclusion of the cooling protocol.

8.3.3 Simulated search and rescue task

To maximize the validity of testing by replicating operational conditions for this fire
service, and following protocols previously validated (Hostler, Bednez, et al., 2010; Kong
et al., 2010), participants completed two 20 minute simulated search and rescue tasks in a
purpose built heat chamber set at 105 (5.0) ˚C. Search and rescue tasks were separated by
a ten-minute seated rest period outside the heat chamber (Figure 8.1). During the
intermediate rest period (19.3 (2.7) ˚C), participants removed their jackets and changed
breathing apparatus cylinders as per normal standard operating procedures for Australian
fire services. Humidity was not measured during testing, however average humidity for
March in Canberra is 38 % (3pm) (Australian Bureau of Meteorology, 2014). Participants
were required to negotiate a multi-room facility containing a range of furniture
configurations, to simulate a search and rescue task at a typical house fire (Figure 8.2).
To minimise possible effects of hydration status, prior to entry, all participants consumed
600 ml of water provided from sealed bottles stored in the shade at ambient temperatures
(19.3 (2.7) °C).
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Figure 8.2: Floor plan of heat chamber used for testing. Participants entered the chamber by the door in
the bottom right. The Cache of drums was located in the room at the bottom left of the chamber.

Searching was conducted in darkness and smoke and required firefighters to locate a
cache of foam drums weighing ~20 kg and return them individually to the starting
location. Participants were instructed to conduct their search using pre-established
techniques and involved periods of crawling and climbing. During the simulation, a
surrogate measure of work - rate of perceived exertion (RPE) (Borg, 1974), was
measured at 5 minute intervals using a scale of 6 (very, very light) to 20 (very, very
hard). Participants were asked, “how hard are you working?” and responded by pointing
to a number on a chart presented. All participants completed a familiarization session
prior to undertaking testing to maximize the validity of their responses.
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Participants completed testing wearing a full structural fire fighting PPC ensemble
comprising boots (Haix Special Firefighter®, Haix USA), woollen socks, Nomex® pants
(Stewart and Heaton, Brisbane, Australia), over-pants and tunic (Stewart and Heaton,
Brisbane, Australia), cotton T-Shirt, Nomex® flash hood (Life liners Inc., Morristown,
USA), gloves (ESKA, Thalheim, Austria) and helmet (Pacific Helmets, New Zealand).
All protective clothing complied with Australian Standard AS/NZS 4967:2009.
Participants wore an open-circuit Scott Safety Contour 300 Self-contained breathing
apparatus (SCBA) weighing 9.6 kg (Scott Safety Australia, Sydney, NSW). The
combined weight of PPC and SCBA was 22.0 kg. During the intermediate rest period,
participants removed their SCBA, jacket, gloves and helmet and consumed 600 ml of
water provided in sealed bottles stored in the shade at ambient temperatures (19.3 (2.7)
˚C). To simulate operational safety considerations, boots were not removed during the
intermediate rest period. Participants worked in pairs, as per ACT Fire and search and
rescue standard operating procedures, with both members tasked with retrieving drums
following each search pattern.

8.3.4 Cooling protocol

At the conclusion of the second simulated search and rescue task, participants were
randomly assigned to one of three cooling protocols; Cold-water immersion (CWI), iced
slush drink (SLUSH) ingestion or a passive control (CONT) (Table 8.2). No differences
were detected between groups for estimated aerobic capacity, body fat or BSA (p=0.055,
0.115 and 0.129 respectively). Following standard operating procedures for post-incident
recovery for the present fire service, all groups had access to ad libitum water from sealed
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bottles stored in the shade at ambient temperatures (19.3 (2.7) ˚C). Thus, water was cool
but not cold. Time from completion of the simulated search and rescue task to the
beginning of the cooling protocol was ten-minutes, which simulates the time taken to
recondition SCBA and operational appliances at operational incidents. All cooling
protocols lasted for 15 minutes.

Table 8.2: Mean (SD )profiles of cooling groups for estimated aerobic capacity, body mass index, body
fat % and BSA.
Estimated aerobic
capacity (ml.min1
.kg-1)

Body Mass Index
(kg/m-2)

Body Fat (%)

Body Surface
Area (m-2)

Cold Water Immersion

51.9 (5.7)

25.5 (1.8)

17.9 (0.7)

2.0 (0.1)

Iced Slush Drink Ingestion

48.7 (3.8)

25.9 (2.1)

20.1 (0.7)

2.0 (0.1)

Control

58.6 (4.8)

25.7 (2.3)

21.7 (0.5)

2.1 (0.1)

8.3.4.1 Cold-Water Immersion (CWI):

Participants were immersed in cold water (~15 ˚C) to the umbilicus with arms out for
fifteen minutes in the shade (19.3 (2.7) °C). This protocol for cooling has been previously
validated in sporting settings (Brophy-Williams et al., 2011) and was chosen to minimise
possible confounding effects due to localised cooling on the grip strength of participants.
Participants were partially submerged in a purpose built cooling pool located in the shade
with temperatures controlled by a portable chilling unit (iCool Australia, Miami,
Queensland). Water was not agitated and participants wore shorts only during the
immersion period. Participants were given access to ad libitum water (ambient
temperature) during the cooling period, which was not recorded.
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8.3.4.2 Ice Slush Drink ingestion (SLUSH):

Participants removed their PPC and boots and were in a seated position in the shade (19.3
(2.7) ˚C). All participants consumed 7 g.kg-1.BW-1 (Ihsan et al., 2010) of crushed ice
slush drink (~ -1 °C) (Caress 1, CAB S.p.A, Italy), which contained a dissolved
hypotonic solution (150 mOsmol/L) (Aqualyte, Point Health Pty Ltd, Australia).
Participants were given access to ad libitum water (ambient temperature) during the
cooling period, which was not recorded.

8.3.4.3 Control (CON)

Participants removed their PPC and boots and undertook a passive seated cooling
protocol in a shaded area (19.3 (2.7) ˚C). Participants were given access to ad libitum
water (ambient temperature) during the cooling period, which was not recorded.

8.3.5 Gastrointestinal Temperature monitoring

Tgi were monitored by an ingestible thermometer and radio receiver (HQ Inc., Florida,
USA) swallowed at least 6 hours prior to testing to minimise the confounding influence
of food or fluid on the pill (Hostler, Reis, et al., 2010). Ingestible thermometers are
considered a valid tool for the measurement of Tc with differences <0.1 °C when
compared with rectal temperatures (Casa, Becker, et al., 2007; Gant et al., 2006).
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Further, due to the relative ease of use, they are a recommended method of temperature
assessment for ambulatory, field based measurements (Byrne & Lim, 2007). To control
for the effect of localised cooling from ice or fluid ingestion, participants were excluded
from Tgi analysis when baseline temperatures were ≤35.5 °C or decreased by 2 °C in any
5 minute period during testing (Brearley et al., 2011). The exclusion criteria saw 1
participant from the CWI group and 7 from the SLUSH group removed. The number of
remaining participants for data analysis of Tgi was CONT (n=25), SLUSH (n=16) and
CWI (n=25). However, all participants were included in the analysis of strength. The
authors acknowledge that a localised cooling effect as a result of the iced SLUSH on the
pills may have occurred in some cases due to slow intestinal movement, which likely
explains the number of participants removed from the SLUSH group. However we
believe that the stringent cut offs and removal of data meeting the exclusion criteria (Lee,
J. K., 2011) adds to the validity of measurement. The nature of the testing protocol,
particularly given the extreme heat combined with participants wearing multiple layers of
clothing made ingestible pills the most appropriate Tc monitoring protocol for the present
study.

Cooling rates (°C.min-1) were calculated and reported for each cooling method based on
the following formula; cooling rate = (post cooling temperature – post simulation
temperature) / time (15 minutes).
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8.3.6 Grip Strength testing

Grip strength was assessed directly prior to participants entering the heated chamber and
directly on exiting the chamber, with participants seated, shoulder adducted and neutrally
rotated using a 200 lb. Baseline® hydraulic hand dynamometer (Fabrication Enterprises
Inc., New York, USA). The elbow was flexed at 90˚ with the forearm in a neutral
position and the wrist between 0˚ and 30˚ of dorsiflexion. The arm was unsupported
during testing and scores were assessed on one trial on the right hand only as per
protocols previously validated (Nicolay & Walker, 2005; Richards, L G, 1997).

8.3.7 Data Analysis

Data analyses were performed in SPSS ver.20 (SPSS Inc., Chicago, IL, USA). Data is
presented as mean (SD.) A mixed methods analysis of variance (ANOVA) was used to
identify differences between two time points (pre-simulation to post-simulation and postsimulation to post-recovery) and to identify differences between recovery groups
(SLUSH, CWI and CONT). Significance was accepted at p ≤0.05. Tukey post hoc
analysis was performed and 95 % confidence intervals were reported. Effect sizes (η2)
were calculated and reported as being ‘small’ <0.009, ‘medium’ 0.010–0.059, ‘large’
0.060–0.1 8, and ‘very large’ ≥0.139 (Cohen, 1988). To account for differences that were
observed in grip strength between groups post-simulated search and rescue task, an
analysis of covariance (ANCOVA) was conducted with the pre- to post-simulation
change score in strength used as a covariant. Post hoc analysis was performed with a
Bonferroni adjustment.
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8.4 Results
8.4.1 Rate of perceived exertion (RPE)

A significant increase in perceived effort was detected over the testing cycle, with mean
RPE increasing from 12.0 (1.4) (fairly light / somewhat hard) for the first 10 minutes to
16.5 (2.5) (very hard) at the conclusion of the second simulation (p=0.012, η2=0.067). No
differences were detected between cooling groups during the two simulations (p=0.506,
η2=0.021).

8.4.2 Gastrointestinal temperatures

No significant differences in Tgi were detected between groups prior to or at any time
point during the two simulations (Figure 8.3). Mean Tgi for all groups pre-simulation was
37.5 (0.4) °C and were significantly higher at the conclusion of both the first and second
simulated search and rescue tasks (Simulation 1: +0.7 (0.3) °C, 95 % CI 0.7 to 0.8,
p<0.01, Simulation 2: +1.4 (0.5) °C, 95 % CI 1.3 to 1.5, p<0.01). Individual maximum
Tc measurements saw twenty-eight participants in excess of 39.0 °C and two above 40
°C. Interestingly, overall mean Tgi continued to significantly increase for all groups
during the intermediate rest period (+0.1 (0.2) °C, 95 % CI 0.1 to 0.2, p<0.01) with no
differences between groups detected.
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Figure 8.3: Mean (SD) Tgi of participants.  Represents CWI,  represents SLUSH and  represents
CONT. * Represents a significant difference between interventions post-cooling. Significant differences
were detected between all adjacent time points, however no differences occurred between groups at any
time during the simulation.

A significant difference between cooling methods was detected post cooling (p=0.016).
Relative to the passive CONT, SLUSH (-0.5 °C 95 % CI -0.9 to -0.2) and CWI (-0.5 °C,
95 % CI -1.0 to 0.0) both produced significantly lower Tc post cooling (p=0.036 and
p=0.038 respectively) (Table 9.3). No differences were observed between SLUSH and
CWI.
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Table 8.3: Mean (SD) results of Tgi analysis during a search and rescue simulation and following
cooling.
Tgi measurement (°C)
Pre-simulation

Postsimulation 1

Post rest

Postsimulation 2

Post-cooling

Δ Temperature
post-simulation
to post-cooling

Cooling rates
(°C.min-1)

CWI

37.5 (0.3)

38.3 (0.4)

38.4 (0.5)

38.9 (0.6)

37.5 (0.7)

1.4 (1.1)

0.093 (0.071

SLUSH

37.4 (0.4)

38.1 (0.4)

38.2 (0.4)

38.8 (0.7)

37.5 (0.5)

1.3 (0.6)

0.092 (0.038

CONT

37.5 (0.5)

38.1 (0.4)

38.3 (0.5)

38.9 (0.7)

38.0 (0.7)

0.9 (0.6)

0.058 (0.039

8.4.4 Grip Strength

Mean grip strength for all groups pre-simulation was 46.3 (7.7) kg (CONT 48.8 (7.6) kg,
SLUSH 43.3 (8.4) kg and CWI 46.4 (6.4) kg, p=0.254) and was significantly lower
following the simulated search and rescue task (-5.9 (5.7) kg, 95 % CI -4.6 to -7.2,
p<0.01). ANOVA results showed no significant differences within groups (p=0.255,
η2=0.038) for pre to post simulation changes (Figure 9.4). However, a significant
difference was detected between groups (p=0.025, η2=0.100). After adjustment for the
differences in grip strength between groups following the second simulated search and
rescue task, ANCOVA analysis showed that there was a significant overall difference and
a large effect size between cooling methods post-simulation to post-recovery (p=0.05,
η2=0.09). However, post-hoc analysis showed no significant differences between
individual cooling methods. SLUSH resulted in the greatest magnitude in grip strength
recovery although this was not significant (Figure 8.4).
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Figure 8.4: Percentage change in grip strength pre- to post-recovery (mean (SD)). Post-cooling grip
strength was assessed after an ANCOVA was conducted using the pre-post Δ score as a covariant (5.932).

8.5 Discussion
The present study replicated the conditions experienced during structural fires (Eglin,
2007; Eglin et al., 2004) and were among the most realistic simulations of standard
operating procedures used by an Australian fire service. Current passive cooling methods
(CONT) used post-incident may be insufficient to rapidly reduce Tgi of firefighters
compared with CWI (~15 °C) and SLUSH (7 g.kg -1.BW-1) which were both significantly
more effective in reducing Tgi of firefighters after a 15-minute cooling period (Figure
8.3). CWI and SLUSH were not significantly different in cooling rates directly after the
cooling intervention, however an afterdrop in Tgi was likely to have occurred following
CWI, thereby increasing its overall effectiveness as a cooling modality. Given the
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significant reductions in Tgi and high cooling rates observed, we recommend that CWI
and SLUSH be considered as effective methods of rapidly cooling firefighters postincident.

A key finding of the present study was that 7 g kg-1 BW-1 of SLUSH is an effective
protocol to rapidly cool firefighters post-incident in temperate climates, delivering a
significant reduction in Tgi. Mean Tgi reduction over the fifteen-minute cooling period
from SLUSH in the present study was 0.092 °C minute-1 compared with 0.032 °C minute-1
previously reported for SLUSH (Brearley et al., 2011; Stanley et al., 2010). Cooling rates
may be partly explained by the volume of SLUSH ingested with our study using 7 g.kg1

.BW-1 compared with 14 g.kg-1.BW-1 for Stanley et al., (2010). However, it is more

likely that differences in the reported cooling rates is influenced by the duration of testing
with cooling conducted over 15 minutes in the present study compared with 75 minutes
for Stanley et al., (2010). They also did not report Tc drops at equivalent time points to
the present study, however it is likely that cooling rates may be similar. Cooling rates are
faster when Tc are higher at the beginning of cooling and subsequently slow as the body
moves to defend against hypothermia (Proulx et al., 2003). Also, previous research has
indicated that the cooling rates may be linked to differences in thermal gradients between
core and skin temperatures as a result of ambient temperatures (Siegel et al., 2012). The
study by Brearley et al., (2011) was conducted in the tropics where ambient temperatures
and humidity were higher than the temperate conditions experienced in the present study.
This may also explain some of the differences in cooling rates observed for SLUSH
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particularly given that body mass was similar in both studies (86.7 (9.7) kg compared
with 84.3 (9.3) kg in the present study).

Difficulty consuming higher volumes of SLUSH has been observed previously with
sphenopalatine ganglioneuralgia (brain freeze) reported (Siegel et al., 2010). Reports of
brain freeze are consistent with Brearley et al., (2011) who reported an inability of
firefighters to consume 7.5 g.kg-1.BW-1 prior to melting in a tropical climate which likely
reduced the cooling rates observed for SLUSH (0.032 °C.min-1). While ingestion issues
were not evident in the present study, it is likely that smaller volumes of SLUSH would
result in greater compliance from participants and thereby increases the likelihood of
adoption within fire services. Though 7 g.kg-1.BW-1 was shown to be effective in the
present study (0.092 °C.min-1), volumes as low as 1.25 g.kg-1.BW-1 can reduce Tc (Siegel
et al., 2010). We recommend further study to establish the most appropriate rate of
ingestion, which is still effective in rapidly cooling Tc of firefighters and maximizes the
likelihood of compliance. The fire service in the present study has a provision to provide
welfare in the form of food and drink at incidents exceeding 2 hours in duration
(ACTF&R, 2012). This occurs in most Australian fire services and provides logistical
support in the form of fridges, freezers and microwaves. Given that many Australian fire
services provide a welfare capability post-incident (Figure 8.5), the addition of equipment
to make SLUSH should not be onerous.
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Figure 8.5: Australian Capital Territory Fire and Rescue, platform on demand (POD) welfare system
deployed to long duration operational incidents

When conducting CWI of hyperthermic individuals, there is a risk of cardiovascular
problems arising from potential overcooling after removal from cold water (Proulx et al.,
2003). However, cardiovascular problems are generally not prevalent in young, healthy
individuals and many firefighters demonstrate these characteristics (Casa et al., 2005).
To minimise risks from overcooling, we concur with the recommendations of Casa et al.,
(2005) in ensuring that individuals exhibiting symptoms of heat strain be monitored by
medical personnel. In the present fire service, long duration firefighting operations are
conducted with onsite medical support in the form of paramedics. Thus the presence of
medical support actively ameliorates the risk of overcooling post CWI and to assist
firefighters to safely operate with Tc in excess of 38.5 °C (ISO, 2004; NFPA, 2008).
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The use of forearm immersion is a rehabilitation practice well established in a number of
fire services throughout the United States of America and Australia. Cooling rates for
forearm immersion studies range from 0.013 °C.min-1 (Barr et al., 2011) to 0.054 °C.min1

(Hostler, Reis, et al., 2010). The present study compares favourably to the study of

Hostler et al., (2010), achieving higher cooling rates of 0.093 °C.min-1 by immersion of
the lower body in 15 °C water, despite use of similar water temperature (~15 °C) and
body composition less conducive to cooling (17.9 (6.9) % body fat for CWI in the present
study compared with 14.7 (7.0) %). The higher rates of cooling observed in our study
reinforce the value of immersing large body surface areas, with potential to achieve
cooling rates up to 0.35 °C.min-1 for whole body immersion in water temperatures lower
than those used in the present study (Proulx et al., 2003).

The efficacy of CWI for post-incident cooling may be questioned on the basis of the
logistics to establish water-cooling facilities. However, temperatures of reticulated water
supplies in temperate settings are likely to be relatively cool, removing the need for ice or
cooling systems and increasing the operational validity of CWI as a cooling method.
Where cold water is not available, cooling rates for temperate water supplies have also
been shown to be effective at reducing Tgi (Brearley et al., 2011; Taylor et al., 2008).
The high cooling rates reported for CWI increase the speed at which firefighters can be
returned to operational duty. When used as a tool to allow for firefighters to re-enter fire
scenes, there is a chance that, should skin and clothing not be sufficiently dry, steam
burns may occur. However, this risk appears to also exist when firefighters re-enter fire
scenes wearing clothing soaked with sweat. Firefighting PPC in Australia complies with
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design standards (AS/NZS 4967:2009) that require high levels of resistance to radiant
heat and the presence of a moisture barrier to prevent the ingress of steam (Australia,
2009). Thus, the design adaptations resulting from AS/NZS 4967:2009 significantly
reduces the risk of burns when compared with more contemporary PPC.

The present study demonstrated a significant decline in grip strength for all groups during
the simulated search and rescue task. Strength declines are likely related to the heat load
similar to what has been observed in athletic populations (Nybo, 2008; Peiffer, Abbiss,
Nosaka, et al., 2009). Allowing for differences in strength between groups post
simulation, the present study indicated that CONT and SLUSH had no negative impacts
on grip strength directly post-cooling though this may not be the case for CWI (Figure
8.4). Strength declines post-CWI were not significant, though previously it has been
observed that lowering muscle temperatures leads to a reduction in peripheral contractile
ability (Douris et al., 2003; Peiffer et al., 2009). An increase in strength post-CWI has
been observed when measured at later time points than the present study (Vaile et al.,
2008) and it has subsequently been recommended that CWI not be used for recovery in
athletic settings, when high intensity exercise occurs within 45 minutes of immersion
(Halson, 2011; Versey et al., 2013). However, in a firefighting setting it is likely that
peak strength is less relevant than reducing Tc to improving the operational safety of
firefighters, particularly given that firefighting tasks including hose handling and search
and rescue generally require sustained rather than peak efforts.
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It is also possible that donning PPC post CWI may partially ameliorate any strength
declines, due to warming from PPC and reduced radiant heat loss during preparation and
briefing prior to firefighters re-entering a fire scene. Testing of firefighter physical
competency during simulated rescue tasks has shown that strength may not be as relevant
to successfully completing rescue tasks as aerobic fitness (Von Heimburg et al., 2006)
thereby mitigating any negative effects observed post cooling. However, this is unclear
and requires further study. Ingestion of carbohydrates, as was delivered during SLUSH
ingestion may have impacted on the speed of strength recovery compared with CWI.
Therefore, it is unclear whether providing participants in the CWI group with
carbohydrates during cooling may mitigate the continued strength declines observed in
the present study and we recommend further investigation. On-scene rehabilitation
coordinators will need to evaluate any possible negative impacts on strength when
compared with Tc reduction and likely pre-cooling effects of CWI.
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8.6 Conclusion
The present study demonstrated that compared with CWI and SLUSH, passive-cooling
methods likely return firefighters to operational duty in a hyperthermic state and are
therefore inappropriate for post-incident cooling. Due to the effectiveness of CWI and
SLUSH in rapidly reducing Tgi, both methods would be advantageous in rapidly reducing
Tc of firefighters post-operational incident. Addressing high Tc during emergency
responses should be seen as fundamental to ensuring the safety of firefighters. Due to the
perceived logistical constraints of CWI, and to maximize the likelihood of adoption of
active cooling methods within fire services, we recommend that SLUSH ingestion is a
practical and effective cooling strategy for firefighters operating in temperate regions
post-operational incident.
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Chapter Nine: Final discussion and future directions
The main aims of this thesis were to examine the effects of working in the heat on urban
firefighters and to improve their safety and performance. To complete this research, the
first study gained an appreciation of the physiological profile of modern Australian urban
firefighters. The effects of design changes in modern protective clothing, both in hot and
temperate working conditions were evaluated in study two. Following on from the initial
studies, the following two research studies (study three and four) examined the
physiological impacts of working in the heat by replicating as closely as possible, the
working environment that a modern Australian urban firefighter would encounter during
a structural firefighting event. Based on the information gained during the first four
studies, the final two studies (study five and six) aimed to provide practical solutions to
minimise the negative impacts of working in the heat including high temperatures and
changes to immunity and inflammation, referencing the original studies. Minimising the
physical strain experienced during firefighting tasks is likely to be maximised with
appropriate physical training and appropriate post-incident cooling modalities (study six)
at fire scenes.

Study one demonstrated, through a range of physical testing tasks, that Australian urban
firefighters are experiencing age related declines in body composition, strength, power
and aerobic fitness at a rate that appears to mirror that of the general population.
Firefighters spend much of their on-call work time in sedentary activities (Dobson et al.,
2011; Taylor N & Taylor, 2012) and it appears that this may be associated with declines
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in Australian fire services, given that individuals appear to be recruited at relatively
superior levels of body composition and aerobic fitness (Walker et al., 2014).

Firefighters in study one, demonstrated better body composition and aerobic fitness than
those in other countries and also the general population, possibly due to their relatively
high levels of physical performance at recruitment. However, the results of study one
demonstrate that high physical standards demonstrated on entry may be partially
insulating Australian firefighters from reaching critical levels of body composition and
aerobic fitness that may impact their personal safety at work. However, this is largely
speculation at this point and future research should be conducted to ascertain whether
applying a physical fitness program for firefighters would be effective. Regardless of
limited causal data, the declines demonstrated in study one indicate that fire services
should implement evidence based health and wellbeing programs to ensure that the high
physical standards demonstrated at recruitment can be maintained throughout a
firefighters career.

To maximise the effectiveness of workplace health and wellbeing programs, gaining an
appreciation of the status of individual firefighters is critical and appropriate
measurement tools should be used. Studies presented in this thesis consistently
demonstrated the ineffectiveness of BMI as a screening tool in urban firefighters. Thus,
where possible, body composition should be undertaken using DXA scans. However,
acknowledging that urban fire services will likely not have access to DXA scanning, field
based assessments including waist circumference (Baur et al., 2012; Walker et al., 2014)
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(study one) waist to hip / height ratios (Azabdaftari et al., 2009) and skin-fold
measurements (Stewart et al., 2011) represent an appropriate compromise. Given there is
currently no ongoing formal assessment in Australian fire services, it is unclear whether
using these methods would promote meaningful change, thus requiring further
investigation. Validating tools such as bio-impedance analysis may also prove valuable,
however they may be affected by hydration status and other confounding influences thus
reducing their reliability as a testing tool.

To maximise the safety of Australian firefighters in hot environments, they are required
to wear PPC, which is heavy, comprised of many layers and contains an impermeable
moisture barrier. Participants in this thesis experienced high levels of thermal strain with
increased Tc as a result of wearing PPC in hot environments (~100 °C, studies two to
six). However, it was when participants wore structural firefighting PPC in temperate
environments (study two), where the negative impacts of the moisture barrier were most
apparent, with increased Tc and Tsk occurring. Many firefighters in Australian fire
services wear structural firefighting PPC to all work events based, in part on tradition
rather than perceived need. Thus, the increases in Tc in study two demonstrate that
wearing modern structural firefighting PPC during work tasks where fire is not present,
may not only be unnecessary but likely increases the thermal strain on firefighters to
levels exceeding safe work limits (ISO, 2004). Approximately 95% of modern
firefighting work, including motor vehicle accidents and rescue tasks in Australian fire
services are completed in temperate environments (Keelty, 2013). Encouraging changes
to standard operating procedures during these work tasks, along with investigating
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lighter, more appropriate PPC, will likely minimise the strain on firefighters while
concurrently maximising their performance during work tasks in temperate environments.

When participants worked in a hot environment (study two to study six) they
demonstrated considerable thermal strain in the form of high Tgi, Tsk, high heart rates,
decreases in strength and elevated perceptions of fatigue. Specifically, participants in
study three demonstrated mean Tc of 38.9 °C at the conclusion of a second 20-minute
work bout in the heat, similar to that observed in study four (38.6 °C). Temperatures in
the hot environment in study two were slightly higher than these values, however
tympanic measurements were used, which have been shown to under-predict Tc (Casa et
al., 2007). Regardless, safety standards for work require that Tc remain below 38.5 °C
(ISO, 2004). While the use of ingestible thermometers, as used in studies three to six,
represent an effective field-based measurement tool, the need to ingest them at time
periods in excess of four hours prior to exposure makes them impractical for use by fire
services. Developing practical measurement tools for use at emergency incidents should
be investigated in the future. By educating firefighters and incident controllers about the
symptoms of heat illness, they may also be able to proactively manage their work rates to
maximise their safety when they work in the heat.

Given the realistic work conditions used throughout this thesis, it is likely that safe values
(ISO, 2004) would be regularly exceeded in actual emergencies particularly given livefire was not present during testing. However, although radiant heat from live-fire was not
present, the location of the gas burners on the ceiling of the heat chamber provided a
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radiant heat source, reflecting the heat stratification present in a burning structure. The
nature of emergency responses, means that ceasing work may not be practical at a
threshold temperature and may reduce the overall effectiveness of the firefighting effort.
Thus, Australian fire services should make significant efforts to mitigate temperatures, in
the form of appropriate pre-incident conditioning programs and effective post-incident
cooling modalities (study six). There is also likely benefit in the use of pre-cooling, as
occurs in athletic settings, although this has not been established in Australian fire
services to date, nor in this thesis, and is worthy of future investigation.

The highest Tc recorded was when participants were exposed to a working environment
with minimal visibility (study three). Working in smoke and darkness requires higher
levels of skill and concentration compared with working at a pre-determined pace in
improved visibility (study four). Specifically, this was demonstrated with participants in
study four reporting lower RPE (15.7 compared with 16.9) and marginally lower TS (6.9
compared with 7.1) than those in study three. In emergency firefighting settings,
firefighters are required to search fire and smoke affected buildings, operating with
limited visibility and in high ambient temperatures. Thus it is likely that the increased
physical strain, experienced when participants were asked to negotiate a structure in
limited visibility (study three), would occur during actual firefighting events. At
emergency structural firefighting events, firefighters would likely experience increased
intensity compared with the studies in this thesis, as they respond to greater stimulation
including live-fire and possibly entrapped persons. This stimulus is difficult to replicate
in controlled research studies. Monitoring firefighters at actual emergency events in the
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future will add clarity to understanding the thermal and physical strain experienced by
urban firefighters.

The work tasks in the heat, also led to high heart rates, even when they were paced
(study four), where participants reached approximately 90 % of their HR

max,

possibly

linked to the high Tgi reached. In study three, participants demonstrated a significant
decrease in grip strength following a second work bout in the heat. Should firefighters be
asked to work at or close to their physical limits, in dangerous, hot working
environments, it is possible that they may be unable to complete their work tasks safely
should that environment change. The risk of a cardiac event arising from increased
physical strain is a concern, and is likely elevated post-incident in firefighters due to
elevations in immune markers and inflammation (study five and study six). Although
elevations were not consistent with those levels considered to be hazardous, it is possible
that for firefighters working harder for more extended periods that these levels could
become hazardous. However, currently this link is speculative. Regardless, it would be
prudent to ensure that firefighters are at an appropriate physical standard prior to
attending emergency incidents to possible reduce the risk of line of duty injury or fatality.

Despite an expected decline in cognitive function following work in the heat, participants
in study three demonstrated no meaningful changes. Although reduced cognitive
function will likely reduce the safety of firefighters during emergency incidents, it
appears that regardless of the high levels of perceived effort and thermal sensation, the
operational experience of participants in study three may have provided a mitigating

236

factor for cognitive change. The testing methods may also have impacted on cognitive
changes given that work in the heat has previously been linked with performance
decrements (Bandelow et al., 2010; Faerevik & Reinertsen, 2003; Radakovic et al.,
2007). Therefore, study with less experienced firefighters, or with higher levels of
thermal strain and more effective cognitive assessment tools, may add clarity to the issue
of heat related cognitive declines in firefighters in the future.

Participants in study four and study five experienced significant elevations in the
number of platelets and leukocytes, along with the inflammatory cytokines TNFα and IL6 directly following the work tasks in the heat. However, the results of study four are
unique in that, for the first time, immune and inflammatory changes were assessed
following 24 hours of recovery. Although leukocytes and TNFα remained elevated
following 1 hour of recovery, platelet numbers also continued to increase during that
period at a greater rate than occurred during the work task. Australian urban firefighters
are redeployed to other emergency tasks following work in the heat. Thus, if they are
experiencing elevated immune and inflammatory levels when they begin a subsequent
work task, it may be that they are being exposed to an increased risk of illness or injury.
Further, 24 hours later, platelet numbers remained elevated compared with baseline
values. Australian firefighters regularly engage in multi-day deployments during natural
disasters where they are likely exposed to high ambient temperatures and/or humidity.
While the ambient temperatures encountered in wildfires and natural disaster responses
are not likely as high as those used in this thesis, it is likely that long duration work tasks
in heat and humidity may elicit similar responses, however this remains unclear.
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Regardless, operating procedures should reflect the risk profile presented by elevations in
immune and inflammatory activity following work in the heat.

In Australian fire services, no ongoing monitoring of the physical standards of
firefighters is occurring, likely leading to the age related declines seen in study one.
Ageing has previously been linked with decreased ability to dissipate heat, and thereby
expose older individuals to an increased risk of heat illness (Larose et al., 2013). While
declines in aerobic fitness, body composition and strength were observed based on
increasing age (study one), age was not observed to be a factor in increased thermal
strain in studies in this thesis. Regardless, in study five, those firefighters who
demonstrated greater body fat, combined with low levels of lean mass appear to be
predisposed to increased resting levels of leukocytes which when exposed to heat appear
to reach greater absolute values. Thus, although age related declines in body composition
were observed (study one), fire services should concentrate on programs that reduce
body fat and declining strength and fitness at any age. It is more likely that individual
physical profiles are more relevant to firefighter safety than ageing itself. However, the
age related declines observed in study one may mean that older firefighters are more
likely to be demonstrating physical characteristics including poor body composition than
younger firefighters and may therefore be at greater risk of a cardiac event at work.

Australian urban fire services primarily use passive cooling methods for firefighters
following work in the heat. Study six demonstrated that passive cooling post-incident
produce cooling rates that are inappropriate to rapidly reduce Tc of urban firefighters,
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possibly compromising their safety when they are re-tasked or redeployed. Study six
demonstrated the effectiveness of cold-water immersion and iced slush drinks to reduce
Tgi to baseline within 15 minutes. The rapid cooling provided by these methods may also
positively affect the recovery rates of immune and inflammatory responses. However,
this remains unclear and requires ongoing investigation. Regardless fire services should
adopt active cooling modalities to rapidly reduce Tc of firefighters following work in the
heat. It is likely that the benefits observed in Australian urban firefighters may also be
seen in volunteer rural firefighters and should be investigated in the future.
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Chapter Ten: Conclusion
This thesis aimed to appreciate the thermal strain experienced by Australian urban
firefighters when they work in the heat. Specifically, research to understand the impacts
of ageing, changing PPC design and high ambient temperatures on the thermal strain of
firefighters and their likely risk of a cardiac event was undertaken across six studies. An
ageing firefighting population represents a significantly increased risk to Australian fire
services with declines in fitness and body composition being related to increased age.
Australian firefighters are recruited at a relatively superior physical standard compared
with the general population. However, in the absence of ongoing workplace health and
wellbeing programs, the age related physical declines observed in this thesis may be
increasing the risk of a cardiac event following work in the heat due to elevated resting
levels of immune and inflammatory markers. The sustained immune function observed
following 24 hrs of rest should be considered by incident controllers prior to re-entry and
redeployment, particularly during multi-day deployments in the heat. Should adequate
mitigation strategies not be employed during multi-day deployments, it is likely that
elevated immune responses may be risking the safety of firefighters, and serious
consideration should be given to removing at risk personnel after a single work day.
Although this thesis demonstrated effective and rapid cooling methods, in cold-water
immersion and iced slush drinks, it is unclear whether this would impact on residual
changes to immune function. However, the benefits of rapid cooling of firefighters will
still likely increase their safety on redeployment through reduced fatigue and thermal
strain.
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Thus, the main findings of this thesis are that the safety of Australian urban firefighters is
likely being compromised by 1) a lack of workplace health monitoring and interventions,
combined with 2) a general reluctance by fire services to change work practices or 3)
inappropriate post-incident recovery strategies. While some responsibility should be
borne by individual firefighters, the role of fire services in leading change cannot be
underestimated. Thus, it is hoped that the findings of this thesis will be positively
received to mitigate any likely increases in the risk of line-of-duty injuries and fatalities
in Australian firefighters resulting from thermal strain in an ageing population.
Firefighters represent a considerable resource for fire services and ensuring their safety
will reduce both the financial and human costs that firefighters who are injured or killed
can incur.
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12.2 Conference Abstracts
12.2.1 The effect of different recovery methods in lowering core temperature following
a simulated firefighting task.
Anthony Walker, Matthew Driller, Christos Argus, Ben Rattray.

Science of Sport, Exercise and Physical Activity in the Tropics. 28-30 November 2013.
Cairns, Australia. Oral Presentation
Introduction: Firefighters are regularly exposed to hot work environments, resulting in
elevated Tc (Barr et al., 2010; Cheung, S. S. et al., 2000; Cheung, S. et al., 2010;
McLellan & Cheung, 2000). The value of different recovery methods in lowering Tc after
simulated firefighting activity has not yet been examined.
Methods: Sixty-five Australian firefighters, mean (±SD) age 38.9 yrs (±9.0) undertook a
simulated rescue task in a purpose built heat chamber set at 100°C. Testing involved two
twenty-minute work cycles separated by a ten-minute rest period. Firefighters were
randomly assigned one of three recovery protocols, each lasting 15 minutes; 1) Water
immersion - 15°C (CWI) 2) Iced Slush ingestion – 7 g.kg-1.BW-1 (SLUSH) 3) Passive
Control – seated rest (CON). Tc was measured pre- and post-work cycles and at the
conclusion of the recovery protocol. Informed consent was obtained from participants
and the University’s Human Ethics Council approved all testing.
Results: Mean (±SD) data across all groups showed that Tc increased from 37.45 °C
(±0.39) to 38.89 °C (±0.68) following the work task, with no differences between groups.
Tc was significantly reduced (p < 0.05) following recovery in both the CWI (-1.40 ± 1.07
°C) and SLUSH (-1.38 ± 0.58 °C) groups when compared to CON (-0.87 ± 0.60°C). The
reduction in Tc for both CWI and SLUSH when compared to CON was associated with a
moderate effect size (ES: -0.99 and -0.88, respectively). There were no significant
differences in Tc change between CWI and SLUSH at any time-point (p > 0.05).
Conclusion: Both cold-water immersion and iced slush ingestion were effective methods
for reducing Tc following a firefighting task. Given the logistical issues of using water
immersion, slush ingestion may be a more practical method of reducing Tc following a
firefighting task. In the field, quickly returning the Tc to baseline levels may allow
firefighters to be redeployed in a more appropriate physical state.

264

12.2.2 Physiological responses to design adaptations in PPC during simulated
firefighting tasks.
Anthony Walker, Ben Rattray, Christos Argus, Matthew Driller.

Science of Sport, Exercise and Physical Activity in the Tropics. 28-30 November 2013.
Cairns, Australia. Oral Presentation
Introduction: To ameliorate the effects of steam and chemical ingress during firefighting
operations, modern Personal Protective Clothing (PPC) requires the inclusion of a
moisture barrier. Little research has been undertaken evaluating the impact of this barrier
on physiology in extreme heat and temperate working conditions.
Methods: Ten Australian recruit firefighters (5 per group), mean (±SD) age 30.8 (±5.8)
years were randomly assigned to undertake one of two twenty-minute simulated
firefighting tasks separated by a ten-minute recovery period; 1) In a heat chamber set at
120°C, filled with smoke, firefighters conducted a search and rescue task 2) At ambient
temperatures (17°C), firefighters deployed and reset hoses and then repeatedly climbed
the stairs of a training tower (5 floors) carrying a 20 kg foam drum. The task was
repeated after the recovery period. A crossover design saw participants wearing PPC
containing either a moisture barrier (BARR) or no moisture (NBAR) barrier. Informed
consent was obtained from participants and ACT Fire & Rescue approved all testing.
Results: BARR PPC returned mean temperatures above those of the NBAR group on all
variables at ambient temperatures including core (°C) (38.0 ± 0.5, 37.7 ± 0.7) and skin
(°C) (36.3 ± 0.9,36.1 ± 0.8) and sweat rate (%BW) (1.5 ± 0.4,1.4 ± 0.6). Hot Cell results
reflected these with core (39.3 ± 0.4, 39.1 ± 0.9) and skin temperatures (39.6 ± 0.6, 39.2
± 0.5) and sweat rate (2.8 ± 0.9, 2.4 ± 0.7). Large effect sizes were noted for ambient
core (d=0.58) and hot cell skin (d=0.86) temperatures.
Conclusion: Results of this study indicate that the presence of a moisture barrier within
firefighting PPC may be increasing thermal stress as a result of increased core and skin
temperatures in both ambient and extreme heat environments. Work practices may need
to be evaluated to mitigate these stresses.
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12.2.3 Does increasing age result in declining physical standards of firefighters?
Anthony Walker, Matthew Driller, Christos Argus, Ben Rattray.

Exercise and Sports Science Australia - Annual Conference. 10-12 April 2014. Adelaide
Australia.
Physical fitness and strength are important to ensure the safety of firefighters when
responding to emergency incidents. Australian fire services do not perform fitness
monitoring post-recruitment. As such, it is unclear whether operational safety is being
affected by changes in physical fitness and concurrent body composition as firefighters
age.
The present study investigated physical fitness standards of an Australian fire service
with relation to age. Seventy-three male firefighters (Mean ± SD age 38.9 ± 9.0 years,
service time 10.2 ± 8.8 years, height 180.8 ± 6.6 cm and body mass 84.2 ± 9.2 kg)
volunteered to participate in the study. Body composition was assessed using dual energy
X-ray analysis, body mass index (BMI) and waist circumference, with maximal aerobic
capacity estimated from the Yo-Yo Intermittent Recovery Test Level 1. Grip strength
was assessed using a hand held dynamometer, whilst, power testing (currently used by
ACT Fire & Rescue during recruitment) consisted of a timed dummy and hose drag.
Results of testing revealed significant declines by 10-year age groups in aerobic capacity
(p<0.001, ω2=0.23), Strength (p=0.001, ω2=0.021), and the dummy (p<0.001, ω2=0.026)
and hose drags (p<0.001, ω2=0.46) as well as increases in waist circumference (p=0.026,
ω2=0.09) and Android/Gynoid ratio (p=0.024, ω2=0.08). A non-significant increase in
body fat and a decrease in lean muscle mass was detected (p=0.162 and 0.208
respectively), despite a steady BMI (p=0.181).
Ageing in this population is likely leading to reduced physical activity and, as a
consequence, is having a significant impact on the fitness and body composition of
Australian firefighters. The fire service in the present study did not implement a
workplace health and fitness program, nor ongoing monitoring of fitness postrecruitment, likely exacerbating the age related declines observed. It is important that
firefighters can safely complete work tasks regardless of age and we recommend that
workplace programs be evaluated to positively impact on the physical declines associated
with ageing observed in the present study
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12.2.4 Iced Slush and Cold-water immersion are effective at rapidly reducing core
temperatures of urban firefighters following emergency response.
Anthony Walker, Matthew Driller, Matt Brearley, Christos Argus, Ben Rattray.

AFAC & Bushfire & Natural Hazards CRC Conference. 2-5 September 2014. Wellington,
New Zealand.
Rapidly cooling the Tc of firefighters following responses in the heat is crucial in
maintaining the operational capability of emergency services. High Tc increase fatigue,
likely leading to an inability to safely complete work tasks in the heat. It is therefore
important that emergency services employ effective post-incident cooling practices that
rapidly reduce the Tc of workers to allow them to complete subsequent emergency tasks.
The current study involved 74 firefighters and compared iced slush ingestion (SLUSH) (7
g.kg-1.BW-1) and cold-water immersion (CWI) (15 °C) to the current recovery practice
involving only drinking water and seated rest in the shade (19.7 ± 2.3 °C) following a
simulated firefighting task in a heated chamber (105 ± 5 °C). Informed written consent
was obtained from all participants prior to undertaking testing based on protocols
approved by the University of Canberra Human Ethics Research Committee. The work
task consisted of two twenty-minute search periods separated by a ten-minute
intermediate rest followed by a 15-minute cooling period.
Tc were measured using ingestible thermometers (HQ Inc.), and rose from 37.5 ± 0.4 °C
to 38.9 ± 0.5 °C at the end of the work period. At the conclusion of the 15 minute cooling
period, Tc were reduced by 1.3 °C in the iced slush group and 1.4 °C and the CWI group,
respectively. However, the passive group demonstrated a drop in Tc of just 0.8 °C which
leaves firefighters in excess of ISO and NFPA standards for safe entry to fire scenes (38.0
°C).
Rapidly cooling firefighters allows for them to safely re-enter scenes or be redeployed in
a physical state that will likely increase their effectiveness and safety. To maintain
effective emergency response during long duration events including natural disasters,
emergency services need to minimise fatigue in workers. The cooling methods validated
in this study, and widely used in athletic populations, can be easily employed to achieve
the goal of sustained emergency response.
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12.2.5 Ageing firefighters may impair the quality of emergency responses.
Anthony Walker, Matthew Driller, Christos Argus, Ben Rattray.

AFAC & Bushfire & Natural Hazards CRC Conference. 2-5 September 2014. Wellington,
New Zealand.
An increase in retirement ages sees growing numbers of older firefighters responding to
emergency incidents in Australasia. The mean age ACT Fire & Rescue is currently 43
years 11 months. Poor fitness and inappropriate body composition are linked to cardiac
events in firefighters worldwide, likely due to the high intensity, intermittent nature of
emergency responses in the heat. The impacts of ageing on this population are not well
understood in an Australian context.
This study investigated the impacts of ageing on fitness and body composition variables
of 73 operational urban firefighters (mean ± SD age 38.9 ± 9.0 years, 180.8 ± 6.6 cm and
84.2 ± 9.2 kg). Fitness was assessed using the Yo-Yo Intermittent recovery test, grip
strength and power testing based on recruitment protocols used by ACT Fire & Rescue.
Body composition was assessed using Dual-Energy X-Ray analysis conducted at the
University of Canberra. The present fire service, like most other services in Australasia,
does not currently employ a health and wellbeing program for firefighters.
We observed significant declines by 10-year age groups in predicted aerobic capacity
(p<0.001), strength (p=0.001) and power (p<0.001). Changes in body composition
included increasing body fat and decreasing lean muscle mass along with increasing
waist circumference. However, no differences in body mass index (BMI) were observed.
BMI is a standard generally used when studying the health status of workers and findings
from this study suggest that BMI may be inappropriate for assessing body composition in
this population.
The negative effects of ageing on body composition and fitness of firefighters is likely
impacting on the operational safety and effectiveness of fire services. Further, sedentary
work practices and the lack of cohesive fitness programs across Australian fire services
are likely exacerbating the declines observed in the present study. Thus, we recommend
that fire services employ health and wellbeing programs to ameliorate the significant agerelated declines currently occurring in Australian firefighters.
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12.2.6 Water Immersion Cooling of Firefighters - Forearms or Multiple Body
Segments?
Matt Brearley, Anthony Walker.

AFAC & Bushfire & Natural Hazards CRC Conference. 2-5 September 2014. Wellington,
New Zealand.
Rapidly cooling firefighters post emergency response is likely to increase the operational
effectiveness of fire services during prolonged incidents. Ice vests, misting fans, iced
towels, cool intravenous fluids, forearm water immersion, immersion of multiple body
segments and crushed ice ingestion are among the firefighter cooling modes tested to
date. Currently, forearm immersion in cold water is a recommended cooling modality for
use in firefighting settings by the National Fire and Protection Association (NFPA).
The NFPA recommendation appears based upon the research of Selkirk et al. (2004), that
reported Tc cooling by forearm immersion as superior to that conferred by seated rest or a
misting fan. A number of fire services in Australasia have subsequently implemented
post-incident cooling protocols that include forearm immersion. Interestingly, this
cooling modality does not extend beyond the fire and rescue services into the similarly
high pressure, time sensitive environments of elite sport and emergency medical settings,
likely due to the unacceptably slow Tc cooling rates (0.01-0.05oC/min). In comparison,
the Tc cooling rates produced by multi segment immersion are generally classified as
acceptable or ideal (0.03-0.35oC/min).
Based upon the extensive field of research supporting immersion of large body surface
areas and comparable logistics of establishing forearm or multi segment immersion, we
recommend fire and rescue management reassess their approach to firefighter
rehabilitation. Specifically, we question the use of forearm immersion as the
recommended cooling method to rapidly lower firefighter Tc during rest periods. By
utilising multi segment immersion to dissipate excess body heat, fire and rescue services
would adopt an evidence-based approach, likely to assist the maintenance of operational
capability during arduous, sustained responses.
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12.2.7 Fat or Fit; Does body composition or fitness affect immune and inflammatory
changes of firefighters in the heat?
Anthony Walker, Toby Keene, Christos Argus, Matthew Driller, Ben Rattray

20th Annual Congress of the European College of Sport Science (ECSS). 24-27 June
2015. Malmo, Sweden. Oral Presentation
Introduction: When firefighters work in the heat, changes in immunity (Smith, DL et
al., 2005) and inflammation (Wright-Beatty et al., 2014) occur, possibly increasing the
risk of immunothrombosis. However, a risk profile for individuals regarding these
changes is largely unknown. The present study aimed to establish whether differences in
body composition and fitness affect the magnitude of immune and inflammatory changes
of firefighters following work in a hot environment.
Methods: Forty-five urban firefighters (42 males, 3 females; 40.1 ± 8.6 yrs, 178.8 ± 7.5
cm, 83.3 ± 9.4 kg) completed a standardised work task in the heat (100 ± 5°C) consisting
of two 20-min periods separated by a 10-min rest. Prior to heat testing, individuals were
assessed using DXA for body-fat (BF) (20.8 ± 7.2 %), lean-mass (LM) (65.6 ± 7.4 kg)
and anthropometric determination of BMI (26.2 ± 2.2 kg.m-2). Further, aerobic capacity
(VO2) was assessed via open-circuit spirometry using the Bruce treadmill protocol (56.2
± 8.6 ml.kg.min-1). Participants were separated based on each characteristic into tertiles
for analysis (Low, Mod, High). Blood was collected at 4 time points (pre-work, postwork, post+1hr and post+24hrs). Participants completed a self-selected recovery protocol
following the work task. Differences in leukocytes, platelets, TNFα and LPS were then
compared based on those tertiles.
Results: Overall increases in immune and inflammatory markers were observed
following the work period, with platelets remaining elevated 24hrs into recovery.
Participants with higher levels of BF had significantly higher levels of leukocytes
(p=0.01) and TNFα (p=0.03) at the four time points. Further, LPS was affected by
differences in LM alone with the high tertile group demonstrating lower values than the
low (p=0.04). Platelet numbers were not affected (p>0.05) by tertiles for any variable.
Likewise, neither BMI nor VO2 tertile distinguished levels of any immune or
inflammatory variable.
Discussion: Differences in body composition, particularly BF and LM may play a
predictive role in changes to immunity and inflammation in firefighters following work in
the heat. On the other hand, neither BMI nor VO2 played a role in the immune and
inflammatory response of this cohort. Firefighters demonstrating high BF and/or low LM
may experience higher levels of immune and inflammatory activity, which may be
predisposing them to a greater risk of a thrombotic event. Focusing on improving body
composition, independent of BMI may improve the safety of firefighters when they work
in the heat.
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12.2.8 Immune responses of urban firefighters following work in the heat
Anthony Walker, Toby Keene, Matthew Driller, Christos Argus, Ben Rattray

The 16th International Conference on Environmental Ergonomics (ICEE). 28 June – 3
July 2015.Portsmouth, United Kingdom. Oral Presentation
Introduction: When firefighters work in hot environments, immune responses can be
elevated for up to 90 minutes, possibly increasing the likelihood of thrombotic events or
illness. Australian firefighter’s complete multi-day deployments following natural
disasters. However, the extent of immune changes following extended intervals,
particularly after an overnight rest, is poorly understood. Thus, this study aimed to assess
changes in immune responses of urban firefighters up to 24-hours after a work bout in the
heat.
Methods: Forty-two male urban firefighters completed two twenty-minute search tasks
in a purpose built heat chamber (100 ± 5°C). Based on standard operating procedures for
an Australian fire service, participants had a ten-minute passive recovery outside the heat
chamber between work bouts, where they consumed 600 ml of water. Core temperatures
(Tc) and heart rates (HR), along with platelet and leukocyte numbers were evaluated preand post-work and also following one and twenty-four hours of rest.
Results: Increases in Tc (+1.4 ± 0.5 °C, p<0.01) and high HRs (90.9 ± 7.1 % HRmax,
p<0.01), were observed following the second work bout. Leukocyte and platelet numbers
were significantly increased (p<0.01) post-work, with platelets continuing to increase
during one hour of passive recovery (+31.2 ± 31.3 10^9L, p<0.01) (Figure 1). Further,
platelets remained elevated 24 hours later (+15.9 ± 19.6 10^9L, p<0.01).

Figure 1: Leukocyte and platelet numbers of firefighters during simulated work periods along with at 1 and 24 hours post. *
Represents sig diff (p<0.05) compared with pre-heat, ^ compared with post-heat and # compared with post + 1hr.

Discussion: Increases in temperatures, HR and immune responses of participants directly
following work in the heat reflect previous studies. However, this study is unique in
demonstrating significantly elevated platelet numbers after a 24-hour period of rest. Any
residual elevations in platelet numbers after extended rest may be increasing the risk of
thrombotic events when firefighters work over multiple days in adverse environmental
conditions.
Conclusion: The ongoing changes to platelet numbers in the present study likely
represent a significant factor in ensuring the health of firefighters during multi-day
deployments. It is likely that changes in work practices and rehabilitation protocols can
minimise changes to immune responses during multi-day events, particularly in hot
regions.
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12.2.9 Perception and Reality; re-entry into fire scenes should be subject to
physiological monitoring.
Anthony Walker, Ben Rattray

AFAC and Bushfire & Natural Hazards CRC Conference. 1 – 3 September 2015.
Adelaide, Australia. Oral Presentation.
Introduction: Australian firefighters work in hot environments wearing heavy,
impermeable protective equipment (PPE). Protracted incidents regularly see firefighters
re-entering fire affected structures multiple times separated by short, unstructured
recovery periods. Re-entry protocols currently rely solely on individual perceptions of
wellbeing. It is unclear whether this method of risk mitigation is appropriate. Thus, this
study aimed to compare perceptual with physiological responses in firefighters when they
work in the heat.
Methods: Seventy-seven urban firefighters (38.9 ± 9.0 years, 180.0 ± 10.0 cm and 84.3 ±
9.3 kg) completed two 20-minute work tasks in a heat chamber (105 ± 5 °C), separated
by a 10-minute recovery interval where they removed their jackets and consumed 600 ml
of water. Core temperatures (Tc) and skin temperatures (Tsk) along with perceptual
measures including rate of perceived exertion (RPE) and Thermal Sensation (TS) were
measured at 5-minute intervals as well as the conclusion of the recovery period.
Results: Mean Tc was 38.0 ± 1.3 °C at the end of the first 20-minute simulation and
climbed to 38.3 ± 0.5 °C at the conclusion of the 10-minute seated recovery period. Tsk
was not significantly different between 20-minute simulations, however, along with RPE
and TS, dropped significantly during the 10-minute recovery period (p<0.001)
independent of an ongoing rise in Tc.
Discussion: The strong relationship between Tsk and perceptual data likely resulted from
localised cooling following PPC removal and subsequent exposure to a cooler
environment, despite Tc continuing to rise to levels approaching safe limits. In the
absence of reliable physiological monitoring during emergency responses, it is likely that
firefighters are re-entering fire scenes with increasing Tc, likely leading to premature
fatigue and reduced ability to safely complete work tasks. We recommend that
appropriate monitoring of physiological strain be considered for use in long duration
firefighting events.
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