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Abstract

Introduction: Exposure to stressors set in motion inflammatory, cortisol, heart rate
and mood responses that allow the body to maintain normal healthy function. Severe
or chronic stressors however, may adversely alter the action of these stress responses
and lead to adverse health outcomes. Periods of sleep restriction and performing
physical work are two stressors routinely faced by wildland firefighters, yet the
combined impact that these demands have on firefighters' acute stress responses is
poorly understood. Therefore, the objective of this thesis was to investigate the effect
of physical firefighting work and sleep restriction on firefighters’ cytokine, cortisol
and heart rate responses, their interactions, and how mood may influence any observed
physiological changes.

Methods: Firefighters completed 3-days of simulated wildfire suppression work
separated by an 8-h (Control condition; n=18; bedtime 22:00-06:00) or 4-h sleep
opportunity (Sleep restriction condition; n=17; bedtime 02:00-06:00) on each of the 2
nights. During each work day, participants in both conditions completed multiple work
circuits that comprised a suite of simulated physical firefighting tasks. Blood samples
were collected from participants 4 times a day from which plasma cytokine levels
including IL-6, IL-8, IL-1B, TNF-a, IL-4 and IL-10 were determined. Saliva samples
for the determination of cortisol were collected 9 times across the day and heart rate
was measured continuously each day. Finally, firefighters’ mood was assessed 4 times
each day using the Mood Scale Il and 5 times each day using the Samn-Perelli fatigue
scale.

Results: Study 1 investigated how restricted sleep while performing physical
firefighting work affected firefighters’ acute inflammatory responses by measuring

their cytokine levels. Findings revealed that IL-8 was higher among firefighters who
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received an 8-h sleep opportunity each night, when compared to those who had a
shortened sleep opportunity. Firefighters’ IL-6 levels also increased over successive
days of work, but no significant differences were found between conditions. Increases
across daily time-points were found across both conditions for IL-6 and IL-4, while
IL-1B, TNF-a and IL-8 levels decreased across time-points. There were no significant
changes observed for IL-10. To examine how multiple days of simulated physical
firefighting work and sleep restriction effect neuroendocrine responses, Study 2
examined firefighters” cortisol and heart rate responses as measures of the
hypothalamic-pituitary-adrenal-(HPA) axis and sympathetic-adrenal-medullary
(SAM) system respectively. No significant differences were found for cortisol between
conditions on day 1. However, on day 2 and day 3, the sleep restricted participants
exhibited a significantly higher daily area under the cortisol curve (AUC) level and
elevated diurnal cortisol profile in the afternoon and evening when compared with the
control participants. Firefighters’ heart rate decreased across the 3 days, but there were
no significant differences found between conditions. Study 3 revealed immune-
endocrine relationships between cytokine and cortisol responses during the 3-day
deployment with and without restricted sleep. Specifically, a rise in morning IL-6 was
related to an elevated evening cortisol among firefighters in the sleep restriction
condition, but was associated with a decreased evening cortisol in the control
condition. Higher IL-6 levels were related to increased daily cortisol AUC, but this
relationship was not different between conditions. Less pronounced relationships were
demonstrated between TNF-o, IL-10, IL-4 and cortisol independent of the sleep
opportunity and did not persist after adjusting for covariates. In the final study (Study
4), increases in positive mood dimensions were found to influence a rise in IL-6, IL-8

and TNF-a in the sleep restriction condition. A rise in negative mood dimensions in
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the sleep restriction condition were also associated with increased IL-6, TNF-a, IL-10
and cortisol levels.

Conclusion: The 4-h sleep opportunity between multiple days of simulated wildland
firefighting work did not impact cytokine or heart rate responses in excess of any
disturbance caused by the physical work alone. The findings for heart rate demonstrate
how exposure to physical work and sleep restriction did not represent an acute risk to
elevated SAM system activity. Similar to heart rate, the combined stressors did not
represent an acute inflammatory risk for personnel. However, higher I1L-8 and IL-6
during the multiday deployment, regardless of the sleep opportunity, highlight the need
to further determine if these acute increases in cytokine levels pose a risk to
firefighters’ long-term health. Findings further highlight the role an 8-h sleep on the
fire-ground has in maintaining normal cortisol levels and appropriate immune-
endocrine interactions, specifically between morning IL-6 and evening cortisol. An
application of the psychophysiological relationships found between mood, cytokine
and cortisol demonstrate the potential utility of subjective mood as a fire-ground
indicator of physiological changes. Collectively, this PhD indicates for the first time
the acute stress response pathways and their interactions through which physical
firefighting work, with and without restricted sleep may, over time, impact the health

of personnel.

vil



List of Publications

Published

Wolkow, A, Ferguson, SA, Aisbett, B & Main, LC 2015, 'The effects of work-related
sleep restriction on acute physiological and psychological stress responses and
their interactions: A review among emergency service personnel’,
International Journal of Occupational Medicine and Environmental Health,

vol. 28, no. 2, pp. 183-208.

Wolkow, A, Aisbett, B, Reynolds, J, Ferguson, SA & Main, LC 2015, ‘The impact of
sleep restriction while performing simulated physical firefighting work on

cortisol and heart rate responses’ International Archives of Occupational and

Environmental Health, August 2015, doi 10.1007/s00420-015-1085-3

Wolkow, A, Ferguson, SA, Vincent, GE, Larsen, B, Aisbett, BA, & Main, LC 2015,
‘The Impact of Sleep Restriction and Simulated Physical Firefighting Work on

Acute Inflammatory Stress Responses’, PLoS One, September 2015, vol. 10
no. 9, e0138128. doi: 10.1371/journal.pone.0138128. eCollection 2015.

Wolkow, A, Aisbett, B, Reynolds, J, Ferguson, SA & Main, LC 2015, ‘Relationships
between inflammatory cytokine and cortisol responses in firefighters exposed
to simulated wildfire suppression work and sleep restriction” Submission under

first review at Physiological Reports, vol. 3,no. 11, doi:10.14814/phy2.12604.

Under Review

Wolkow, A, Aisbett, B, Reynolds, J, Ferguson, SA, & Main, LC, ‘Acute
psychophysiological relationships between mood, inflammatory and cortisol
changes in response to simulated physical firefighting work and sleep
restriction’” Submission under second review at Applied Psychophysiology and

Biofeedback, April 2015.

viil



Conference Presentations

Wolkow A, Ferguson S, Reynolds J, Aisbett B, Main LC. Evidence of
psychophysiological relationships between stress responses among sleep
restricted firefighters completing simulated wildfire work. Sleep DownUnder

2015 ASM, Cycles, Melbourne, Australia, October 22™ to 24™ 2015.

Wolkow A, Aisbett B, Ferguson SA, Main LC. The Impact of Sleep Restriction on
Acute Inflammatory Stress Responses to Simulated Physical Firefighting
Work (Oral Presentation and Poster). Sleep DownUnder 2014 ASM, Sleep
Frontiers, Perth, Australia, October 9™ to 11 2014.

Wolkow A, Aisbett B, Ferguson SA, Main LC. How a lack of sleep on the fire ground
may be impacting firefighters’ physiological stress response. Australasian Fire
Authorities Council/Natural Hazards and Bushfire Co-Operative Research
Centre Conference, Wellington, New Zealand, September 2™ to 5", 2014.

Wolkow A, Aisbett B, Ferguson SA, Main LC. Effects of sleep restriction on cortisol
during simulated physical firefighting work (Oral Presentation). Fourth
International Conference on Health Wellness, and Society, Vancouver,

Canada, March 14" to 15", 2014.

Wolkow A, Aisbett B, Ferguson SA, Main LC. Sleep Deprivation and Stress
Responses: Could emergency work have a negative impact on your health?
Australasian Fire Authorities Council/Bushfire Co-Operative Research Centre

Conference, Melbourne, Australia, September 2™ to 5%, 2013.

Wolkow A, Aisbett B, Ferguson SA, Main LC. The interactions of physical work,
sleep deprivation and stress. Australasian Fire Authorities Council/Bushfire
Co-Operative Research Centre Conference, Perth, Australia, August 28M to
31%,2012.

X



Table of Contents

ACKNOWICAZEMENLES .....eeeeiiieciiiecee et e e e eeenes i1
ADSITACE ...ttt sttt ettt st nb et aes v
List Of PUBIICAtIONS......eoviiiiiiiiieiieieeet e viii
LSt Of TabIES ..ottt st xii
LSt OF FIGUIES ..ottt ettt et st e e snaeens xiil
List Of ABDIevIations.......cocueviiiiiiiiniieiieiesieeeetee et Xiv
Chapter 1: INtrodUCtION ........cccueeiiiiiiiiiieeie et 15
1.1 BACKGIOUNG ..ottt ettt 16
1.2 Wildland firefighting stressors and Stress reSPONSES ......eeevveeeevveeriveeerveeenveenns 17
1.3 StUAY QIMS.cciiiiiiiieeeiie ettt e tee st e et e e e e enaeeennaee s 19
1.4 Significance of the research............cccvvvviiiiiiiiiiiee e 20
1.5 NOtE fOr TEAAETS ..ot e 22
1.6 RETCIEICES. ... veieiiieeiiie ettt ettt ettt e et e et e e s e e e e esseeesaeeennaeeenseaens 23
Chapter 2: Literature REeVIEW ........ccceeviiiiiiiiiieiieeieeieecee ettt 26
2.1 OVETVIEW ..oeiiiiieeiieeeiee ettt e ettt e et e e et e e s teeessaee e sbeeeaseesssaeesssaeessseeessseeessseeensseeans 27
2.2 STIESS TESPOMISES .vvveeeruvrrreeerurreeeaaurreeeesusreeeasssreesaassseeesssseeesasssseesasssseeessnssseesanns 28
2.3 Stress responses and diurnal thythms ............ccccceeeiiieiiiiicicee e, 33
2.4 Psychophysiological relationships between stress responses.........c.ceeeveeeneeen. 35
2.5 Firefighting stressors and Stress TESPONSES .....cvveruveerueerieeerieenieereesieeeaeenseeennes 38

2.5.1 The impact of physical firefighting work on acute inflammatory, cortisol
and heart rate StreSs TESPONSES ....cveerueeeruieriieeiieniieeeeeiee e ereesereereeaeenenas 38

2.5.1.1 A single shift of physical work and cortisol, heart rate and cytokine
TESPOTISES ...eeeitieeiiieeiteeeiteeeateeetteeetteeaaseeesasteesasteenabeeenaseeenneesnnneesnnees 39

2.5.1.2 Consecutive shifts of physical work and cytokine, heart rate and
COTtISOL STTESS TESPOMNSES ...cvveenrieeiiieiieeiiieiie et etee et eteeseee et e eieeebeeneeas 43

2.5.2 The impact of sleep restriction and physical work on cytokine, cortisol and
heart rate responses, and how psychological changes may influence
Physi0logiCal TESPONSES ....c.veruviriiiiieiiiriieierteieee et 47

2.5.2.1 The effects of sleep restriction and physical work on cytokine
L] 0101 R L USSR 47

2.5.2.2 The effects of sleep restriction and physical work on cortisol and heart
TALE TESPOTISES ..veeuerieenerieeerreeiteeeereeeieaeessreessreeasseeessseesnsseeensseesnnneesnnnes 50

2.5.2.3 The effects of sleep restriction and physical work on
psychophysiological Stress reSPONSES ......ccveereveeveeriierieerieeereeeeeneeeenne 57



2.0 CONCIUSION -t e e e e e e e e e e e e e e e e e e e eereaaeae s 64

2.7 REICTEICES. ...ttt ettt ettt ettt et e bt e e eeeas 68
Outline of the general research protocol ..........ccceevieiiieiiieriiiiiieiececeee e 83
Chapter 3: STUAY ©.oooeieieeieeieee ettt ettt e saneesseennees 84

The impact of sleep restriction and simulated physical firefighting work on acute
inflammatory stress responses

Chapter 4: STUAY 2 ..coueieiieieeee et ettt ettt e saeeebeesaaesnraens 118

The impact of sleep restriction while performing simulated physical firefighting work
on cortisol and heart rate responses

Chapter 5: STUAY 3 ... et e e e e e e e ennes 160

Relationships between inflammatory cytokine and cortisol responses in firefighters
exposed to simulated wildfire suppression work and sleep restriction

Chapter 6: STUAY 4 .....ooeiee et ettt ettt ettt eaneens 196

Acute psychophysiological relationships between mood, inflammatory and cortisol
changes in response to simulated physical firefighting work and sleep restriction

Chapter 7: General DiSCUSSION ......cc.uieiiiiiiiiiieiie ettt 239
7.1 Thesis summary and advances to the state of knowledge .............cceevuvennnnnne. 241
7.2 Implications and future research dir€Ctions............cccveevveevieeiiienieeiieenieeene 248

7.2.1 SIEEP TESIIICTION .. .veeeieeirieiieeiieeiie ettt et teeete e e e eebe e b e seaeensaesaaeenseenenes 248

7.2.2 Recovery between, longer and repeated firefighting deployments.......... 252
7.2.3 Psychophysiological relationships and fire-ground monitoring of stress

TESPOIISES 1. vvvveeeeiirreeeenereeeeansseeeeeassaeesassssreesasssseeessnssaeeessssseeeeannsseeessnsssees 255

7.2.4 Stress responses and chronic health outcomes..........ccccoeevveeiiiiniieiienn, 259

7.3 RELETEICES. ...ttt ettt ettt 261

ADPPENAICES ...ttt ettt ettt e ettt e et e et e et e et e e e neeeabeeenaeenbeennaeenraens 268

xi



List of Tables

Table 3.1
Table 3.2

Table 4.1.

Table 5.1
Table 5.2

Table 5.3

Table 6.1

Characteristics of participants in each condition...........ccccevceeveriennennen. 91
Total sleep time (mean + standard deviation) for each night in both
CONAItIONS (h)eeeiiiiiiiecie e e e 104
Demographic characteristics for participants in CON and SR conditions
............................................................................................................... 126
Characteristics of firefighters in CON and SR conditions .................... 167
Total sleep time (mean =+ standard deviation) for each night in both
CONAIIONS () 1eeiniiiiiiiiie e 177
Main effects of each cytokine with cortisol AUC with and without
controlling for demographic factors ..........cccoeeeevieriiiiiienicieee 180

Demographic characteristics of participants in each condition (mean =+
standard devIation) ..........coeoueeiieeiieiie e e 203

Xii



List of Figures

Figure 3.1
Figure 3.2

Figure 3.3

Figure 3.4

Figure 4.1
Figure 4.2

Figure 4.3

Figure 4.4
Figure 4.5

Figure 5.1
Figure 6.1

Figure 6.2

Figure 6.3
Figure 6.4

Figure 6.5

Firefighting work protocol for CON and SR conditions............ccc.cc.c..... 93

Predicted REML means for significant fixed effect of condition for IL-8
level in CON and SR conditions ...........ccocceeriienieiiiienieniceeeeeeeeee 100

Predicted REML means for IL-8 (A), IL-4 (B), IL-1B (C) and TNF-a (D)
across each daily time-point. ..........cceevveeeriieeiieenie e 100

Predicted REML means for IL-6 profile across days in CON (A) and SR
(B) CONAILIONS. ..eeniieiiiieiieeieeee e 102

Firefighting work protocol for CON and SR condition...........c....c........ 131

Predicted REML means for cortisol profiles in CON and SR condition on
day 1 (a),day 2 (b) and day 3 (C) .eeeeevreerieeeniieeiieeieeeee e 137

Predicted REML means for cortisol profiles across days in CON (a) and

Predicted REML means for logged cortisol AUC + standard errors..... 138
Predicted REML means for day by time interaction of 5-minute average
HR et 140
Study protocol for the CON and SR condition..........cccceeevveriveerienennen. 173
Sampling protocol for inflammatory, cortisol and mood measures in the
CON and SR CONAItION ....eouviriieiieieriieieeieceeee e 210
Interaction diagrams for Mood Scale II mood dimensions and daily
CYtOKING PrOTILES ..o.evieeiieiiieiiecie e e 217
Diagram of condition by Fear interaction for morning TNF-a ............. 218
Interaction diagrams for Samn-Perelli fatigue scale and daily cytokine
PIOTILES L.ttt 220
Interaction diagrams for Samn-Perelli Fatigue Scale..............cccoceee. 222

Xiii



List of Abbreviations

ACTH
AIC
ANOVA
AR1
AUC

b

BMI
CFS
CHD
CHO
CON
CRH
Ccv
CVvD
df
ELISA
HR
HPA
IL
IL-1B
IL-4
IL-6
IL-8
IL-10
kg/m?
L/min
LMM
nmol/L
pg/mL
POMS
PSG
REM
REML
SAM
SD
SED
SEM
SR
SWS
TNF-a
pg/dL
pL
VOZ max

Adrenocorticotropic hormone

Akaike information criterion
Analysis of Variance
Autoregressive function

Area under the curve

Regression (unstandardized) coefficients
Body mass index

Chronic fatigue syndrome
Coronary heart disease
Carbohydrates

Control condition
Corticotropin-releasing hormone
Coefficient of variation
Cardiovascular disease

Degrees of freedom
Enzyme-linked immunosorbent assay
Heart rate
Hypothalamic-pituitary-adrenal axis
Interleukin

Interleukin-1 beta

Interleukin-4

Interleukin-6

Interleukin-8

Interleukin-10

Kilogram per square metre
Litres per minute

Linear mixed model

Nanomole per litre

Picogram per millilitre

Profile of mood state questionnaire
Polysomnography
Rapid-eye-movement sleep
Restricted maximum likelihood
Sympathetic-adrenal-medullary
Standard deviation

Standard error of difference
Standard error of the mean

Sleep restriction condition
Slow-wave sleep

Tumour Necrosis Factor-alpha
Micrograms per decilitre

Micro litres

Maximal oxygen consumption

Xiv



Chapter 1: Introduction

15



Chapter 1 Introduction
1.1 Background

Occupational stress is the physiological and psychological responses of an individual
to work demands (Huang et al. 2011; World Health Organization 2003). Occupational
demands (or stressors) can be physical, including reduced sleep and physical work
(Cater et al. 2007; Courtney et al. 2013; Phillips et al. 2012), psychological, such as
life threatening situations and critical decisions (Elliott et al. 2009; Liberman et al.
2002), and environmental, for example heat and smoke exposure (Raines et al. 2013;
Reisen et al. 2011). Physiological stress responses include stress hormone (e.g.,
cortisol), cardiovascular (e.g., heart rate), and inflammatory changes (e.g., cytokines;
Chandola et al. 2010; Tsigos et al. 2002). These occur in conjunction with observable
psychological changes such as variations in mood (Kemeny 2007; Smith et al. 1996).
Physiological and psychological changes in response to an occupational stressor allow
the body to adapt by achieving renewed stability (or homeostasis) in the function of
the physiological and psychological stress systems (Lundberg 1999; McEwen et al.
1999). However, exposure to excessive occupational demands above the level a person
is capable of coping with, can disturb (e.g., exaggerate or suppress) these physiological
and psychological responses. Over time, dysregulation of these responses may have a
damaging effect on physical and mental health (Anisman et al. 2003; Black 2006;

Chrousos 2000; Mackin et al. 2004; Silverman et al. 2012; Willerson et al. 2004).

Two main views dominate the discussion regarding work-related disturbances to
physiological and psychological stress responses (National Institute for Occupational
Safety and Health 1999; Salazar et al. 2000). One view centres on worker
characteristics such as their personality and their ability to cope mentally (Salazar et
al. 2000), while the second focuses on the conditions or stressors of work, such as the

physical demands (National Institute for Occupational Safety and Health 1999; Salazar
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Chapter 1 Introduction
et al. 2000; Spence 1994). Several strong lines of evidence now point to occupational
stressors as a major source of altered physiological and psychological responses
among personnel (Karasek et al. 1990; Sauter et al. 1995). Through chronic changes
in physiological and psychological stress responses, exposure to occupational stressors
may be a contributing factor in the development of adverse health outcomes such as
cardiovascular, metabolic and autoimmune diseases (Chandola et al. 2008; Silverman
et al. 2012; Willerson et al. 2004) and depression (Anisman et al. 2003; Mackin et al.
2004). The focus of this thesis is therefore to examine how physical stressors inherent
to wildland firefighting work (Aisbett et al. 2012) affect physiological and
psychological stress responses among personnel. Understanding this will provide an
important first step in determining the long-term impact these demands may have on

the health of wildland firefighters.

1.2 Wildland firefighting stressors and stress responses

In Australia, there are ~230,000 volunteer and salaried firefighters who protect people
and property from a range of natural and manmade threats (Attorney-General’s
Department and Australasian Fire and Emergency Service Authorities Council 2015;
Glass et al. 2014), the most devastating of which are wildfires (Australian Institute of
Criminology 2004). With summers becoming longer and hotter (Bureau of
Meteorology et al. 2014), the number, severity and length of wildfires are also on the
rise (Hennessy et al. 2005). Consequently, firefighters are deployed more frequently
to the fire-ground to defend communities in bigger and longer duration incidents. On
the fire-ground, wildland firefighters routinely face a unique combination of
occupational stressors (e.g., physical work, restricted sleep, heat and smoke exposure;
Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007; Reisen et al. 2011). Two

common fire-ground stressors for firefighters performing wildfire suppression are
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Chapter 1 Introduction
physical work and sleep restriction (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al.
2007). Existing research shows that wildland firefighters often work consecutive long
shifts (i.e., 12 to 16-h), which combined with unfamiliar sleeping conditions (i.e.,
noise, camp beds, light, heat etc.), may contribute to shortened sleep opportunities
between shifts on the fire-ground (i.e., 3 to 4 h; Cater et al. 2007). Within shifts,
firefighting work can involve short-duration high-intensity physical tasks’ performed
intermittently for extended periods of time (Cuddy et al. 2007; Phillips et al. 2011;

Phillips et al. 2012; Phillips et al. 2015).

The physical work and sleep restriction involved in wildland firefighting may elicit
physiological and psychological responses that are adaptive (Chrousos 1995; Maier et
al. 1998; McEwen et al. 1999), allowing firefighters to cope with these demands.
However, repeated exposure to stressors, such as that reported during multi-day
wildfire deployments (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007) may
dysregulate these responses and have deleterious consequences for short- and long-
term health. At present however, the effect these common fire-ground demands have
on wildland firefighters’ acute physiological and psychological stress responses is

poorly understood.

Firefighting-based research that assesses a range of inflammatory markers is required
to comprehensively understand the impact physical stressors have on innate immune
function. Further, determining diurnal cortisol and heart rate responses to occupational
stressors 1s important in interpreting whether these neuroendocrine changes
correspond appropriately to physical occupational demands or reveal an abnormal
response to stressors. Dysregulation of immune and neuroendocrine function can

reflect severe acute or chronic elevations in inflammatory markers such as cytokines

18



Chapter 1 Introduction
(Briitinsgaard et al. 2003; Mullington et al. 2010), heart rate and cortisol (Chandola et
al. 2008; McEwen et al. 1999), as well as an imbalance between inflammatory and
cortisol responses (Nijm et al. 2007). Such alterations have been associated with
negative physiological (e.g., cardiovascular and metabolic diseases; Mullington et al.
2010; Willerson et al. 2004) and psychological health outcomes (e.g., depression;
Anisman et al. 2003; Mackin et al. 2004; Silverman et al. 2012). Indeed, fire
suppression activities in the United States of America have been associated with an
increased risk of death from cardiovascular disease (CVD)-related events (Kales et al.
2007), while high levels of depression have been reported among firefighters in
Australia (for a review see Cook et al. 2013), United States of America (Carey et al.
2011) and South Korea (An et al. 2015). Disruptions to acute immune and cortisol
activity have also been related to adverse changes in mood (Kemeny 2007; Vgontzas
et al. 2008), supporting the application of a psychophysiological approach to further

understand the impact of acute occupational stressors on the body.

1.3 Study aims

The overall objective of this thesis was to investigate the effect that physical wildfire
suppression work and sleep restriction have on firefighters " inflammatory, cortisol and
heart rate responses, the interactions between the systems, and how mood might
influence these physiological changes. Firefighters were studied over a 3-day and 2-
night simulated fire-ground deployment in which participants completed physical
wildfire suppression work, with or without a restricted sleep opportunity on each of
the nights. Exposure to occupational stressors, such as physical work and sleep
restriction, is known to elicit an acute inflammatory response causing cells, such as

macrophages to release cytokines (Maier and Watkins 1998).
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Chapter 1 Introduction

Study 1 aimed to assess the effect that restricted sleep has on wildland firefighters’
inflammatory cytokine levels while performing 3 days of simulated physical
firefighting work.

Stress exposure also activates the hypothalamic-pituitary-adrenal (HPA)-axis, causing

the release of cortisol, the major stress hormone. Further, encountering an occupational

stressor can activate the sympathetic-adrenal-medullary (SAM) system (Chandola et

al. 2010; Faulkner et al. 2014) causing alterations in parasympathetic nervous system

activity, reflected by a change in heart rate (Chandola et al. 2010; Faulkner et al. 2014).

Study 2 aimed to assess the effect that restricted sleep has on wildland firefighters’
cortisol and heart rate responses while performing simulated physical
firefighting work.

Interplay between cytokines and cortisol may represent a mechanistic pathway that

influences these physiological responses to stressors.

Study 3 sought to quantify the relationship between firefighters’ cytokine and cortisol
responses to restricted sleep while performing simulated physical work.

Psychological stress responses, such as changes in mood, may moderate inflammatory

and cortisol responses to stressors.

Study 4 examined how changes in wildland firefighters’ mood influence cytokine and
cortisol levels in response to restricted sleep while performing simulated

physical work.

1.4 Significance of the research

Wildland firefighters are routinely exposed to consecutive long shifts of physical work
separated by restricted sleep opportunities at night (Aisbett et al. 2012; Cater et al.
2007; Cuddy et al. 2007). At present however, the impact of fire-ground demands on

inflammatory, cortisol, heart rate and mood responses is poorly understood. Activation
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Chapter 1 Introduction
of physiological stress responses and their interactions with mood can have negative
implications to short- (e.g., negative mood; Piazza et al. 2013; Vgontzas et al. 2008)
and long-term health (e.g., depression and CVD; Anisman et al. 2003; Mullington et
al. 2010; Silverman et al. 2012; Willerson et al. 2004). Certain firefighting populations
have been shown to have a high prevalence of CVD and depression (An et al. 2015;
Carey et al. 2011; Cook et al. 2013; Kales et al. 2007). Therefore, characterising acute
stress responses to consecutive days of simulated physical work and sleep restriction
will advance our understanding of how exposure to these demands may be related to
adverse health outcomes. Quantifying the relationship between cytokine and cortisol
responses to these demands may offer novel insights for occupational-based research
into how acute inflammatory responses relate, and potentially signal dysregulated
HPA-axis activity. Further examining the relationships between physiological and
mood responses may provide useful information to fire agencies about subjective

psychological fire-ground indicators of physiological changes.

Together, the potential findings from this thesis will provide insight into the potential
consequences of shortened sleep and physical work on acute physiological and
psychological stress responses to inform the management of risk associated with sleep
restriction during firefighting deployments. In addition to firefighting, the
comprehensive assessment of inflammatory, neuroendocrine (i.e., cortisol and heart
rate) and psychological stress responses will provide novel findings for applied stress
physiology, psychophysiology and sleep research. Furthermore, the results will offer
a foundation for future research to investigate these physiological and psychological
stress responses among other occupations with similar periods of physical work and

sleep restriction to firefighting (e.g., mining, rescue workers).
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1.5 Note for readers

Sections of the literature review along with the four experimental studies presented in
this thesis have either been accepted for publication (Literature Review, Study 1, Study
2 and Study 3), or are currently under various stages of review (Study 4) in scientific
journals. Apart from minor edits, the content presented in each of the study chapters is
identical to that submitted to the respective journals. In addition, each study presented
has been formatted in accordance with the respective journals submission
requirements for referencing. Please also note that each of the completed studies were
prepared for submission concurrently. Therefore, in order to reference and discuss how
the findings from each of these studies relate to each other, relevant conference

abstracts have been appropriately referenced in place of studies yet to be published.
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Note for readers

Parts of this chapter (i.e., Section 2.5.1) have been published as a review (Appendix
D: Wolkow, A, Aisbett, B, Ferguson, S and Main, L. (2015) The effects of work-
related sleep restriction on acute physiological and psychological stress responses and
their interactions: A review among emergency service personnel, International
Journal of Occupational Medicine and Environmental Health, vol. 28 no. 2, pp 183-
202). However, for comprehensibility of Chapter 2, relevant content from the
published paper that relates to sleep restriction and stress responses specific to this

PhD have been incorporated into this chapter.
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2.1 Overview

The potential for multiple days of physical work and sleep restriction to impact acute
stress responses will be discussed in this review of the literature. It begins with an
overview detailing what stressors are and how the body responds to stressors through
activation of inflammatory, cortisol and heart rate changes. The diurnal rhythm of
these physiological changes and how they relate to psychological stress responses (i.e.,
mood) are then described. The focus of this chapter then narrows to critique and
identify gaps in the firefighting-based literature that has investigated acute
inflammatory, cortisol and heart rate responses to periods of physical work spanning
a single shift through to multiple days. The combined impact physical work together
with sleep restriction has on physiological responses and how mood may influence

these is then discussed.

Although periods of physical work (i.e., 3 days) and sleep restriction (i.e., 2 nights)
reflective of a fire-ground deployment are of primary interest for this review, research
investigating comparable periods of up to seven days and six nights are also included.
Longer periods however, (e.g., 8-week military training) are not examined, given the
impact extended stressor exposure has on chronic changes to physiological and
psychological responses, which lie outside the scope of this thesis. While this chapter
provides a comprehensive review of firefighting-based literature that has examined
physical work and sleep restriction, most studies examining these stressors have been
military-based. Consequently, the balance of literature in this review from different
groups reflects what is available. Where emergency or firefighting-specific research is
not available, findings from the wider sleep and exercise literature that have
investigated similar periods of physical activity and sleep restriction are also reviewed

and their transferability to firefighters discussed.
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2.2 Stress responses

Maintaining stability (or homeostasis) of the physiological and psychological systems
is vital to the survival of all living human organisms (Chrousos et al. 1992). Extrinsic
demands (or stressors) can threaten the homeostasis of these systems, but in reply, a
complex set of physiological and psychological responses are activated to cope with
the demands and regain stability. This idea was first developed by Walter Cannon
(1939) in his explanation of the ‘fight or flight’ response to a potentially dangerous
situation. Hans Selye (1956) extended the work by Cannon (1939) to describe the
body’s physiological responses to any type of demand as ‘stress’ responses. Selye
(1956) further explained that while stress responses prepare an organism to adapt,
depending on the severity of the stressor, responses can also be excessive and
prolonged, or inadequate; and as a result, the response is no longer adaptive and
homeostasis is not restored (McEwen et al. 1999). Although first recognised by Selye
(1956), this concept has been more recently expanded upon by McEwen et al. (1999)
who put forward the allostatic load model. The allostatic load model describes the
process by which dysregulation of multiple physiological responses across the body
creates a maladaptive state that increases the risk of disease (McEwen et al. 1999).
Indeed, this model is supported by a growing body of research indicating that the
dysregulation of several inter-related stress responses over time, may lead to
pathological processes that contribute to negative health outcomes (Elenkov 2008;
Juster et al. 2010; McEwen et al. 1997). Two of the body’s principal stress responses
include inflammatory and neuroendocrine changes that involve alterations to cytokine,

heart rate and cortisol, which are described in further detail below.

Exposure to stressors such as intense physical activity, trauma and infection can cause

cells such as macrophages and T-cells to release soluble proteins known as cytokines
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in the immune system (Chrousos 1995; Elenkov et al. 2002; Mastorakos et al. 2005).
These cytokines facilitate a local inflammatory reaction causing an influx of white
blood cells (e.g. lymphocytes, neutrophils, monocytes) to heal tissue and clear the
antigen at the site of inflammation (Pedersen et al. 2000). In turn, pro-inflammatory
cytokines such as interleukin (IL)-1f, Tumour Necrosis Factor (TNF)-a, IL-8 and IL-
6 (Chrousos 1995) induce a systemic response known as the acute-phase response
which causes complex and widespread processes throughout the body to return it to a
state of homeostasis (Moldoveanu et al. 2001; Pedersen, B et al. 2000). Conversely,
anti-inflammatory cytokines are also produced which aid to inhibit the pro-
inflammatory cytokine response to stress and attenuate inflammation (Opal et al.
2000). Major anti-inflammatory cytokines include IL-4 and IL-10 (Opal et al. 2000).
Furthermore, IL-6 and IL-4 cytokines can display both pro- and anti-inflammatory
actions that modulate inflammation (Brown et al. 1997; Paul 1991; Petersen et al.
2005; Tilg et al. 1997). For example, under certain conditions such as ‘non-damaging’
exercise in the form of moderate intensity cycling, IL-6 has been reported to have anti-
inflammatory and immunosuppressive properties that may negatively control the
acute-phase response and lower other pro-inflammatory cytokines (Petersen et al.
2005; Starkie et al. 2003). Together, the pro- and anti-inflammatory processes
coordinate the body's immune response to stressors (Elenkov et al. 2002; Pedersen et

al. 2000; Petersen et al. 2005).

However, severe acute or chronic stress exposure can exacerbate the immune response
resulting in elevated cytokine levels (Elenkov et al. 2002; Padgett et al. 2003).
Increased cytokine release in response to acute, but severe stressors, has been related
to the expression of negative mood states such as fatigue (Robson-Ansley et al. 2009;

Thomas et al. 2011; Vgontzas et al. 2008) and depressive symptoms (Fagundes et al.
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2013). There is also limited evidence that has linked acute cytokine responses to an
increased incidence of upper respiratory tract infections (Smith, LL 2003). Meanwhile,
chronic elevations in cytokine levels have been linked with negative physiological
(e.g., cadiovascular and metabolic diseases; Grandner et al. 2013) and psychological
health outcomes (e.g., depression; Anisman et al. 2003; Pizzi et al. 2008; Zunszain et
al. 2011). The mechanisms linking cytokine and physiological health outcomes are not
yet fully understood, but growing research indicates that increased cytokine levels play
a central role in initiating the release of C-reactive protein which facilitates the
formation of atheroslcerotic plaques and increases the risk of cardiovascular disease
(CVD; van Leeuwen et al. 2009). Further evidence suggests that increased cytokine
levels may dysregulate insulin binding and signalling which can lead to insulin
resistance (Black 2006). Elevated cytokine levels have also been implicated in the
development of depression via the ability of cytokines to impair neuronal plascity and
neuroendocrine and neurotransmitter (e.g., monoamine) activity (Dantzer et al. 2008;

Hayley et al. 2005).

The stress-induced release of cytokines stimulates the secretion of corticotropin-
releasing hormone (CRH) from the hypothalamus (Chrousos 1995; Elenkov et al.
2002; Mastorakos et al. 2005). The release of CRH activates the hypothalamic-
pituitary-adrenal (HPA)-axis, which 1is associated with the expression of
adrenocorticotropic hormone (ACTH) in the anterior pituitary gland (Chrousos 1995;
Elenkov et al. 2002; Maier et al. 1998; Mastorakos et al. 2005; Padgett et al. 2003).
The ACTH molecules then circulate in the bloodstream to the adrenal cortex where
they stimulate the release of cortisol, the major stress hormone (Mastorakos et al. 2005;
Padgett et al. 2003). Stress exposure also causes the hypothalamus to activate the

sympathetic-adrenal-medullary (SAM) system resulting in the release of
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catecholamines (epinephrine and norepinephrine; Chandola et al. 2010; Faulkner et al.
2014). Catecolamines can reduce activity of the parasympathetic nervous system,
resulting in an increased heart rate (Chandola et al. 2010; Faulkner et al. 2014). Indeed,
heart rate has been found to directly correlate with catecholamine levels in response to
simulated and real-world stressors such as physical work (Planz et al. 1975; Salvadori
et al. 2003). Furthermore, heart rate as a measure of SAM activity may be less
impacted by factors such as diet (e.g., vanilla products, caffeine) nicotine, gender and
body weight which strongly influence the measurement of epinephrine and
norepinephrine levels in the blood and urine (Lundberg 2008). Therefore, research
supports the use of heart rate as a measure of SAM system activity (Sluiter et al. 2000).
To cope with a stressor, some activation of these neuroendocrine functions is expected,
however exposure to severe acute or chronic stressors can exacerbate the HPA-axis
and SAM system resulting in the sustained elevation of cortisol and heart rate

(Chandola et al. 2008; Meier-Ewert et al. 2004; van Leeuwen et al. 2009).

Chronically altered cortisol and heart rate responses may have negative consequence
for health (Chandola et al. 2008; Mackin et al. 2004). For instance, several lines of
enquiry have demonstrated how dysregulated cortisol levels may lead to endothelial
dysfunction (for a review see Poitras et al. 2013) and a greater extent of coronary artery
calcification (Dekker et al. 2008; Hamer et al. 2010) and intima media thickness (Eller
et al. 2005) which are indicators of atherosclerosis. Further evidence indicates that
extended exposure to a stressor can dysregulate the cortisol response and contribute to
mood disorders such as depression (Hayley et al. 2003; Hayley et al. 2005). Indeed,
altered cortisol levels have been linked to structural and functional abnormalities of
the prefrontal cortex, amygdala and hippocampus (Dedovic et al. 2010; Holsboer

2000), which along with other potential changes (for a review see McEwen 2005;

31



Chapter 2 Literature Review
Zunszain et al. 2011), are proposed as likely mechanisms responsible for adverse
psychological functioning in response to stressors. Furthermore, recent research has
reported that an increase in resting heart rate is associated with a heightened risk of
future heart failure in asymptomatic individuals (Opdahl et al. 2014). For susceptible
people with atherosclerotic disease, hereditary or congenital cardiovascular
abnormalities, acute increases in heart rate in response to intense exercise or physical
work has been further linked to an increased risk of acute adverse cardiovascular

events such as a myocardial infarction (Jouven et al. 2005; Thompson et al. 2007).

An important bi-directional feedback loop exists between cytokines and cortisol that
modulates an adequate response to stressors (Elenkov 2008; McEwen et al. 1997;
Turnbull et al. 1999). Pro-inflammatory cytokines (e.g., IL-1B, IL-6 and TNF-a) are
potent activators of the HPA-axis and trigger the release of cortisol (Maier et al. 1998).
In turn, cortisol negatively feeds back on the immune system via glucocoticoid
receptors to suppress the production of pro-inflammatory cytokines engaged in
activation and proliferation, thereby limiting the extent of the inflammatory response
to stressors (Besedovsky et al. 2000; Chandola et al. 2010; Mastorakos et al. 2005;
Silverman et al. 2012). This fundamental relationship between cortisol and cytokines
is central to maintaining homeostasis of the immune and endocrine systems in response
to a stressor (Petrovsky 2001; Turnbull et al. 1999). However, research suggests that
exposure to chronic or particularly intense levels of acute stressful stimuli can impair
glucocorticoid receptors (e.g., down regulation, reduced expression, nuclear
translocation; Kunz-Ebrecht et al. 2004; Mackin et al. 2004; Silverman et al. 2012).
As a result, glucocorticoid receptor abnormalities can reduce the capacity of the
immune system to lower inflammation in response to a stressor, resulting in

persistently increased cytokine and cortisol levels (Elenkov et al. 2002; Silverman et
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al. 2012). These two maladaptations, both individually and together, have been linked
to adverse health outcomes including depression and CVD (Boscolo et al. 2008;
Elenkov et al. 2002; Heinz et al. 2003; Huang et al. 2011; Kunz-Ebrecht et al. 2004;
Lutgendorf et al. 2008; Mackin et al. 2004; Maier et al. 1998; Miller et al. 2007; Nijm
et al. 2009; Silverman et al. 2012). Interplay between stress systems and their potential
combined effects on the body support the concept of allostatic load (McEwen et al.
1999) referred to at the beginning of this section. To understand the effects of stressors
on the body, future research should adopt a multivariate approach to study the immune,

HPA-axis and SAM system stress responses and how they interact with each other.

2.3 Stress responses and diurnal rhythms

Stress responses, in particular cortisol, follow marked diurnal rhythms under normal
conditions (Petrovsky 1998; Petrovsky et al. 1998). Intense or frequent exposure to a
stressor may cause diurnal disruption to these responses (Alesci et al. 2005; Miller et
al. 2007; Murray 2007; Sapolsky et al. 2000), which over time, has been linked to
adverse health outcomes including CVD, diabetes and depression (Cohen et al. 2006;
McEwen et al. 1999). Accordingly, the severity and impact of a stressor can be viewed
by gauging the disruption it imposes on the normal diurnal rhythm of cortisol (Golden

etal. 2011).

The diurnal release of cortisol is characterised by a morning rise, followed by a gradual
decline during the afternoon, through to a nadir in the evening (Miller et al. 2007), but
exposure to stressors is capable of disrupting this normal, tightly controlled rhythm.
For instance, in a meta-analysis, Miller and colleagues (2007) concluded that chronic
physical stress lowers the morning peak of cortisol and elevates the evening nadir,

resulting in a flattened circadian profile and increased overall daily release of this
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hormone. To accurately assess changes in the diurnal profile/curve of cortisol, research
firmly supports the collection of multiple cortisol samples (i.e., > 5 samples) across
the day (Edwards et al. 2001; Golden et al. 2011; Hruschka et al. 2005; Kraemer et al.
2006; Ranjit et al. 2009). Sampling cortisol frequently across the diurnal curve also
allows for determining the cortisol output over a specific time period, such as a day
(Pruessner et al. 2003). This is referred as the daily Area Under the cortisol Curve
(AUC) and can be calculated from multiple cortisol samples (i.e., > 3) using the
trapezoid method (Pruessner et al. 2003). The daily cortisol AUC takes into account
unequal time intervals between samples (Smith, TW et al. 2007). Furthermore, the
AUC measure provides information on day—to-day changes in overall cortisol release
to complement the assessment of time-point changes in the diurnal cortisol profile

using multilevel models (Hruschka et al. 2005; Smith, TW et al. 2007).

The diurnal pattern of inflammatory cytokines exhibit an ascending profile during the
day and peaks in the late evening or early morning, during the nadir in cortisol
(Gudewill et al. 1992; Lemmer et al. 1992; Petrovsky et al. 1998; Sothern et al. 1995).
The immuno-suppressive properties of cortisol may explain the inverse relationship
between the diurnal rhythm of pro-inflammatory cytokines and cortisol (Petrovsky
1998; Petrovsky et al. 1998). But unlike cortisol, the effect that stressors have on the
diurnal rhythm of cytokines is less understood and requires further investigation before
clear patterns of diurnal dysregulation can be identified. Research to date has
quantified diurnal changes in plasma cytokine levels using protocols that measure two
samples per day (i.e., morning and afternoon; Altara et al. 2015) through to collecting
plasma at 3-h (Sothern et al. 1995) to 1-h intervals over a 24-h period (Vgontzas et al.

2005).
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Similar to physiological responses, psychological responses to stress such as mood
have been associated with a diurnal rhythm (Steptoe et al. 2011). For instance, mood
dimensions related to positive affect (e.g., happiness, activation) among healthy adults
are lowest in the morning followed by a gradual rise through the day to a peak between
12:00 and 13:00, before declining later in the evening (Steptoe et al. 2011; Stone et al.
1996). Meanwhile, mood dimensions related to negative affect (e.g., fear, anxiousness,
worried) are most pronounced in the morning and then decrease progressively over the
day (Kahneman et al. 2004; Steptoe et al. 2011). Evidence that cortisol, cytokine and
mood responses exhibit distinct diurnal profiles supports the use of multiple daily
samples (i.e., > 4 samples; Steptoe et al. 2011) to identify potential disruption to
diurnal changes in these responses to inherent firefighting stressors such as physical

work and sleep restriction.

2.4 Psychophysiological relationships between stress responses

From the time of the ancient Greeks, psychological wellbeing has been believed to
interact with physical states (Sternberg et al. 2002). Understanding the relationships
between physiological and psychological systems involve research in the field of
psychophysiology, which is concerned with the connections between the brain,
thoughts, moods and emotions, behaviour and the neuroendocrine and immune
systems (Cacioppo et al. 2007). This area of research is in line with the allostatic load
model of stress (McEwen et al. 1999) which supports the investigation of interactions
between multiple responses to understand the effects that different stressors have on

the body.
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Mounting evidence indicates that changes in affective states (i.e., moods or emotions
as distinguished from cognition or behaviour), are linked to inflammatory and HPA-
axis stress responses (for a review see Kemeny 2007 and Marsland et al. 2007;
Mittwoch-Jaffe et al. 1995). Evidence indicates that positive (e.g., happiness) and
negative emotions (e.g., sadness and provoked anxiety) are associated with distinct
patterns of central nervous system activation such as increased activity of the frontal
and temporal lobes and specific parts of the limbic system such as the hypothalamus
(Canli et al. 2001; Damasio et al. 2000). Neural systems generate regulatory signals to
control homeostasis. Therefore, given that activation of these neural systems may
impact differently on immune and endocrine responses, it has been proposed that
cortisol and cytokines respond in different patterns depending on the affective state

(Kemeny 2007).

Moods are affective states that can be categorized as either positive or negative. To
date, few studies have explored the relationships between positive mood and
physiological changes (Barak 2006; Marsland et al. 2007). Conversely, research
linking negative mood to indicators of immune, and to a lesser extent HPA-axis
function, has received greater attention (Kemeny 2007; McEwen 2005; Vgontzas et al.
2008; von Kiénel et al. 2008; Wright et al. 2005). Communication relationships
between the brain and changes in cortisol and cytokine levels are known to be bi-
directional (Maier 2003; Maier and Watkins 1998). Moreover, research has explored
how both positive and negative mood states in simulated laboratory environments may
modulate these parameters of the immune system and HPA-axis (Kemeny 2007;
Marsland et al. 2007). For example, in simulated laboratory-based settings negative
mood such as acute shame has been associated with increases in cortisol (Dickerson

and Kemeny 2004; Gruenewald et al. 2004) and TNF-a receptor levels which is an
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indicator of pro-inflammatory cytokine activity (Dickerson et al. 2004). Conversely,
mild positive mood induction (i.e., watching a humorous video) has been found to
elicit a decrease in TNF-a and increases in IL-2 and IL-3 (Mittwoch-Jaffe et al. 1995).
However, this research is limited and has not investigated how positive mood
moderates other cytokines such as IL-6, IL-1f, IL-10, IL-4, IL-8 or cortisol. Therefore,
assessment of the relationships between mood (both positive and negative) and
cytokine and cortisol will allow future research to better understand the

psychophysiological impact of stressors.

When studying the interactions between mood and physiological systems, it is
important to note that stressor-induced changes in psychological processes may
coordinate physiological responses that form adaptations necessary for maintaining
homeostasis (Dhabhar et al. 2006; Maier et al. 1998). For example, positive mood and
immune function may have a curvilinear relationship, with small to medium changes
in mood increasing cytokine release to cope with a given stressor (Barak 2006; Koh
1998; Marsland et al. 2007). However, exposure to prolonged or severe stressors may
dysregulate responses, such as concomitant acute increases in mood and inflammatory
responses, which over time, have been implicated in the pathophysiology of depression
in clinical and animal-based studies (Dantzer 2006; Dantzer et al. 2008). Therefore,
examining psychophysiological relationships to acute stressors in simulated
environments may help predict how longer-term or repetitive stressor exposure (e.g.,
across a firefighting career) influence these responses and subsequently, impact on

long-term health.
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2.5 Firefighting stressors and stress responses

Physical wildfire suppression work together with periods of restricted sleep are two
stressors routinely faced by firefighters deployed to fight large wildfires (Aisbett et al.
2007; Cater et al. 2007; Cuddy et al. 2007). Observational research from the fire-
ground indicates that Australian wildland firefighters are required to work multiple
shifts (i.e., 3 to 4 days) separated by compromised sleep opportunities (3 to 6 h sleep
between shifts; Cater et al. 2007). Within a shift, firefighting work can involve short-
duration high-intensity physical tasks performed intermittently for extended durations
(i.e., 12 to 16-h; Aisbett et al. 2007; Cuddy et al. 2007). Occupational stressors such
as sleep restriction and physical work are capable of dysregulating cortisol, heart rate
(Chandola et al. 2010), inflammatory (Huang et al. 2011) and mood responses
(Wellens et al. 2006) linked to adverse health outcomes (McEwen 2005; Opdahl et al.
2014; Rosmond et al. 2003; Violanti et al. 2009; Willerson et al. 2004). Therefore, it
is crucial to determine whether physical wildfire suppression work and sleep
restriction have an acute adverse effect on the functioning of these stress responses
among personnel. At present, however, the effect these common fire-ground stressors
have on firefighters’ cytokine, cortisol and heart rate responses, their interactions and

how mood might influence these physiological changes is poorly understood.

2.5.1 The impact of physical firefighting work on acute inflammatory, cortisol
and heart rate stress responses

Firefighting-based research has quantified physiological stress responses following the
one-off performance of individual physical work tasks in live-fire and simulated
conditions (Glickman-Weiss et al. 1995; Horn et al. 2013; Smith, D et al. 1996). More
commonly however, wildfire suppression requires personnel to perform multiple work

bouts for extended periods (i.e., up to 12 to 16 h) over multiple days (i.e., 3 to 5 days;
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Aisbett et al. 2007; Cater et al. 2007; Cuddy et al. 2007). Therefore, this section of the
review will focus on what impact, if any, one or more shifts of physical firefighting
work has on physiological stress responses. In Australia, firefighters are typically
rostered to work 12-h day shifts, but shifts can also be shorter and last half a day (i.e.,
4-h) as fires flare in the afternoon heat or at times last longer periods such as over 16-
h to manage increases in the threat of wildfire to people and property (Cater et al. 2007,
Phillips et al. 2007). Therefore, for the purposes of this review, a shift is defined as an
extended work period lasting between 4 and 16-h performed during the day. Focusing
on the impact of physical work on stress responses allows this review to forecast
change in cytokine, cortisol and heart rate variables over time (within/between shifts)
before examining what additional effect sleep restriction may have. In addition to the
limited firefighting research, insights will be provided from exercise- and military-
based studies that have investigated the effects that similar physical work demands
have on participants. For instance, given that wildland firefighting involves repeated
exposures to physical work tasks across a shift (Aisbett et al. 2007; Cater et al. 2007;
Cuddy et al. 2007), available research examining multiple bouts of exercise or military

tasks across a similar duration will be presented.

2.5.1.1 A single shift of physical work and cortisol, heart rate and cytokine responses
Research is yet to investigate how a single shift of physical wildfire suppression work
impacts cytokine levels among firefighters. Repeated bouts of moderate intensity
physical activity across a single day can however, have a cumulative positive impact
on several pro-inflammatory cytokines (Degerstrom et al. 2006; Ronsen et al. 2002).
In particular, plasma levels of IL-8 are known to demonstrate a pronounced increase
in response to long duration physical activity such as running (Pedersen et al. 2008).

For instance, Degerstrom et al. (2006) investigated cytokine responses following two
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30-minute exercise bouts on a treadmill at 80% of maximal volume oxygen
consumption (VO,max) separated by a 4-h rest interval. Participants’ IL-8 levels
increased 70% above (P = 0.022) baseline after the first bout, but had returned to
baseline after the 4-h rest (Degerstrom et al. 2006). The second bout of exercise
induced a 100% higher rise in IL-8 than the first bout (P = 0.005), however, no
significant change in IL-6 was detected after either bout (Degerstrom et al. 2006). It is
possible that longer physical activity durations such as repeated 1-h periods of
intermittent physical work completed in firefighting (Aisbett et al. 2007; Phillips et al.
2011), impact the rise in IL-6 differently. For instance, Ronsen et al. (2002)
investigated repeated exercise bouts of a similar duration to wildfire work and found
that a second 65-minute bout of cycle exercise at 75% VOxmax performed after only
3 h of recovery resulted in a further increase in peak IL-6 (+ 3.6 pg/mL; P = 0.025).
Comparisons between the limited exercise-based research and the reported demands
involved in wildland firefighting work suggest that firefighters may be at risk of acute

increases in 1L-6 and 1L-8.

Moderate to high working heart rates have been reported among firefighters
performing shifts of live (Raines et al. 2013; Rodriguez-Marroyo et al. 2012) and
simulated wildfire operations (Budd et al. 1997b). For instance, Budd et al. (1997b)
reported mean working heart rate of 152 + 14 beats/minute among firefighters during
an afternoon shift (~ 5 h) of wildfire suppression activities in controlled burn
conditions. In live-fire conditions, Raines et al. (2013) reported that firefighters spent
51 £ 41% and 4 = 9% of the 9 h shift in moderate (55 to 69% of heart rate max) and
hard heart rate zones (70 to 89% of heart rate max), respectively. Rodriguez-Marroyo
and colleagues (2012) also reported elevated mean heart rate among firefighters

completing live wildfire suppression activities lasting < 1 h (133 + 2 beats/minute), 1-
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3 h (128 + 1 beats/minute), 3-5 h (120 = 3 beats/minute) and > 5 h (116 = 32
beats/minute) which are considered near moderate. Interestingly, Rodriguez-Marroyo
(2012) found firefighters’ mean heart rate and percentage mean heart rate max were
higher in wildfires lasting shorter periods of time, indicating a trend towards a decrease
in relative heart rate with longer duration wildfires. Similar decreases in working heart
rate across long periods of intermittent exercise- and physical military-based tasks
have also been observed (Dabrowski et al. 2012; Lucas et al. 2008). The decreased
heart rate response may be due to the pace (Rodriguez-Marroyo et al. 2012), intensity
and nature (e.g., reduced use of hand held firefighting tools; Budd et al. 1997a; Budd
et al. 1997b) of wildland fire suppression work decreasing with longer duration fires,
resulting in a decreased heart rate response. Furthermore, individuals becoming
increasingly more economical in executing the required actions to complete the
physical work may also explain the reduced heart rate response. Practice-related
effects in response to repeated exercise performance have been found to reduce the
internal mechanical work needed to coordinate the limbs, resulting in reduced
metabolic energy expenditure, and therefore heart rate (Sparrow et al. 1999). Reduced
heart rate could have also resulted from attenuated sympathetic nervous system
activation (Dabrowski et al. 2012; Konishi et al. 2013), suggesting a potentially

adaptive response of the SAM system when exposed to these demands.

Unlike heart rate, research is yet to investigate firefighters’ cortisol levels in response
to a single shift of physical wildfire work. Some insights, can be gained from military-
and exercise-based studies which have reported an increase in soldiers’ mean cortisol
levels following multiple bouts of simulated physical work performed over one day
(Porta et al. 1993). Porta and colleagues (1993) measured soldiers’ cortisol levels

following a single 15 minute bout of exhaustive cycle ergometric work (i.e., baseline;
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100 watts with 50 watt increment every 3 minutes to a maximum workload of 350
watts). Seven days later, the same soldiers underwent a difficult 2.5-h mountain climb
and subsequent 1.5-h rest followed by the same 15 minute cycle ergometric work
(Porta et al. 1993). While there was no significant change in cortisol following the one-
off performance of the cycle ergometric test, the combined mountain climb and cycle
ergometric test, resulted in a 2-fold increase in cortisol from baseline (i.e., before
ergometric test; P < 0.001). Previous exercise-based research by Ronsen et al. 2001
and Sari-Sarraf et al. 2007 confirmed that following a 2.25-h or 3-h rest period, a
second bout of either moderate- or high-intensity physical activity performed for 65 or
90 minute durations respectively, can elicit significant increases in cortisol when
compared to a single bout of identical physical activity. Overall, physical activity
levels can remain quite stable across a shift of firefighting work (Cuddy et al. 2007;
Raines et al. 2013). Therefore, the above findings highlight that two or more repeated
bouts of similar intensity physical activity could lead to an exacerbated cortisol
response. Moreover, the rest periods between work bouts ranged from 1.5-h to 3-h in
the available research (Porta et al. 1993; Ronsen et al. 2001; Sari-Sarraf et al. 2007),
which may have been inadequate to restore cortisol levels to normal resulting in the

cumulative increases reported.

The available exercise research has examined the inflammatory, cortisol and heart rate
responses to similar physical workloads to firefighting (i.e., repeated bouts of physical
work over a single day). Further investigations are needed to understand how wildfire-
specific work demands affect firefighters’ cytokine and cortisol levels. Wildland
firefighting work incorporates a large component of intermittent weight bearing
manual handling tasks (Phillips et al. 2012) which involves components of muscular

endurance not captured by the aerobic activity in exercise studies, such as upper body
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eccentric loads. To date, tasks involving eccentric concentrations such as running have
been shown to have a more pronounced impact on IL-8 and IL-6 when compared to
concentric contractions (Pedersen et al. 2008). Although similarities in the duration of
work between firefighting and exercise-based studies exist, additional research needs
to confirm if the manual handling-based work involved in wildfire suppression elicits
changes in IL-6 and IL-8. Moreover, differences between shorter 1-h repeated bouts
of intermittent work involved in firefighting, and the longer (i.e., 1.5 or 2.5-h) periods
of activity investigated in exercise and military-based research may impact cortisol
levels differently. Therefore, the potential for under- or over-estimating cytokine and
cortisol responses for wildfire personnel supports the need for future wildfire-specific

research.

2.5.1.2 Consecutive shifts of physical work and cytokine, heart rate and cortisol stress
responses

Wildfire suppression work can expose personnel to physical work demands over
consecutive days/shifts (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007).
However, little is known regarding the impact repeated long days of intense
intermittent physical work has on firefighters' acute inflammatory, cortisol and heart
rate responses. Currently, research by Main and colleagues (2013) is the only study to
have investigated how consecutive days of live-fire prescribed burn work impacts
cytokine levels. Pre- and post-shift blood sampling revealed an increase in firefighters’
IL-6, IL-1B, IL-7 levels across the first 12-h work day, while IL-5, IL-10 and TNF-a
levels decreased (Main et al. 2013). Firefighters’ IL-6 levels, along with IL-1p, IL-8
and IL-4 all exhibited an attenuated response across the second 12-h day of wildfire
work relative to the first shift (Main et al. 2013). After an initial rise on day one, the

decrease in cytokine levels on the second shift may indicate an appropriate cytokine
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response to maintain homeostasis of the immune system. For instance, IL-6 (Pedersen
et al. 2007; Petersen et al. 2005; Starkie et al. 2003; Tilg et al. 1997) and IL-4 (Tilg et
al. 1997) has anti-inflammatory properties that lower pro-inflammatory cytokines,
namely IL-f and TNF-a involved with systemic inflammation (Bruunsgaard 2005;
Pedersen et al. 2008). The immune system also interacts with cortisol via the bi-
directional feedback loop and in turn, cortisol may suppress cytokine activity (see
Section 2.2 for further details; Turnbull et al. 1999) providing further explanation for
the attenuated cytokine levels observed by Main and colleagues (2013) among
wildland firefighters. The decrease in cytokine levels may be further explained by a
possible reduction in the intensity and/or duration of work bouts between days that
reflect the later and less intense stages of wildfire suppression activities (Budd et al.
1997a, 1997b; Rodriguez-Marroyo et al. 2012). While the Main study (2013) provides
the only insight into how multiple shifts of work on the fire-ground impact firefighters’
immune system, it did not control or measure the duration or intensity of work bouts,
sleep duration between shifts or environmental demands (e.g., heat, smoke etc.), nor
were related stress responses examined (e.g., cortisol). Accordingly, future research
should measure physical work through the use of activity monitors and/or
observations, and where possible, control the timing of work bouts to understand how
these demands, as distinct from other potential stressors (e.g., smoke, ambient

temperatures etc.), directly influence cytokine levels.

In addition to cytokines, incorporating related stress system measures such as cortisol
(McEwen et al. 1997) may help to further elucidate acute inflammatory changes to
occupational demands. For instance, the release of cortisol following acute maximal
exercise (i.e., graded treadmill exercise test to 100% VOzmax) was found to suppress
IL-1B and TNF-a levels, but had no effect on IL-6, resulting in sustained high levels
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of this cytokine (DeRijk et al. 1997). These findings suggest that IL-6 could be more
resistant to the effects of cortisol under physical stress (DeRijk et al. 1997). Chronic
exposure to physical stressors could therefore restrict the immune system’s capacity
to react to cortisol and downregulate inflammatory responses resulting in heightened
inflammation (Desantis et al. 2012), which could have an adverse impact on health
(McEwen et al. 1997; Miller et al. 2002). Alternatively, DeRijk et al. (1997) suggested
that if IL-6 is acutely resistant to cortisol, then the sustained release of IL-6 may exert
its immunosuppressive effects on IL-1B and TNF-a and protect against an excessive
release of these pro-inflammatory cytokines. However, further research is needed to
understand the degree to which cytokine and cortisol activity is related. This
integrative approach to assessing multiple stress responses affords greater potential
insight into the severity of stress system changes on the body after encountering a

stressor (McEwen et al. 1999; O'Leary 2014).

To date, there has been limited emergency service-based research investigating the
impact consecutive days of physical work has on heart rate or cortisol. Mean heart rate
among soldiers exposed to four days of long-distance marching did not differ
significantly between days (Védédnanen et al. 2002), indicating that the participants were
able to successfully maintain a similar intensity of work across the march. In this study,
Viininen et al. (2002) reported an increase in mean cortisol at 13:00 following the
first work day, after which there was a decrease in afternoon levels compared to the
previous morning sample that continued for the remainder of the study. Furthermore,
cortisol levels were reported to remain, for the most part, within the normal reference
range for adults (Vddndnen et al. 2002). While the authors (Védéndnen et al. 2002)
suggested that participants’ cortisol response may have only taken a single day to adapt

to this type of work, resulting in the unchanged response on the subsequent days of
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marching, previous exercise-based studies have reported that cortisol stabilises after
three or more days of physical work (Fellmann et al. 1992; Marniemi et al. 1984).
Therefore, it is possible the findings for cortisol and heart rate indicate that the physical
work investigated in this study (Vdindnen et al. 2002) may not have been a significant

enough stressor to disrupt these responses.

Research by Védndnen and colleagues (2002) provides the only emergency service-
based findings relating to the direct impact of consecutive days of physical work on
HPA-axis and SAM system responses. Despite this, the long-distance marching
investigated (Védénidnen et al. 2002) is different to the intermittent, manual handling
work involved in wildland firefighting (Phillips et al. 2012). To investigate how these
wildfire-specific demands impact heart rate in hot weather, Raines et al. (2015)
measured the time firefighters spent at or above 70% of heart rate max across
consecutive work days. Firefighters spent more time > 70% heart rate max across the
first shift than on day two (Raines et al. 2015). Unlike day two in which firefighters
were euhydrated as determined by plasma osmolality, firefighters were not euhydrated
on day one (Raines et al. 2015). Raines et al. (2015) therefore suggested that a
hypohydration-mediated increase in heart rate may explain the greater amount of time
spent in this heart rate zone on day one. While differences did not exist in firefighters’
physical activity profile measured objectively across days, Raines and colleagues
(2015) acknowledged that it was not possible to determine if work tasks were
completed for similar durations on each day, which if different, could impact heart
rate. Accordingly, further research, specific to the demands of wildland firefighting is
needed to understand the specific impact (if any) these physical work demands have
on firefighters’ acute cortisol, heart rate and inflammatory stress responses over

consecutive days. This research would provide fire agencies with a first insight as to
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whether further precautions are needed to mitigate against the possibility of adverse
stress responses and the risk they pose to the health of personnel as a result of the

physical work.

2.5.2 The impact of sleep restriction and physical work on cytokine, cortisol and
heart rate responses, and how psychological changes may influence physiological
responses

2.5.2.1 The effects of sleep restriction and physical work on cytokine responses

A high prevalence of sleep disturbances and shortened sleep have been reported among
firefighters (both wildland and urban) and personnel in other physically demanding
emergency service occupations such as the police or military (Carey et al. 2011; Cater
et al. 2007; Neylan et al. 2002). Despite this, no wildland firefighting-based research
to date has investigated the specific impact restricted sleep has on inflammatory
responses. Pro- and anti-inflammatory cytokine levels have, however, been
investigated in response to sleep restriction during physical exercise and military work
(Abedelmalek et al. 2013; Bayum et al. 1996; Gundersen et al. 2006; Lundeland et al.
2012), though the findings remain somewhat equivocal. For example, Bayum et al.
(1996) reported a decrease in IL-6 but no change in IL-1p and IL-4 levels among
military personnel during 5 to 7 days of continuous simulated physical military
training, shortened sleep (i.e., 2 to 3-h of total sleep) and calorie restriction. The
decline in IL-6 reported by Bayum et al. (1996) is in contrast to findings from studies
examining mild to modest (4 to 6-h sleep per night) sleep restriction for similar
durations in the absence of physical work, which have demonstrated an increase in
daily IL-6 levels among healthy adults (Bhatt et al. 2015; Pejovic et al. 2013) and TNF-
o in men (Vgontzas et al. 2004). However, Bayum and colleagues (1996) did speculate

that the findings for inflammatory markers were confounded by occupational factors
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not controlled for, such as food and fluid intake. But while Bayum et al. (1996)
proposed an excessive fluid intake may have caused plasma expansion and reduced
IL-6, this is questionable as more recent evidence indicates that hemodilution can
increase IL-6 concentration (Hightower et al. 2012; Swart et al. 2011), inferring that
another uncontrolled factor(s) may explain the findings (e.g., medications or calorie
restriction).  Alternatively, IL-6 may have been down-regulated by the
immunosuppressive actions of anti-inflammatory cytokines (e.g., IL-10 and IL-4) and
cortisol. But as these additional biomarkers were not reported by Beyum et al. (1996),
it is difficult to detect, with certainty, the interplay between responses which underlie
inflammatory changes to physical work and sleep restriction. Subsequent studies
should therefore examine multiple inter-related responses to help interpret the impact

of stressors on immune and HPA-axis stress systems.

In contrast to the findings reported by Beyum and colleagues (1996), Abedelmalek et
al. (2013) found that IL-6 along with TNF-a increased (+ 0.5 pg/mL and + 0.7 pg/mL,
respectively; estimated from graphs provided) among healthy adults exposed to a
restricted 4.5-h sleep opportunity followed by multiple bouts of interval exercise (4 X
250-meter runs). Unlike the available military-based studies (Beyum et al. 1996;
Gundersen et al. 2006; Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981),
Abedelmalek et al. (2013) included an 8-h sleep opportunity condition for comparison
with the restricted sleep condition and closely controlled for variables that can impact
immune function, such as the duration and timing of the sleep restriction period and
pre-exercise food and fluid intakes. Further, unlike the military-based studies (Bayum
et al. 1996; Gundersen et al. 2006; Lundeland et al. 2012; Opstad 1994; Opstad et al.
1981), Abedelmalek et al. (2013) examined an early phase sleep opportunity (22:30-

03:00). Wu et al. (2010) found 4 nights of 3-h early phase sleep restriction caused a

48



Chapter 2 Literature Review
larger reduction in rapid-eye-movement (REM) sleep compared with later-night sleep
restriction. Research in animal models indicate that a reduced amount of REM sleep
may have a positive association with increased IL-6 (Pandey et al. 2011) and TNF-a
levels (Venancio et al. 2014; Yehuda et al. 2009) and explain one pathway through
which sleep length disrupts sleep architecture, which in turn modulates inflammation.
Therefore, the advanced timing of the sleep restriction phase investigated by
Abedelmalek et al. (2013), together with the controlled study conditions may explain
why, in contrast to Bayum et al. (1996), there was a rise in IL-6 post-sleep restriction
and physical work. While structural firefighting and other occupations (e.g., air crew,
train and truck drivers) can require personnel to start work early in the morning
(Akerstedt et al. 2010; Ingre et al. 2004; Kecklund et al. 1997; Paley et al. 1994),
shifting sleep to an early-phase sleep restriction is not as common in wildland
firefighting. Instead, Australian wildland firefighters deployed to the fire-ground can
have their sleep limited to between 02:00 and 06:00, representing a later phase sleep

restriction period (Cater et al. 2007; Ferguson et al. 2011).

Over an extended period of simulated physical military work (i.e., 7 days) and minimal
sleep (i.e., 1 h sleep per 24 h), Gundersen et al. (2006) reported an increase in soldiers’
IL-6 levels from baseline to day 2 (+ 10.6 + 1.3 pg/ml) and day 4 (+ 6.8 + 1.6 pg/ml).
Lundeland et al. (2012) reported a similar increase in IL-6 on day 3 of a seven day
simulated physical military training exercise with limited sleep (i.e., 1 h per 24 h).
Multiple days of work and extreme sleep restriction resulted in a greater rise in IL-6
when compared to the more moderate sleep restriction examined over a one-night and
one-day protocol by Abedelmalek et al (2013). By the completion of the course
however, Gundersen et al. (2006) and Lundeland et al. (2012) both found that IL-6 had

returned to baseline levels. Furthermore, plasma concentrations of TNF-a and IL-1

49



Chapter 2 Literature Review
remained unchanged across the military training scenario investigated by Gundersen
et al. (2006). As eluded to earlier, the increase and then decrease in IL-6 and unaltered
TNF-a and IL-1p levels demonstrated among soldiers in this study (Gundersen et al.
2006) could provide further evidence of the anti-inflammatory effects that IL-6 can
have on other pro-inflammatory cytokines. The findings for IL-6 by Gundersen et al.
(2006) and Lundeland et al. (2012) may therefore indicate that over an extended period
(i.e., 1 week), soldiers’ cytokine levels were able to adjust by responding appropriately
to the combination of simulated restricted sleep and physical work and promote

homeostasis of the immune system.

2.5.2.2 The effects of sleep restriction and physical work on cortisol and heart rate
responses

To date, only one emergency service-based study (not firefighting) has investigated
the specific effect that shortened sleep has on the functioning of the HPA-axis (Goh et
al. 2001). Although there was no significant difference in overall daily cortisol release
between control (i.e., 8 h sleep) and sleep-deprived military personnel (i.e., 40 h), Goh
et al. (2001) found increased afternoon cortisol levels following the sleep deprivation
period. Elevated cortisol levels in the latter part of the day are consistent with non-
emergency service-based studies, that in the absence of physical work, have found that
restricted sleep opportunities lasting between 4 and 5 h over 1 to 10 nights result in
increased cortisol levels in the afternoon and evening (Buxton et al. 2010; Guyon et
al. 2014; Leproult et al. 1997; Reynolds et al. 2012; Spiegel et al. 1999). Chronically
increased cortisol levels in the latter part of the day have been positively associated
with age-related insulin resistance (Dallman et al. 1993; Kern et al. 1996), highlighting
a possible pathogenic process by which restricted sleep may influence the development

of diabetes. Restricted sleep opportunities (i.e., 4 and 5 h), without physical work, have
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also resulted in elevated resting heart rate (Meier-Ewert et al. 2004; van Leeuwen et
al. 2009), which if chronic, has been identified as a risk factor for heart failure (Opdahl
etal. 2014). Shortened sleep may therefore pose as a significant stressor for firefighters
who have been reported to have an increased risk of CVD-related deaths on duty (Fahy
et al. 2013; Kales et al. 2007). But despite wildland firefighting exposing personnel to
sleep restriction while performing physical work (Aisbett et al. 2012), considerably
less is known regarding the combined impact these stressors have on firefighters’ acute

cortisol and heart rate responses.

Some insights can be gained from sustained military operation- and exercise-based
studies. For instance, unchanged (Plyley et al. 1987) or decreased (Dabrowski et al.
2012; Lucas et al. 2008; Myles 1987) heart rate responses measured throughout
extended periods of prolonged physical activity (i.e., 20 to 116 h) and sleep deprivation
have been reported. Myles and colleagues (1987) observed a decrease in participants’
work rate and an increase in rest time across a 50-h period, which may explain the
simultaneous decrease in heart rate. However, neither of the other studies measured or
reported a change in work output (Dabrowski et al. 2012; Lucas et al. 2008). As
discussed in Section 2.5.1.1, it is therefore possible the decrease in heart rate was the
result of other causes, such as participants becoming more economical in completing
the actions involved in the physical work. A reduced or unchanged heart rate could
have also been caused by attenuated sympathetic nervous system activation (Chandola
et al. 2008; Konishi et al. 2013), suggesting a potentially adaptive response of the SAM
system when exposed to sleep restriction and sustained physical activity. Even though
firefighters are not typically exposed to extended periods of complete sleep
deprivation, there are similarities between the physical demands examined in the
exercise-based studies (Dabrowski et al. 2012; Lucas et al. 2008; Myles 1987) and the
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long periods of physical work involved in firefighting (Aisbett et al. 2012). Similar
physical work demands highlight the possibility that the physical work in firefighting
may also elicit an attenuation of the sympathetic nervous system, drop in work rate
and/or practice-related effects. As a result, wildland firefighters’ heart rate while
working and at rest may decrease across multiple shifts in a similar way to that

demonstrated in military/exercise research.

To date, several military-based studies have investigated soldiers’ cortisol changes in
response to 1 to 3-h of total sleep across the course of simulated, near continuous
physical training lasting 3 to 5 days (Lieberman et al. 2005; Opstad 1994; Opstad et
al. 1981). In an early study by Opstad et al. (1981), the normal circadian variation in
morning and evening cortisol levels on day 1 and day 4 (i.e., 2 daily samples at 08:00
and 19:00) of a 5-day military training course was reported to have disappeared,
indicating an abnormal circadian cortisol release. In a subsequent study, Opstad (1994)
employed a higher frequency cortisol sampling method (i.e., 5 daily samples) to further
investigate the effect of a simulated, 5-day physical training course with 1 to 3-h of
total sleep on military cadets’ diurnal cortisol levels. Similar to control conditions
involving no physical training and an 8-h sleep opportunity, cortisol levels followed a
normal diurnal rhythm on day 1 of the course. However, throughout the rest of the
course, mean cortisol levels remained consistently elevated (+130-140% above
baseline) and over the final 24-h period, the authors reported that the diurnal rhythm
had almost disappeared (Opstad 1994). Moreover, 4 to 5 days after course completion
the diurnal release of cortisol remained significantly higher than the control period
(Opstad 1994), further suggesting the possibility of chronic disruption to the diurnal
cortisol rhythm following four consecutive nights of sleep restriction during physical

military training. However, neither this (Opstad 1994) nor the earlier work by Opstad
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et al. (1981) statistically analysed multiple time-point changes in cortisol between days
to understand detailed circadian alterations such as a shift or flattening in the cortisol
profile between days. It is therefore not possible to understand day-to-day changes in

cortisol’s rhythmicity among military personnel.

Further evidence of disruptions to the cortisol rthythm was found among soldiers
completing a 53-h simulated field exercise in the heat in which personnel had 3.0 +
0.3 h of total sleep measured using activity monitors (Lieberman et al. 2005).
Compared to pre-field measurements, Lieberman and colleagues (2005) reported that
soldiers had lower morning (06:00; - 0.13 to 0.28 ng/dL) and higher evening cortisol
levels (18:00; + 0.16 to 0.22 pg/dL). Lieberman et al. (2005) stated however, that
cortisol levels did not exceed the expected range for non-stressed personnel with
similar demographic characteristics, nor were they as high as the 2- to 3-fold increase
(above baseline) reported by Opstad (1994). But different to the young cadets (22 to
26 years) included in the study by Opstad (1994), Lieberman et al. (2005) examined
older personnel (31.6 & 0.4 years) who had served, on average, 9.2 £+ 0.5 years of duty.
Research suggests that the HPA-axis can adapt to repetitive prior experience of a
stressor (Andersen et al. 2013; McEwen 1998). As suggested by Lieberman et al.
(2005), it 1s therefore likely the experience level among soldiers resulted in a more
moderate release of cortisol to the occupational demands. This highlights the
importance of recording and, where possible, controlling for occupational experience
(i.e., matching experimental groups for experience) when examining the cortisol

response to demands such as sleep loss and physical work.

Although Opstad (1994), Opstad et al. (1981) and Lieberman et al. (2005) observed

evidence of a dysregulated cortisol response, different discrete parts of the diurnal
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cortisol rhythm were investigated in each study. For instance, Opstad (1994) stated
that daily cortisol release (i.e., 24-h mean) increased significantly over the 5-day
training course. On the other hand, Opstad et al. (1981) and Lieberman et al. (2005)
observed a decline in early morning cortisol levels (08:00 and 06:00 respectively),
while increases in evening cortisol (18:00) were further reported by Lieberman et al.
(2005). Increases and decreases in different cortisol measurements have been
demonstrated following stress exposure and could indicate different forms of allostatic
load (i.e., wear and tear on the HPA-axis) expressed as either an intensified or
suppressed cortisol production in response to a stressor (McEwen et al. 1999).
Chronically increased daily cortisol levels have been positively associated with
increased CVD risk (Rosmond et al. 2003). Conversely, persons exposed to chronic
stress have also demonstrated inadequate morning cortisol levels an hour after
awakening (Miller et al. 2002). An inadequate cortisol response occurs when the HPA-
axis produces too little cortisol in response to a stressor. As a result, inflammatory
responses that are normally contained by cortisol become overactive (McEwen et al.
1999). Despite the known interactions between immune and cortisol responses that
regulate an adequate physiological response to stressors (see Section 2.2 for details),
research is yet to investigate how sleep restriction combined with physical work
specifically, impact the interplay between cortisol and cytokines. Further quantifying
this relationship between markers in response to occupational demands may provide
insights into the mechanisms underlying altered responses. Identifying possible
interactions (i.e., an imbalance between cytokine and cortisol) that have implications
for health (Nijm et al. 2009; Silverman et al. 2012) would also help tailor workplace

interventions to properly regulate immune-endocrine relationships.

54



Chapter 2 Literature Review
Morning cortisol levels among soldiers were found by Gundersen et al. (2006) to
increase from baseline on day 2 (+79%) and day 4 (+74%) of a 7-day simulated
training course with 1 h of sleep per 24 h. Lundeland and colleagues (2012) also
reported increased morning cortisol levels among soldiers on day 3 (+22%) and day 5
(+73%) of a similar 7-day simulated training program. However, cortisol had moved
towards baseline levels by day 7 in both studies (Gundersen et al. 2006; Lundeland et
al. 2012). Furthermore, Abedelmalek et al. (2013) reported that cortisol levels were
not affected following interval training and a restricted 4.5-h sleep opportunity or an
8-h sleep opportunity. Unaltered cortisol levels (Abedelmalek et al. 2013) could
indicate that the single period of 4-h sleep restriction followed by interval exercise
were not sufficient to have an acute impact on the functioning of the HPA-axis.
Cortisol levels which increased and then decreased (Gundersen et al. 2006; Lundeland
et al. 2012) across seven days of combined sleep restriction while performing physical
activity may indicate that the HPA-axis requires a longer period to adapt and

responded appropriately to ensure homeostasis of this stress system.

Differences in the assessment of cortisol between studies may further explain the
conflicting findings for this biomarker (Gundersen et al. 2006; Lieberman et al. 2005;
Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981). For instance, cortisol levels
in the morning can be affected by awakening time, so the use of a single morning
sample in the previous research (Gundersen et al. 2006; Lundeland et al. 2012) provide
less reliable measures of cortisol when compared to mean total values based on
multiple daily samples (Golden et al. 2011), such as that adopted by Opstad (1994).
However, in comparison to both mean cortisol levels and single samples, calculating
the AUC using multiple (i.e., > 3 samples) daily samples provides a more accurate

assessment of the overall secretion of cortisol over a specific time period (i.e., each
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work day; Pruessner et al. 2003). Therefore, it has been suggested that the assessment
of cortisol should be based on the AUC, complemented by an analysis of the diurnal
cortisol profile across the day at different time points (Adam et al. 2009). Additionally,
collecting multiple (i.e., > 5) cortisol samples across the day on consecutive days
allows for the use of mixed statistical models to account for within and between
participant differences in cortisol (Hruschka et al. 2005; Smith, TW et al. 2007).
However, emergency service-based research is yet to employ either multiday sampling

methods or the use of mixed models when assessing cortisol among personnel.

A further aspect of cortisol’s circadian rhythm that is important to consider when
measuring this hormone is its steep morning rise, which depends on awakening time
(Smyth et al. 2013). Variation in diurnal cortisol demonstrated between studies may
be further due to differences in the timing of the sleep restriction period and the cortisol
sample collection time points. For instance, in previous military-based investigations,
morning cortisol has been collected between 06:00 and 10:00 (Gundersen et al. 2006;
Lieberman et al. 2005; Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981), yet it
was not specifically reported when participants slept, making it impossible to account
for the impact of the sleep restriction period and awakening time on cortisol. This
emphasises the importance in controlling or at least recording/reporting the timing of
sleep opportunities and cortisol sampling in future protocols examining HPA-axis
function in response to sleep restriction. Furthermore, daily energy intake was
restricted during several of the military-based studies (Gundersen et al. 2006;
Lundeland et al. 2012; Opstad 1994) which could confound the interpretation of these
findings, as energy along with carbohydrate restriction have both been found to
increase the daily output of cortisol (Tomiyama et al. 2010). While closely controlling

energy and/or carbohydrate intakes may not be ecologically valid in the context of
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firefighting, every effort should be made to standardise meals and fluid intakes (e.g.,
types of food and drink available, meal times, portion sizes etc.) to fire-ground

conditions and also between experimental groups.

In addition, previous experiments investigating heart rate were performed in largely
uncontrolled field settings (Dabrowski et al. 2012; Lucas et al. 2008). It is therefore
possible, that together with physical work and sleep loss, stressors that were not
controlled in these studies such as fluid and energy intakes and variations in ambient
temperature may influence SAM system activity (Sasaki et al. 1991; Tanaka et al.
2012). There is thus a need for tightly-controlled and firefighting relevant research that
examines sleep restriction and physical work to determine the specific impact on
concurrent cortisol and heart rate. Established links between adverse health outcomes
(e.g., CVD and depression) and elevated cortisol (Hamer et al. 2010; Hayley et al.
2003; Hayley et al. 2005; Mackin et al. 2004; Poitras et al. 2013), and heart rate
(Opdahl et al. 2014) highlight the need to examine acute responses to provide an
accurate platform from which to assess long-term implications in these firefighter
relevant diseases. Simultaneously measuring activity of both HPA-axis and SAM
system responses enable greater understanding of potential adaptive or maladaptive

functioning in response to fire-ground stressors.

2.5.2.3 The effects of sleep restriction and physical work on psychophysiological stress
responses

Research suggests that changes in cytokine and cortisol responses relate to mood states
(Kemeny 2007; Mittwoch-Jaffe et al. 1995). Although the relationship is likely to be
bi-directional, attention has focused on how both positive and negative mood states

moderate immune and endocrine systems (Kemeny 2007; Marsland et al. 2007).
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Therefore, to further interpret the physiological impact of a stressor, it is crucial to
assess the psychophysiological relationships between mood, cytokine and cortisol
responses. Persistent psychophysiological associations between responses (e.g.,
negative mood, cortisol and cytokines) have been linked to chronic health outcomes
such as depression (Lutgendorf et al. 2008; Musselman et al. 2001). Accordingly,
several studies have investigated the impact of physical work and sleep restriction
separately, on psychophysiological stress responses among healthy participants
(Jurimde et al. 2002; Kajtna et al. 2011; Robson-Ansley et al. 2009; Thomas et al.
2011; Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003), but none have
investigated sleep restriction and physical work together or have been based in

firefighting.

Exercise-based studies of multi-day simulated physical work periods, similar in length
to that experienced during wildland firefighting (Aisbett et al. 2012), have
demonstrated mixed findings when investigating acute psychophysiological
relationships (Jiirimée et al. 2002; Robson-Ansley et al. 2009). For instance, Robson-
Ansley et al. (2009) reported that during a 6-day (average exercise duration varied
from 160 £ 43 to 391 £+ 30 minutes per day) cycling event there was no relationships
detected between cyclists’ plasma IL-6 or cortisol levels and subjective sensation of
post-exercise fatigue measured using an abbreviated Profile of Mood State
questionnaire (POMS). Failure to see a psychophysiological relationship was proposed
by the authors (Robson-Ansley et al. 2009) to be due to the participants ingesting high
carbohydrate drinks during exercise. In addition to influencing cortisol (see Section
2.5.2.2), elevated carbohydrate intakes are known to further dampen IL-6 (Bishop et
al. 2001). Specifically, Robson-Ansley et al. (2009) suggested that the increased

carbohydrate intake preserved glycaemic homeostasis, reducing IL-6 and cortisol

58



Chapter 2 Literature Review
release (McAnulty et al. 2007; Nieman et al. 1998). Therefore, it is important further
research control or at least standardise diet during work conditions when investigating

psychophysiological relationships between fatigue and plasma cytokine responses.

Relationships between psychological stress responses and HPA-axis function were
further investigated among male athletes completing an intensive 6-day heavy rowing
training program (total of 21.5 + 2.2-h of exercise; Jiiriméde et al. 2002). In this study,
rowers’ resting cortisol levels were positively related to a change in subjective fatigue
(r = 0.64; Jirimée et al. 2002) measured on the Recovery Stress Questionnaire for
Athletes. However, both the above mentioned exercise-based studies failed to include
a control group (Jiiriméde et al. 2002; Robson-Ansley et al. 2009). Consequently, how
much the psychophysiological relationships (between subjective fatigue and cortisol
or IL-6) observed in response to physical work differed from free-living conditions
(i.e., no physical training) is unknown. In addition, neither study recorded, in detail,
the physical activity performed by participants prior to entering the study (Jiirimie et
al. 2002; Robson-Ansley et al. 2009). It is therefore difficult to determine if the
psychophysiological effects observed were due to the physical work examined and not
previous physical training. In addition to including a control group, prior physical
activity as well as sleep are important measures to consider when studying firefighters’
stress responses. For example, the on-call nature of firefighting (Dean et al. 2003) may
expose personnel to emergencies that affect physical activity and/or sleep prior to
beginning an intervention. It may be appropriate, therefore, to either exclude
individuals to rule out the possibility of prior stressors influencing the findings or
control for these pre-study behaviours in subsequent analyses to isolate the effect

additional physical work or sleep restriction has on stress responses.
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Sleep research has further investigated interactions between mood and cortisol, but the
majority of studies examined participants with either a sleep disorder or mental illness
which was not the focus of this thesis. One exception is an analysis of the relationship
between subjective mood (assessed using the Brunel mood scale; BRUMS) and
cortisol levels pre and post a 40-h period of sleep deprivation among healthy men
(Konishi et al. 2013). However, no correlations were found between cortisol and any
of the mood states assessed using this scale (Kajtna et al. 2011). A number of factors
may have contributed to a lack of observed psychophysiological relationships between
responses. Firstly, pervious emergency service-based findings suggest a single night
of sleep deprivation is not sufficient duration to alter the overall release of cortisol the
next day (Goh et al. 2001). Therefore, the 40-h period of wakefulness examined may
explain why a psychophysiological relationship involving this measure of daily
cortisol was not reported by Kajtna et al. (2011). On the other hand, elevated afternoon
and evening cortisol have been reported following a single night of restricted and
complete sleep loss (Goh et al. 2001; Leproult et al. 1997). This highlights the need to
examine specific changes in cortisol across time-points in addition to daily cortisol
output when investigating psychophysiological responses involving cortisol and
mood. Lastly, participants in this laboratory-based study were not reported to have
completed any physical activity during the 40-h period of sleep deprivation (Kajtna et
al. 2011). Therefore, in the absence of physical activity, sleep loss in isolation may not
have been a sufficient stressor to elicit an acute psychophysiological relationship

between responses.

In comparison to other psychological responses, fatigue, and its relationship to cortisol
and cytokine release has received significant attention (Thomas et al. 2011; Vgontzas

et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003). In particular, work by
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Vgontzas and colleagues (Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al.
2003) suggests that an elevated daytime release of IL-6 together with increased HPA-
axis activation leads to heightened perceptions of fatigue the next day. Although the
mechanisms that drive this relationship have not been fully explained, some findings
indicate that reduction in slow wave sleep (SWS) might be one pathway through which
inflammation leads to perceptions of fatigue (Thomas et al. 2011). For instance,
mediation analyses performed by Thomas et al. (2011) showed that reduced SWS
mediated the relationship between increased evening levels of IL-6 and elevated daily
fatigue levels among healthy adults. Research has also reported a small curtailment in
SWS associated with sleep restriction (Kopasz et al. 2010; Mavanji et al. 2013),
suggesting a reduction in this sleep stage may be underlying the simultaneous increase
in fatigue and inflammation when exposed to shortened sleep. It should be noted
however, that sleep research to date (Vgontzas et al. 2008; Vgontzas et al. 2002;
Vgontzas et al. 2003) has investigated how physiological responses relate to
perceptions of fatigue the next day. As mentioned earlier, the relationship between
mood, inflammatory and HPA-axis activation is likely to be bi-directional indicating
the need to further explore if, in response to a stressor, subjective fatigue is more

acutely related to altered cortisol and cytokine levels.

Although the current literature is limited to separate sleep- (Kajtna et al. 2011; Thomas
et al. 2011; Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003) or
exercise-based protocols of varying durations (Jiirimée et al. 2002; Robson-Ansley et
al. 2009), findings demonstrate how changes in mood can be related to cytokine and
cortisol responses. However, no study, firefighting-based or otherwise, has
investigated the combined impact sleep restriction while performing physical work has

on psychophysiological stress responses, indicating the need for further investigation.
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Uncovering evidence of psychophysiological relationships in the context of
firefighting offers the first step to better equip fire agencies and other workplaces
facing similar demands, to accurately assess and monitor physiological stress
responses among personnel using subjective psychological questionnaires.
Application of this research to the fire-ground may improve fire agencies capacity to

monitor personnel and if necessary, intervene before their physical health is impaired.

2.5.2.4 The Mood Scale Il and Samn-Perelli Fatigue Scale as subjective measures of
mood

While evidence has linked mood and physiological responses during periods of
simulated and live physical work and sleep restriction (Jiiriméde et al. 2002; Robson-
Ansley et al. 2009; Thomas et al. 2011; Vgontzas et al. 2008), there is variability in
the type of subjective mood measures used between studies. Consequently, it is
difficult to determine which measure is best (i.e., most sensitive and practical) to
implement when assessing psychophysiological relationships in response to different
occupational stressors. Research conducted in the field however, has tended to use
shortened versions of longer mood questionnaires such as the POMS, given their
brevity and sensitivity to mood fluctuations in applied settings. For instance, Kajtna et
al. (2011) used the BRUMS which is 24-item questionnaire derived from the longer
65-item POMS questionnaire. Likewise, Robson-Ansley et al. (2009) also used an
abbreviated version of the POMS questionnaire in their study. Short form POMS
measures have been well validated for use in sleep and exercise-based studies
(Carpenter et al. 2004; Friedmann et al. 1977). A further measure called the Mood
Scale II is comparable to the previously used POMS based questionnaires, but was
specifically developed for use in field settings (Thorne et al. 1985). The Mood Scale

IT takes approximately 5 minutes to complete and has been successfully used to assess
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mood responses among military personnel and nurses exposed to a range of stressors
including sustained work and sleep deprivation (Paterson et al. 2011; Paterson et al.

2010; Thorne et al. 1985).

The Mood Scale II assesses both positive and negative mood dimensions, which is
important to fully understand the structural aspects of these affective experiences
(Diener et al. 1984) and their potentially divergent relationship to physiological
responses (Kemeny 2007). Specifically, Thorne et al. (1985) explains that this measure
presents an individual with 36 mood related adjectives which load onto six sub-
dimensions/factors including activation and happiness, which are positive mood
dimensions, and depression, anger, fatigue and fear classified as negative mood
dimensions. Activation relates to the adjectives ‘energetic’, ‘lively’, ‘alert’, ‘cheerful’,
‘vigorous’ and ‘active’ on the Mood Scale II and is considered a positive factor.
Happiness, the other positive mood factor on this measure, is described by the
adjectives ‘good’, ‘contented’, ‘satisfied’, ‘calm’, ‘pleased’, ‘happy’ and ‘steady’.
Depression is associated with negative affect characterised by the adjectives
‘miserable’, ‘blue’, ‘depressed’, ‘sad’, ‘downcast’ and ‘low’ on the Mood Scale II. A
further negative factor is angry, related to the adjectives of ‘grouchy’, ‘mean’,
‘annoyed’, ‘angry’, ‘burned up’ and ‘irritated’. Fatigue is also considered a negative
factor typified by feelings of physical and mental tiredness and described by the
‘inactive’, ‘weary’, ‘lazy’, ‘drowsy’ and ‘sluggish’ adjectives in the Mood Scale II.
Finally, the adjectives ‘uneasy’, ‘alarmed’, ‘insecure’, ‘afraid’, ‘jittery’ and ‘hopeless’

are used to quantify the negative factor fear on the Mood Scale II.

A number of subjective measures have been used to investigate psychophysiological

relationships with fatigue (Thomas et al. 2011; Vgontzas et al. 2003). One well-
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established measure that was developed for and validated in occupational settings is
the Samn-Perelli Fatigue Scale (Samn and Perelli 1982; International Civil Aviation
Organization 2011). This brief and easily administered subjective measure asks
individuals to rate their level of fatigue on a 7-point scale at a specified time point
(Samn et al. 1982). Although evidence indicates that the Samn-Perelli Fatigue Scale
(Samn and Perelli 1982; International Civil Aviation Organization 2011) and the Mood
Scale II (Carpenter et al. 2004; Friedmann et al. 1977; Thorne et al. 1985) are well-
suited (i.e., brief and easily administered) and valid measures for occupational settings
such as the fire-ground, neither have been used to investigate psychophysiological
relationships among firefighters. Further research adopting these subjective measures
suited to occupational settings is needed to understand if, in response to firefighting
work and sleep restriction, different factors of negative and positive mood relate to

cortisol and cytokine responses.

2.6 Conclusion

It has been established that severe stressors can adversely alter acute cytokine, cortisol
and heart rate responses. Over time, dysregulated immune and neuroendocrine
function is linked to the development of adverse health outcomes such as
cardiovascular and metabolic diseases and mood disorders (Chandola et al. 2008;
Dantzer et al. 2008; Grandner et al. 2013; Hamer et al. 2010; Hayley et al. 2005;
Mackin et al. 2004; Opdahl et al. 2014; van Leeuwen et al. 2009). Occupational
stressors are a major source of altered physiological responses among personnel
(Chandola et al. 2010). For wildland firefighters, consecutive long shifts of intense
physical work separated by restricted sleep opportunities are two common fire-ground
stressors (Aisbett et al. 2012; Cater et al. 2007; Cuddy et al. 2007). To date, military-

and exercise-based studies (Abedelmalek et al. 2013; Boyum et al. 1996; Dabrowski

64



Chapter 2 Literature Review
etal. 2012; Goh et al. 2001; Gundersen et al. 2006; Lieberman et al. 2005; Lucas et al.
2008; Lundeland et al. 2012; Myles 1987; Opstad 1994; Opstad et al. 1981; Plyley et
al. 1987) provide the only insights into how sleep restriction while performing
simulated and live physical work influence acute physiological responses. For
instance, consecutive days of simulated physical military work and severe sleep
restriction have been found to result in a disrupted cortisol thythm (Lieberman et al.
2005; Opstad 1994; Opstad et al. 1981). However, current cytokine and heart rate
responses following extended periods of simulated and live physical work and/or
shortened sleep need to be clarified. For instance, studies report no change in either
cytokine or heart rate responses (Main et al. 2013; Plyley et al. 1987), while others
found increases (Abedelmalek et al. 2013; Budd et al. 1997b; Raines et al. 2013;
Rodriguez-Marroyo et al. 2012), decreases (Boyum et al. 1996; Dabrowski et al. 2012;
Lucas et al. 2008; Myles 1987) or fluctuations over time (Gundersen et al. 2006;
Lundeland et al. 2012; Main et al. 2013). Furthermore, varying durations of sleep loss
(Vgontzas et al. 2008; Vgontzas et al. 2002; Vgontzas et al. 2003) and physical activity
over multiple days (Jiiriméde et al. 2002), indicate how mood may moderate an increase

in IL-6 and cortisol.

While military- (Boyum et al. 1996; Gundersen et al. 2006; Lieberman et al. 2005;
Lundeland et al. 2012; Opstad 1994; Opstad et al. 1981) and exercise-based studies
(Abedelmalek et al. 2013; Bouget et al. 2006; Dabrowski et al. 2012; Jiirimée et al.
2002; Lucas et al. 2008; Robson-Ansley et al. 2009) represent the only experimental
research in this area, the periods of shortened sleep and physical work examined are
different to those experienced in firefighting (Aisbett et al. 2012; Ferguson et al. 2011;
Phillips et al. 2012). Specifically, the extreme sleep restriction investigated among

military personnel differs to the moderate, partial sleep restriction (i.e., 3 to 6-h) to
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which wildland firefighters are typically exposed (Aisbett et al. 2012; Cater et al.
2007). Moreover, military- and exercise-based research has predominately
investigated continuous physical activity or short periods of high-intensity exercise. In
contrast, wildland firefighting work involves primarily short-duration high-intensity
weight bearing manual handling tasks (e.g., lifting and lowering hoses and firefighting
tools; Phillips et al. 2012) performed intermittently across 12 to 16 h shifts,
interspersed with sustained periods of low intensity aerobic physical activity.
Extrapolating military- or exercise-specific findings to wildland firefighting could
therefore under- or over-estimate the potential stress-related implications of this type
of firefighting and lead to inappropriate recommendations regarding the management

of risk associated with sleep in the field.

Field-based investigations dominate the existing research in this area (Boyum et al.
1996; Gundersen et al. 2006; Lieberman et al. 2005; Lundeland et al. 2012; Opstad
1994; Opstad et al. 1981; Raines et al. 2013; Rodriguez-Marroyo et al. 2012).
Although such settings enhance ecological validity, these studies displayed limited
control over sleep parameters (e.g., sleep durations and placement/timing of sleep
restriction periods) and other potential stressors during testing (e.g., ambient
temperature, calorie restriction). In addition, physical activity and sleep prior to
beginning interventions have not been recorded or considered in previous studies
analyses. Consequently, these issues mean that it is not possible to accurately interpret
how the stressors of interest (i.e., sleep restriction and physical work) directly
influenced the acute stress responses reported, preventing extrapolation of findings to
wildland firefighters. Research in this area could further benefit from utilising a control

group and/or comparing results to population norms to accurately quantify the degree
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to which acute stress responses to physical work and/or sleep restriction differed from

one another and control conditions.

The state of current empirical data points towards the need for further robust research
examining controlled periods of sleep restriction across multiple days of wildfire
suppression work. In line with the concepts of allostatic load (McEwen et al. 1999), it
is imperative future enquiries implement a multivariate (i.e., multiple responses)
assessment of acute inflammatory, cortisol and heart rate responses and their
interactions to advance this area of applied stress research. Such investigations would
provide a comprehensive first insight for fire agencies with industry specific
recommendations regarding sleep on the fire-ground. Attaining multiple measures of
inflammatory (i.e., cytokine) and neuroendocrine (i.e., heart rate and cortisol) function
may help elucidate potential physiological interactions underlying these responses.
Research revealing acute relationships between psychological and physiological
responses support the application of a psychophysiological approach to assess how
mood may relate to changes in cytokines and cortisol among firefighters. Adopting
this approach affords new insights for psychophysiology research in an occupational
setting, while providing the first steps in identifying subjective mood indicators of

cortisol and/or cytokine responses.
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