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Abstract This study examined how changes in wildland

firefighters’ mood relate to cytokine and cortisol levels in

response to simulated physical firefighting work and sleep

restriction. Firefighters completed 3 days of simulated

wildfire suppression work separated by an 8-h (control

condition; n = 18) or 4-h sleep opportunity (sleep restric-

tion condition; n = 17) each night. Firefighters’ mood was

assessed daily using the Mood Scale II and Samn-Perelli

fatigue scale. Participants also provided samples for the

determination of salivary cortisol and pro- (IL-6, IL-8, IL-

1b, TNF-a) and anti-inflammatory (IL-4, IL-10) cytokine

levels. An increase in the positive mood dimension Hap-

piness was related to a rise in IL-8 and TNF-a in the sleep

restriction condition. A rise in the positive mood dimension

Activation among sleep restricted firefighters was also

related to higher IL-6 levels. An increase in the negative

mood dimension Fatigue in the sleep restriction condition

was associated with increased IL-6, TNF-a, IL-10 and

cortisol levels. In addition, an increase in Fear among sleep

restricted firefighters was associated with a rise in TNF-a.
Elevated positive mood and immune activation may reflect

an appropriate response by the firefighters to these

stressors. To further understand this relationship, subse-

quent firefighting-based research is needed that investigates

whether immune changes are a function of affective

arousal linked to the expression of positive moods. Positive

associations between negative mood and inflammatory and

cortisol levels to physical work and restricted sleep provide

useful information to fire agencies about subjective fire-

ground indicators of physiological changes.

Keywords Sleep restriction � Physical work � Cortisol �
Cytokines � Mood � Fatigue

Introduction

Exposure to stress, either physical or psychological, trig-

gers the immune system to produce cytokines (Maier and

Watkins 1998), which in turn, activate the hypothalamic–

pituitary–adrenal (HPA)-axis causing the release of cortisol

(Lundberg 1999). Changes in the immune and endocrine

system relate to affective states (Mittwoch-Jaffe et al.

1995; Kemeny 2007), indicating that activation of these

physiological systems in response to stress and the subse-

quent release of cortisol and cytokines form a bi-directional

communication network with the brain (Maier 2003; Maier

and Watkins 1998). Evidence indicates that certain emo-

tions are associated with distinct patterns of activation in

the central (Canli et al. 2001; Damasio et al. 2000) and

autonomic nervous systems (Ekman et al. 1983; Herrald

and Tomaka 2002). Given that activation of these neural

systems can 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 positive or negative. While fewer studies have
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demonstrated relationships between positive mood on

physiological changes (Marsland et al. 2007; Barak 2006;

Pressman and Cohen 2005), literature linking negative

mood to immune, and to a lesser extent endocrine function,

is more substantial (Kemeny 2007; Vgontzas et al. 2008;

von Känel et al. 2008; Wright et al. 2005; McEwen 2005).

In order to understand the physiological impact of stress, it

is crucial we assess how positive and negative mood relate

to changes in cytokines and cortisol.

In considering the relationship between mood and

physiological systems, it is important to note that stress-

induced changes in psychological responses may coordi-

nate physiological processes that form adaptations neces-

sary for homeostasis (Maier and Watkins 1998; Dhabhar

and McEwen 2006). However, prolonged or severe stress

may result in inappropriate responses, including increased

negative moods, maladaptation of inflammatory responses

and dsyregulated cortisol release, which over time have

been implicated in cardiovascular disease, insulin resis-

tance and depression (Heinz et al. 2003; Zunszain et al.

2011; Lundberg 1999; McEwen and Seeman 1999; Prad-

han et al. 2001; Ridker et al. 2000; Vgontzas et al. 2000).

Relationships between psychological and physiological

responses support a psychophysiological approach to

understanding the impact of acute stress on the body in

certain occupations.

Two common stressors for firefighters performing

wildfire suppression are physical work and sleep restriction

(Aisbett et al. 2012; Cater et al. 2007; Phillips et al. 2007).

For instance, firefighters often work consecutive long shifts

(i.e., 12 to 15-h) involving high-intensity, intermittent

physical work (Aisbett et al. 2007) separated by shortened

sleep opportunities (i.e., 3–6 h; Cater et al. 2007). Research

demonstrates that consecutive days of physical firefighting

work combined with a 4-h sleep each night results in

increased cortisol (Wolkow et al. 2015a). Elevated inter-

leukin (IL)-6 and IL-8 cytokines have also been found

following multiple days of physical work, but restricted

sleep between days did not exacerbate cytokine levels

(Wolkow et al. 2015c). To the authors’ knowledge how-

ever, no firefighting-based research has examined if mood

responses to the combination of physical work and sleep

restriction influence cortisol and cytokine levels previously

demonstrated.

Exercise- and sleep-based studies investigating sleep

loss and physical work, similar to those experienced during

wildland firefighting (Aisbett et al. 2012), have demon-

strated acute psychophysiological relationships (Jürimäe

et al. 2002; Robson-Ansley et al. 2009; Wolkow et al.

2015b). For instance, increases in cortisol and IL-6

receptor levels following 6-days of rowing (Jürimäe et al.

2002) and cycling (Robson-Ansley et al. 2009) were

respectively, strongly and moderately related to increased

subjective fatigue levels. Elevated IL-6 has also been

strongly associated with increased subjective pain ratings

following 12 nights of restricted sleep (4-h; Haack et al.

2007). However, the research is limited and inconsistent,

with other investigations reporting no association between

negative mood and hormonal changes to physical work

(Filaire et al. 2004) or sleep loss (Bouhuys et al. 1990).

Meanwhile, following a 15-km run at high intensity

(completed in 1.5 h), positive affect correlated strongly

with increases in corticotropin-releasing hormone (CRH),

which is a neuropeptide in the HPA-axis (Harte et al.

1995). Dysregulation of the HPA-axis, such as changes in

CRH release, have been related to altered immune function

(Pressman and Cohen 2005; Haddad et al. 2002). Positive

mood provoked hormonal and inflammatory responses can

represent a potential disease risk if severe, prolonged or

result in disruption to the diurnal rhythm of responses

(Pressman and Cohen 2005; Marsland et al. 2007).

Despite varying protocols, restricted sleep (Haack et al.

2007) and physical work (Jürimäe et al. 2002; Robson-

Ansley et al. 2009; Harte et al. 1995) have been reported to

affect mood, cytokine and HPA-axis responses. Though the

relationship is likely to be bi-directional, attention has

focused on how both positive and negative mood may

modulate these parameters of the immune and endocrine

system (Kemeny 2007; Marsland et al. 2007). While we

have established that physical work and sleep loss can

effect firefighters’ cortisol (Wolkow et al. 2015a) and

cytokine levels (Wolkow et al. 2015c), it is yet to be

determined what impact these demands have on acute

psychophysiological responses. Therefore, we aimed to

determine what moderating effect (if any) changes in

wildland firefighters’ mood are having on cytokine and

cortisol in response to simulated physical firefighting work

and sleep restriction. We hypothesised that when sleep

restricted, firefighters will display alterations in mood that

moderate an elevation in cytokines and cortisol. Investi-

gating this potential psychophysiological relationship in

the context of firefighting presents new insights for psy-

choneuroimmunology research, while providing the first

steps in understanding how changes in mood on the fire-

ground influence physiological responses, which may have

significance for firefighter’s long-term health and

wellbeing.

Methods

Participants

Volunteer and salaried firefighters (n = 35) from Aus-

tralian fire agencies were recruited for this study using

flyers and presentations to fire agencies. Interested
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firefighters contacted researchers directly and provided

written informed consent. Participants were then screened

to exclude anyone with diagnosed heart disease, diabetes,

respiratory and/or sleep disorders. For purposes of analysis,

participants were matched for age, sex and body mass

index (BMI) and randomly assigned to either a control

(CON) or sleep restriction (SR) condition. There were no

differences between conditions in BMI, age or firefighting

experience (Table 1). Firefighters participating in this

study were not compensated financially for their time. This

study was approved by the institutions’ Human Research

Ethics Committee and all procedures were performed in

accordance with the 1964 Helsinki declaration and its latter

amendments.

Protocol

Participants arrived at the testing venue and informed of

what condition they were in. Both conditions then

completed a familiarization session of the physiological

measures, psychological questionnaires and physical

work tasks. This was followed by an 8-h sleep adaptation

night in the testing environment. Participants in both

conditions were then tested over a 3-day and 2-night

simulated fire-ground tour that mimicked the length of a

fire-ground deployment. On each of the 2 nights, par-

ticipants in the CON condition had an 8-h sleep oppor-

tunity (i.e., 22:00–06:00), while participants in the SR

condition had a 4-h sleep opportunity (i.e., 02:00–06:00).

The sleep restriction duration and timing was based on

observational studies of Australian wildland firefighting

(Cater et al. 2007). After the testing period, all partici-

pants had an 8-h recovery sleep (in which no measures

were taken) to ensure participants’ were rested prior to

leaving the venue. The testing environment was main-

tained in moderate temperatures (18–20 �C) throughout

the simulation.

Experimental Procedures

Participants in both conditions were tested in groups of 3–5

over the firefighting simulation. Participants completed a

2-h testing block 3 times on day 1 and 5 times on day 2 and

day 3 (Fig. 1). Each testing block consisted of 55-min of

simulated physical firefighting work circuit, followed by

20–25 min of physiological data collection, 20–25 min of

cognitive testing and a 15–20 min rest period. Participants’

physiological (i.e., cytokine and cortisol) and psychologi-

cal (i.e., mood questionnaires) measures were recorded at

pre-determined time points throughout the wake periods

(Fig. 1). Cognitive and other physiological measures were

part of a larger study and therefore, will not be described.

Simulated Physical Firefighting Work Circuit

The physical work circuit was developed using a job task

analysis of wildfire suppression work (Phillips et al. 2012)

and verified by industry experts and incumbent firefighters

as representative of fitness components, actions and

movements frequently performed on the fire-ground (Fer-

guson et al. 2011). The 6 physical tasks included; team

rake, charged hose advance, black out hose work, hose

rolling, lateral repositioning and static hold of a hose. The

tasks were chosen because they were the most physically

demanding, had the highest operational importance, and

were the longest, most intense, or most frequently occur-

ring tasks during wildfire suppression work (Phillips et al.

2011). Performance of each physical task was self-paced

(i.e., repetitions completed within each work period) and

completed in a pre-devised circuit consisting of work-to-

rest ratios designed in accordance with the performance of

the tasks on the fire-ground (Ferguson et al. 2011; Vincent

et al. 2015).

Sleep

All participants wore activity monitors (Actical MiniMit-

ter/Respironics, USA) to measure sleep across the 2 nights

prior to the study. Sleep was recorded on the adaptation

night and testing nights using portable polysomnographic

(PSG) equipment (Siesta, Compumedics E-Series, Aus-

tralia). Each night, PSG wire up and recording began at

21:00 for both conditions. From each recording, partici-

pants’ total sleep time (min) was calculated. Sleep duration

in the 2 nights prior to testing did not differ to the adap-

tation night or between conditions (p[ 0.05; data not

presented). Average total sleep time for both conditions

was similar on the adaptation night (CON 6.3 ± 0.9 h; SR

6.4 ± 0.7 h; p[ 0.05), while on the 2 experimental nights,

sleep time was as expected given the sleep opportunity in

each condition (CON 6.9 ± 0.4 h; SR 3.6 ± 0.3 h;

Table 1 Demographic characteristics of participants in each condi-

tion (mean ± SD)

Characteristic CON (n = 18) SR (n = 17)

Age (years) 39 ± 16 39 ± 15

Male:female (n) 15:3 15:2

Body mass (kg) 85.1 ± 17.7 93.8 ± 20.2

Height (cm) 178.1 ± 7.7 177.8 ± 7.4

BMI (kg/m2) 26.8 ± 5.0 29.6 ± 5.5

Firefighting experience (years) 8.7 ± 9.3 10.2 ± 6.4
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p\ 0.001). Participants completed the adaptation night to

ensure their sleep and stress responses during the study

were not influenced by a lack of familiarity with the PSG

equipment.

Physiological Stress Responses

Cortisol

Saliva samples were collected using Salivette tubes

(Sarstedt, Nümbrecht, Germany) each day in both condi-

tions at baseline (i.e., 06:30) and across the day (i.e., 07:30,

09:00, 11:30, 13:30, 15:30, 17:30, 19:30, 21:30; Fig. 1).

Samples were centrifuged for 10 min at 5000 revolution/

min and stored at B-80 �C. Salivary cortisol concentration
was determined using an enzyme immunoassay ELISA kit

(IBL International, Hamburg, Germany). The assay was

performed according to the manufacturer’s directions and

read at 450 nm on a luminescence microplate reader

(SynergyTM 2 SL, BioTek, Winooski, VT). Analytical

sensitivity (lower limit of detection) was 0.14 nmol/L and

acceptable intra- and inter-assay coefficients of variation,

7.2 % and 10.7 % (both mean 13.8 nmol/L), respectively

were determined.

Cytokines

Capillary blood plasma samples for the determination of

IL-6, IL-8, IL-1b, TNF-a, IL-4, and IL-10 cytokines were

collected each day when fasted at 06:15, then at 11:30,

18:15 and 21:30 (Fig. 1). A 500-lL sample of whole blood

was taken from each participant at each time point into a

microtainer coated with K2 EDTA (Becton–Dickinson ref:

365974). Samples were centrifuged for 10 min at 5000

revolutions/min and the plasma was separated and stored at

B-80 �C. The Milliplex Human MAP Cytokine

immunoassay kit (Millipore, Billerica, MD) was used to

profile the expression of inflammatory markers in partici-

pants’ plasma samples. The assay was performed using the

Bioplex 200 array reader (V.5.0, Bio-Rad Laboratories,

Hercules, CA). The minimal detectable concentrations

were 0.06, 0.42, 0.20, 0.05, 0.48 and 0.07 pg/mL for IL-1b,
IL-4, IL-6, IL-8, IL-10 and TNF-a, respectively. Intra- and
inter-assay coefficients of variation were in

Fig. 1 Sampling protocol for inflammatory, cortisol and mood measures in the CON and SR condition
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acceptable ranges (Intra-assay 4.5–10.0 %; Inter-assay

9.8–20.5 %) for all analytes.

Psychological Stress Responses

Mood Scale II

Participants’ mood was measured using the Mood Scale II

which is part of the Walter Reed Performance Assessment

Battery (Thorne et al. 1985). The Mood Scale II was

designed to assess variations in mood states over time,

especially in field-research and during sleep restriction

(Paterson et al. 2010; Thorne et al. 1985). The question-

naire is comprised of 36 mood-related adjectives, to which

participants respond on a 3-point Likert scale (1 = not at

all, 2 = somewhat/sometimes, 3 = mostly/generally) to

indicate current experience of each item. Items from this

scale load to 6 mood states, which include positive mood

dimensions; Activation, Happiness, and negative mood

dimensions; Depression, Anger, Fear and Fatigue. Mean

scores for each mood dimension were calculated for

inclusion in the analyses by determining the average score

from the adjectives that correspond to the dimension,

giving a possible average score between 1 and 3 for each

dimension. The Mood Scale II was developed and vali-

dated against a range of performance criteria in Navy

recruits where it demonstrated moderate to high validities

in a number of situations and moderately high inter-item

reliability (Ryman et al. 1974). Furthermore, the Mood

Scale II is similar to the Short Form Profile of Mood States

which has demonstrated good validity when used in its

abbreviated and complete forms in sleep research (Car-

penter et al. 2004; Friedmann et al. 1977). Participants

completed the Mood Scale II each day at 06:15, 11:30,

18:30–19:30 and 21:30 (Fig. 1).

Samn-Perelli Fatigue Scale

Participants’ subjective ratings of fatigue were recorded

using the Samn-Perelli Fatigue Scale which is a 7-point

Likert scale (1 = fully alert, wide awake; 2 = very lively,

responsive but not at peak; 3 = ok, somewhat fresh; 4 = a

little tired, less than fresh; 5 = moderately tired, let down;

6 = extremely tired, very difficult to concentrate;

7 = completely exhausted, unable to function effectively)

that was developed for and validated in occupational set-

tings such as aviation operations where it has shown to be

reliable and sensitive to the effects of sleep loss at different

times of the day (Samn and Perelli 1982; International

Civil Aviation Organization 2011; Powell et al. 2007).

Participants’ completed the scale each day at 09:30,

10:45–11:15, 14:00, 16:00 and 18:00 (Fig. 1) in which they

were asked to respond according to how they felt on the

scale at that moment. For the analyses, the Samn-Perelli

Fatigue Scale Daily Profile was determined for each par-

ticipant from their score on the scale at the 5 daily time

points. In addition, the Samn-Perelli Fatigue Scale Daily

Mean was determined for each participant by calculating

daily averages from the 5 time points. In both instances,

possible scores were between 1 and 7.

Statistical Analyses

Prior to the analysis, cytokine values greater than 2 stan-

dard deviations above the mean were considered outliers

and subsequently excluded (Nguyen et al. 2010). Values

below the detectable range of the Milliplex Human MAP

Cytokine immunoassay kit were replaced with the minimal

detectable concentration as advised in the protocol (Milli-

pore, Billerica, MD). With the exception of TNF-a (for

which raw values achieved normality and homogeneity of

variance), all cytokine and cortisol values were natural log-

transformed to achieve normality and homogeneity of

variance determined by inspection of the residuals from the

resulting mixed model analysis (Field 2009). The resultant

diagnostic plots revealed no departures from these required

assumptions. Due to the sampling design, a cortisol and

Samn-Perelli Fatigue scale measurement at 09:00 and

09:30 respectively, was missing for all participants on day

1. Consequently, the missing combinations were appended

to the data, but missing value codes were associated with

these additional records. This did not affect the hypothesis

tests and estimates for the daily profiles, but it facilitated

the fitting of models for auto-correlated errors.

Sleep and demographic characteristics were analysed

with the Analysis of Variance method using GenStat

software (GenStat for Windows 16.1 Edition. VSN Inter-

national, Hemel Hempstead, UK). The relationships

between stress measures were analyzed using linear mixed

models (LMM) fitted by the restricted maximum likelihood

(REML; Payne et al. 2011) method in GenStat (GenStat for

Windows 16.1 Edition, VSN International, Hemel Hemp-

stead, UK). The LMM approach was used to investigate if

changes in Mood Scale II and Samn-Perelli Fatigue Scale

responses moderate cytokine and cortisol responses. To

investigate these potential associations, cortisol and cyto-

kine measures were modelled as a function of the Mood

Scale II and Samn-Perelli Fatigue Scale.

Key within-participant outcome variables included each

daily cytokine profile (i.e., 4 samples per day), morning

fasting cytokine levels, the daily cortisol profile (i.e., 9

samples per day) and the cortisol area under the curve

(AUC) with respect to ground. Cortisol AUC was calcu-

lated for each participant on each day using the trapezoidal

rule (Pruessner et al. 2003). Between-participant predictor

variables included the 6 Mood Scale II mood dimensions.
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In addition, the Samn-Perelli Fatigue Scale Daily Profile

(i.e., 5 measurements per day) and Samn-Perelli Fatigue

Scale Daily Mean were included as separate predictor

variables. LMM allow for the possibility of auto-correla-

tion in the repeated measurements (i.e., samples and days)

on each individual by including a model for the covariance

structure. Model fit was assessed by the Akaike Informa-

tion Criterion (AIC) and small differences (DAIC) in val-

ues of this criterion compared to the minimum observed

value in a set of candidate models were used to identify

parsimonious models (Burnham and Anderson 2002).

The final ‘full’ model fitted to each daily cytokine and

cortisol profile included potential fixed effects for condi-

tion, day and time of day along with potential 2- and 3-way

interactions of condition by day, condition by time and

condition by day by time, critical to the design of the study.

For morning fasting cytokines and cortisol AUC, the final

‘full’ model included potential fixed effects for condition

and day, along with a potential 2-way interaction of con-

dition by day. To investigate possible associations between

cortisol and cytokine responses with the Mood Scale II

mood dimensions, the final model for each dependent

variable tested 2-way interactions of condition by mood

dimension, day by mood dimension and time by mood

dimension. Possible 3-way interactions of condition by day

by mood dimension and condition by time by mood

dimension were also investigated. To assess potential

associations between the Samn-Perelli Fatigue Scale (mean

and profile) and cortisol (profile and AUC) and cytokines

(profile and morning fasting measures), 2-way interactions

of condition and day with Samn-Perelli Fatigue Scale

(mean and profile) were investigated. Potential 3-way

interactions of condition by day by Samn-Perelli Fatigue

Scale (mean and profile), and condition by time by Samn-

Perelli Fatigue Scale (only profile) were also examined. For

each model, random effects of group, profile (or partici-

pant) and a group by profile interaction were investigated

both without (i.e., Independence model) and with an

Unstructured covariance model for the within-participant

auto-correlation. The slopes of potential interactions are

represented using (unstandardized) regression coefficients

(b) and statistical significance was set at p\ 0.05.

Significant interactions between cytokines and cortisol

with Mood Scale II mood dimensions and the Samn-Perelli

Fatigue Scale are presented as diagrams. These diagrams

do not quantify the interactions, but rather pictorially rep-

resent information on the trend and nature of any signifi-

cant associations identified between mood or fatigue

responses and cytokine or cortisol levels. The y-axis rep-

resents either cortisol or cytokine levels, while the x-axis

lists the Mood Scale II scores (i.e., 1–3) or Samn-Perelli

fatigue ratings (i.e., 1–7). The regression lines in each

interaction diagram represent the combined effect of the

estimated main and interaction effects of either the mood

dimension or fatigue and a designated factor on the pre-

dicted mean of the cytokine or cortisol measure for an

individual.

Results

Mood Scale II and Daily Cytokine Profiles

Several LMM were fitted to each cytokine profile, but the

model with the lowest AIC for the majority of cytokines

was the full fixed effects Independence model. After

inspection of the DAIC values, this LMM had the best fit to

model the relationship between mood dimensions and log

IL-6, IL-8 and IL-1b and raw TNF-a profiles. No signifi-

cant relationships between mood dimensions and log IL-4

and IL-10 profiles were found (p[ 0.05).

IL-6

Interaction effects for condition by Activation (p = 0.002),

day by Fear (p = 0.037) and time by Happiness

(p = 0.050) on log IL-6 were found. The condition by

Activation interaction indicates slightly positive (in-

creased) log IL-6 levels if and when Activation increased

in the CON condition (Fig. 2a). For the SR condition, the

association demonstrated positive (increased) log IL-6

levels when Activation increased, but the slope at which

log IL-6 increased (b = 0.493) was greater than the CON

(b = 0.115; Fig. 2a), indicating that Activation was having

a larger moderating effect on IL-6 when sleep restricted.

The day by Fear interaction for day 1 indicated a slight

increase in log IL-6 levels if and when Fear increased,

independent of the sleep opportunity (b = 0.385; Fig. 2b).

For day 2, the association suggested no change in log IL-6

with different levels of Fear, while for day 3 the association

indicated slightly negative (decreasing) log IL-6 levels if

and when Fear increased, independent of the sleep oppor-

tunity (b = -0.993; Fig. 2b). The time by Happiness

interaction also predicted negative (decreasing) log IL-6

levels at 06:15, if and when Happiness increased at this

time point, independent of the sleep opportunity (Fig. 2c).

Conversely, at 18:15 the interaction indicated positive

(increasing) log IL-6 levels if and when Happiness

increased, while at 11:30 and 21:30 there is little change in

log IL-6 (Fig. 2c), but given the interaction was of bor-

derline significance (p = 0.050), results should be inter-

preted with caution.
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IL-8

Significant 2-way interaction effects for condition by

Happiness (p = 0.042) and day by Happiness (p = 0.005)

on log IL-8 were found. The condition by Happiness

interaction indicated positive (increased) log IL-8 levels

when Happiness increased in the CON condition

(Fig. 2d). For the SR condition, an increase in Happiness

also predicted positive (increased) log IL-8, but the slope

at which log IL-8 increased is steeper (b = 0.841) than

that observed in the CON (b = 0.237; Fig. 2d), indicating

that Happiness had a relatively larger moderating effect

on IL-8 in the SR condition. Furthermore, the day by

Happiness interaction suggested positive (increased) log

IL-8 levels when Happiness increased on day 1, inde-

pendent of the sleep opportunity (Fig. 2e). The interaction

was also positive for day 2, but the slope for log IL-8 is

flatter in comparison to day 1 (b = 0.232; Fig. 2e). For

day 3, the association indicated little change in log IL-8

with different levels of Happiness (Fig. 2e). Thus Hap-

piness had the largest moderating effect on IL-8 during

day 1.
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Fig. 2 Interaction diagrams for Mood Scale II mood dimensions and

daily cytokine profiles. a Condition by Activation interaction for log

IL-6 (p = 0.002). b Day by Fear interaction for log IL-6 (p = 0.037).

c Time by Happiness interaction for log IL-6 (p = 0.050). d Condition

by Happiness interaction for log IL-8 (p = 0.040). e Day by

Happiness interaction for log IL-8 (p = 0.005). f Day by activation

interaction for log IL-1b (p = 0.021). g Day by fatigue interaction for

log IL-1b (p = 0.021). h Condition by Happiness interaction for

TNF-a (p = 0.003). i Day by Happiness interaction for TNF-a
(p = 0.040)
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IL-1b

Significant 2-way interactions for day by Activation

(p = 0.021) and day by Fatigue were found for log IL-1b
(p = 0.021). For each day, the interaction between day and

Activation predicted positive (increased) log IL-1b levelswhen
Activation increased (Fig. 2f). However, compared to day 1

(b = 0.552) and day 2 (b = 0.903), the slope for day 3 was

steepest (b = 1.803), suggesting that Activation had a larger

moderating effect on IL-1b during day 3 (Fig. 2f). The day by

Fatigue interaction indicated little change in log IL-1b with

different levels of Fatigue on day 1 (Fig. 2g). For day 2 and day

3 however, this interaction indicated positive (increased) log

IL-1b levels if and when Fatigue increased (Fig. 2g).

TNF-a

For TNF-a, 2-way interactions were found involving condi-

tion by Happiness (p = 0.003) and day by Happiness

(p = 0.040). As demonstrated in Fig. 2h, the condition by

Happiness interaction predicted no change in TNF-a with

different levels of Happiness in the CON, while for sleep

restricted firefighters, the association suggested positive (in-

creased) TNF-a levels if and when Happiness increased

(Fig. 2h). The day by Happiness interaction further indicated

positive (increased) TNF-a levels when Happiness increased

on day 1 independent of the sleep opportunity (Fig. 2i). On

day 2, an increase in Happiness predicted positive (increased)

TNF-a levels (Fig. 2i), while for day 3, therewas no change in
TNF-a with different levels of Happiness (Fig. 2i). The

associationwas steepest for day 1 (b = 2.688), indicating that

compared to other days, Happiness had a larger moderating

effect on TNF-a on the first day of work (Fig. 2i).

Mood Scale II and Morning Fasting Cytokine Levels

The LMM with the lowest AIC and DAIC for the majority

of morning fasting cytokine measures was the full fixed

effects Independence model. However, no significant

interactions were demonstrated for log IL-6, IL-8, IL-4, IL-

10 and IL-1b (p[ 0.05). For morning TNF-a, the

Unstructured model had the lowest AIC and showed a

significant 2-way interaction of condition by Fear

(p = 0.036), which indicated positive (increased) TNF-a
levels when Fear increased in the SR condition. Mean-

while, there was little change in TNF-a with different

levels of Fear in the CON (Fig. 3).

Mood Scale II and Cortisol AUC

There were no significant relationships between any of the

Mood Scale II mood dimensions and cortisol AUC

(p[ 0.05).

Samn-Perelli Fatigue Scale Daily Mean

and Cytokine Profiles

After inspecting AIC and DAIC values, the Independence

LMM had the best fit to model the relationship between log

IL-6 and raw TNF-a profiles and Samn-Perelli Fatigue

Scale Daily Mean. The Unstructured model had the lowest

AIC and DAIC for the Samn-Perelli Fatigue Scale Daily

Mean and log IL-10 profile, and therefore the best fit to

model the relationship. There were no significant rela-

tionships between Samn-Perelli Fatigue Scale Daily Mean

and log IL-1b and IL-8 profiles (p[ 0.05).

IL-6

A 3-way interaction of condition by time by Samn-Perelli

Fatigue Scale Daily Mean was demonstrated for log IL-6

(p = 0.044) which indicated positive (increasing) levels of

IL-6 if and when Fatigue increased (Fig. 4a). In the SR

condition, the association with Fatigue was steepest at

11:30 (b = 0.532), while in the CON the slope was greatest

at 18:15 (b = 0.237). In comparison to the CON condition,

most slopes for IL-6 were steeper in the SR condition

(Fig. 4a) suggesting that Fatigue had a larger moderating

effect on IL-6 when sleep restricted. While there was no

difference in the slopes for this 3-way interaction between

days (because day did not interact with Fatigue), the

position and intercepts of the plotted values depicted in

Fig. 4a are only relevant for this interaction on day 1.

TNF-a

For TNF-a, 2-way interactions of condition by Samn-Per-

elli Fatigue Scale Daily Mean (p = 0.050) and time by
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Fig. 3 Diagram of condition by Fear interaction for morning TNF-a
(p = 0.036)
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Samn-Perelli Fatigue Scale Daily Mean (p = 0.023) were

found. For both conditions, the condition by Samn-Perelli

Fatigue Scale interaction indicated that TNF-a rose if and

when Fatigue increased (Fig. 4b). For the SR condition

however, the slope for TNF-a was steeper (b = 1.710) than

the CON condition (b = 0.529; Fig. 4b), suggesting that

Fatigue had a larger moderating effect on TNF-a when

sleep restricted. Across each of the daily time points, the

time by Samn-Perelli Fatigue Scale Daily Mean interaction

indicated positive (increasing) TNF-a levels independent

of the sleep opportunity, if and when Fatigue increased

(Fig. 4c). Compared to the other time points (b for;

11:30 = 1.675, 18:15 = 1.092, 21:30 = 1.547), the rise in

TNF-a was steepest at the 06:15 time point (b = 1.710;

Fig. 4c), suggesting that Fatigue had a larger moderating

effect on TNF-a at this time.

IL-10

A condition by Samn-Perelli Fatigue Scale Daily Mean

(p = 0.048) interaction was found for log IL-10. For the

CON condition, this interaction indicated negative (de-

creasing) IL-10 levels if and when Fatigue increased

(Fig. 4d). Whereas for the SR condition, there was a slight

increase in log IL-10 with an increase in Fatigue (Fig. 4d).

Samn-Perelli Fatigue Scale (Mean and Profile)

and Morning Fasting Cytokines and Daily Cortisol

Profile

No significant relationships were demonstrated between the

Samn-Perelli Fatigue Scale (mean and profile) and morning

fasting cytokine measures or daily cortisol profiles (all

p[ 0.05).

Samn-Perelli Fatigue Scale Daily Mean and Profile

and Cortisol AUC

The Independence LMM had the lowest AIC and DAIC,
and therefore the best fit to model relationships between the

Samn-Perelli Fatigue Scale Daily Profile and Daily Mean

with cortisol AUC. A significant 2-way interaction of

condition by Samn-Perelli Fatigue Scale Daily Profile was

demonstrated for cortisol AUC (p = 0.006; Fig. 5). For the

SR condition, this interaction indicated positive (increas-

ing) cortisol AUC levels if and when Fatigue increased

(Fig. 5a). Conversely, for the CON the interaction was

reversed (Fig. 5a). In addition, a 2-way interaction of

condition by Samn-Perelli Fatigue Scale Daily Mean

indicated positive (increasing) cortisol AUC levels for the

SR condition if and when Fatigue increased (p = 0.029;
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Fig. 4 Interaction diagrams for

Samn-Perelli fatigue scale and

daily cytokine profiles.

a Condition by time by Fatigue

Scale mean interaction for log

IL-6 (p = 0.044). b Condition

by Fatigue Scale mean

interaction for TNF-a
(p = 0.050). c Time by Fatigue

Scale mean interaction for TNF-

a (p = 0.023). d Condition by

Fatigue Scale mean interaction

for log IL-10 (p = 0.048)
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Fig. 5b). For the CON condition, the association indicated

negative (decreasing) cortisol AUC if and when Fatigue

increased (Fig. 5b).

Discussion

The current study examined the relationships between mood,

cortisol and inflammatory responses among firefighters per-

forming 3 days of simulated physical firefighting work sepa-

rated by an 8-h or restricted 4-h sleep on each of the 2 nights.

Increases in positivemooddimensionswere related to a rise in

IL-6, IL-8 and TNF-a in the sleep restriction condition.

Meanwhile, increases in negative mood dimensions in the

sleep restriction condition were associated with increased IL-

6, TNF-a, IL-10 and cortisol. Evidence of psychophysiolog-

ical relationships in response to physical work and restricted

sleep provide insights to fire agencies about subjective fire-

ground indicators of physiological changes.

Alterations in positive mood during periods of physical

and psychological stress have been linked to immune

changes (Kemeny 2007; Marsland et al. 2007; Mittwoch-

Jaffe et al. 1995; Pressman and Cohen 2005). Findings from

the current study are consistent with this and indicate that

the mood dimensions Activation and Happiness were

associated with changes in IL-6, IL-8 and TNF-a, and that

these relationships were impacted differently by the sleep

opportunity. In the SR condition, an increase in Happiness

had a greater moderating effect on IL-8 and TNF-a reflected

by a steeper increase for these cytokines. Higher levels of

Activation in the SR condition were also associated with

increased IL-6. While evidence shows that positive mood is

associated with an elevation in Natural Killer cells (Mat-

sunaga et al. 2008) involved in the production of some

cytokines (Takahashi et al. 2001; Berk et al. 2001), the

current study is the first to observe a positive relationship

between positive mood and pro-inflammatory cytokines.

The brief up-regulation of innate immune function in

response to acute physical work and sleep restriction among

the firefighters tested could indicate an adaptive response to

these stressors (Sergerstrom and Miller 2004).

While literature investigating the combined impact of

physical work and sleep loss on psychophysiological

responses is sparse, sleep loss without physical activity has

been found to increase cytokines (Chennaoui et al. 2011;

Vgontzas et al. 2004) and in contrast to our findings,

negatively impact positive mood (Paterson et al. 2011).

However, findings from previous research are reported in

response to total sleep deprivation or extended periods of

sleep restriction (i.e., C5 nights), rather than shorter, and

potentially less stressful periods of restricted sleep exam-

ined in the current study (i.e., 4-h per night for 2 nights).

The sleep protocol in the current study was chosen to

reflect a typical campaign fire deployment (Cater et al.

2007; Ferguson et al. 2011). Firefighters can however be

deployed to fight fires that exceed 3 days (5 to 14 day

deployments; Cuddy et al. 2007; Ruby et al. 2002, 2003).

Longer deployments involving complete sleep restriction

may result in opposite changes to positive mood (i.e.,

negative impact), which consequently, may moderate

cytokine levels differently. Future research should there-

fore examine how extended periods of sleep restriction,

during firefighting, impact psychophysiological responses.

Laboratory-based studies (Chennaoui et al. 2011; Paterson

et al. 2011; Vgontzas et al. 2004) also restricted partici-

pants from strenuous physical activity (e.g., exercise),

which for active people could be stressful (Mondin et al.

1996) and in conjunction with sleep restriction, contribute

to adverse mood and inflammatory responses. Firefighters’

enhanced immune activation and positive mood may

therefore reflect the shorter sleep restriction protocol and

less restriction of physical activity, indicating an appro-

priate response to these demands, rather than a potentially

pathogenic psychophysiological relationship (Dhabhar and

McEwen 2006). Moreover, short periods of sleep loss have

been found to evoke excessive reactivity to reward-relevant
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(b)Fig. 5 Interaction diagrams for

Samn-Perelli Fatigue Scale.

a Condition by Samn-Perelli

Fatigue Scale Daily Profile

interaction for cortisol AUC

(p = 0.006). b Condition by

Samn- Perelli Fatigue Scale

Daily Mean interaction for

cortisol AUC (p = 0.029)
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stimuli the following day, resulting in an increased number

of stimuli considered pleasant (Gujar et al. 2011). Positive

mood has also been linked to activation of the immune

system (Marsland et al. 2007). Therefore, we may specu-

late that elevation in positive mood and cytokines in the SR

condition resulted from an affective imbalance imposed by

sleep loss that triggered firefighters to seek and react

excessively to positive reward-relevant stimuli, such as

completing firefighting tasks. However, pleasure seeking

may also lead to adverse risk taking behaviours (Gujar

et al. 2011), which if demonstrated among firefighters on

the fire-ground, could compromise the safety of others,

highlighting the potential dangers of sleep loss in the field.

Higher levels of Activation were associated with a larger

increase in IL-1b on day 3 when compared to day 2 and day

1 in both conditions. Conversely, Happiness was associated

with a steep increase in IL-8 and TNF-a on day 1 in both

conditions, followed by an attenuation in these cytokines on

day 2 and day 3. Within a work day, higher levels of

Happiness were associated with increasing TNF-a inde-

pendent of the sleep opportunity. Other studies have found

positive mood induction to result in increases in certain

cytokines (Mittwoch-Jaffe et al. 1995), suggesting that

positive affect may up-regulate innate immunity (Marsland

et al. 2007). However, findings are mixed with reports of no

change (Ryff et al. 2004) or decreases in cytokines with

increased positive mood (Mittwoch-Jaffe et al. 1995;

Yoshino and Mukai 2003). Moreover, some investigations

demonstrate similar immune changes in response to posi-

tive and negative moods (Futterman et al. 1992; Knapp et al.

1992; Marsland et al. 2007). This has led researchers to

suggest that the level of affective arousal (i.e., activation or

deactivation) rather than valance (i.e., negative or positive),

associated with the positive mood is contributing to immune

responses (Marsland et al. 2007). Therefore, variability in

cytokine levels across different days and time points during

this study could be explained by high levels of arousal

linked to the expression of these positive mood dimensions.

But while research is yet to determine if immune responses

depend on affective states or are a function of arousal,

subsequent studies examining how interventions that induce

high- and low-activation positive mood influence wildland

firefighters’ cytokine levels may shed some light on this

area. While not taking follow-up measures is a limitation of

the study, future research that tracks mood and cytokine

interactions post-deployment may also enhance our under-

standing of the complex relationships between positive

mood and immune function.

Relationships between firefighters’ TNF-a, IL-6 and IL-

1b levels and negative mood dimensions Fear and Fatigue

were demonstrated. In the SR condition, increased Fear

was associated with a rise in morning fasting TNF-a.
Although research supports the role of sleep and cytokine

release in regulating various aspects of negative mood

(Wright et al. 2005), the authors are unaware of any studies

that have examined how sleep restriction or physical work

influence the relationship between Fear and the immune

system. Fear conditioning experiments however (i.e.,

pairing a non-threatening and threatening stimulus until a

fear response to both stimuli are achieved), suggest how

sleep loss can negatively alter brain processes involved in

the adaptation to Fear in different situations (Goldstein and

Walker 2014). These impairments have been observed

alongside sleep loss induced inflammation (Zhu et al.

2012), but research is yet to investigate this interaction in

humans. Independent of sleep restriction, increased Fear in

the current study was also associated with decreased IL-6

on day 3. Previous research is limited, but comparisons to

our results may be drawn from findings in animal models

which reported that IL-6 deficient mice demonstrate greater

fear-related behaviours (Armario et al. 1998; Butterweck

et al. 2003). Further research in humans is important in our

understanding of how occupational stressors alter the

relationship between Fear and the immune system, which

could potentially influence or help identify vulnerability to

stress-related diseases (e.g., anxiety and depression; McE-

wen 2006).

Increased Fatigue measured on the Mood Scale II was

associated with a steep increase in IL-1b on day 2 and day

3 in both conditions. Elevated IL-1b has also been reported

among people experiencing severe fatigue or chronic fati-

gue syndrome (CFS; Chao et al. 1991; van Zuiden et al.

2012), yet the current study is the first to observe this

relationship between subjective fatigue and IL-1b among

healthy people. Further investigation of firefighters in the

current study using the Samn-Perelli Fatigue Scale

revealed that both IL-6 and TNF-a were positively related

to an increase in Fatigue in the SR condition. For IL-6, the

SR condition demonstrated steep elevations of this cyto-

kine at all-time points, the largest of which at 12:00.

Whereas for TNF-a, a steeper rise in this marker occurred

earlier in the day (06:15 and 12:00) across both conditions.

Consistent with our findings, sleep loss and physical

activity combined have been reported to trigger increases

in TNF-a and IL-6 (Abedelmalek et al. 2013; Lundeland

et al. 2012; Gundersen et al. 2006), while separate studies

have demonstrated the detrimental effect these demands

can have on subjective Fatigue (Lieberman et al. 2005;

Scott et al. 2006). This is however, the first study to

demonstrate a psychophysiological relationship between

the experience of Fatigue and an increase in cytokines in

response to the stressors of physical work and sleep

restriction. This link gives insight to early indicators of

adverse inflammatory responses and has applications for

the use of mood measures to monitor wildfire personnel,

which in comparison to biomarkers, offer a less invasive
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and more practical option. Further establishing thresholds

for mood measures that can predict health-related cortisol

and inflammatory changes will allow fire agencies to clo-

sely monitor personnel on the fire-ground, and if necessary,

intervene before their health is impaired.

Fatiguewas associatedwith changes in anti-inflammatory

IL-10 levels amongwildland firefighters in the current study.

For instance, higher Fatigue levels were associated with

increases in IL-10 among sleep restricted firefighters, while

an inverse relationship was demonstrated in the 8-h sleep

condition. To date, clinical-based research has reported

mixed findings when examining relationships between anti-

inflammatory cytokines and fatigue. For instance, CFS

patients have been reported to have elevated IL-10 levels

when compared to non-fatigued participants (ter Wolbeek

et al. 2007), while similar levels of IL-10 producing cells

were demonstrated among participants with CFS and healthy

adults (Skowera et al. 2004).Although the impact of physical

work and sleep restriction on fatigue and anti-inflammatory

cytokines has not been previously investigated, some com-

parisons to the CFS literature may be useful (ter Wolbeek

et al. 2007). In particular, the increased fatigue observed

might be related to a shift in regulatory IL-10 cytokine pro-

duction among the firefighters performing physical work

while sleep restricted. However this explanation is specula-

tive and additional research focused on healthy individuals is

needed to further elucidate how occupational stressors may

influence the relationship between subjective fatigue and the

anti-inflammatory profile.

The current study expands on the relationship demon-

strated between cytokines and Fatigue by further demon-

strating how this negative mood dimension is positively

associated with elevated cortisol levels in the SR condition.

This supports the work by Vgontzas et al. (2008) who pro-

posed that an elevation in cytokine and cortisol is associated

with increased fatigue within the following 24-h cycle. The

mechanisms that drive the simultaneous increase in fatigue,

inflammation and cortisol among healthy individuals are still

largely unknown, but research by Thomas et al. (2011)

suggests that a possible reduction in slow wave sleep might

be one pathway throughwhich inflammation leads to fatigue.

Although findings are mixed, sleep restriction similar in

length to the current study has been linked to a small cur-

tailment of slow wave sleep (Mavanji et al. 2013; Kopasz

et al. 2010) which may indicate that a reduction in this sleep

phase is underlying the associations in the current study.

To simultaneously assess firefighters over the 3 day

simulation required participants to complete the deploy-

ment in small groups of 3–5, which is different to crew

sizes in some parts of the world (e.g., *20 firefighters in

rural USA; Cuddy et al. 2007). Interactions between people

in small groups when compared to larger groups can

impact psychological responses differently. For instance,

smaller group size and density may evoke greater hostility

and aggressiveness (Doll and Gunderson 1971; Schettino

and Borden 1976). Therefore, the psychophysiological

relationships observed are most applicable to tanker-based

teams that operate in groups of 3–5 (Phillips et al. 2012).

Additional testing that verifies if the psychological mea-

sures examined reflect acute physiological changes among

firefighting teams of different sizes will ensure their eco-

logical validity for application to larger groups on the fire-

ground. Furthermore, although the brevity and sensitivity

of the Mood Scale II (Thorne et al. 1985) and Samn-Perelli

Fatigue scale (International Civil Aviation Organization

2011) to mood fluctuations make them well suited to

occupational settings, neither measure has been specifically

validated in firefighters. Despite this limitation, previous

research has investigated their use in occupations with

similar demands to firefighting (e.g., aviation, military and

nursing; Ryman et al. 1974; Powell et al. 2007; Paterson

et al. 2010), which indicates these measures are likely to be

sensitive to sleep loss in this population. However, further

research should validate their use in firefighters specifi-

cally. Together, these next steps (i.e., validating self-report

mood measures among larger groups of firefighters) will

help refine the ability of psychological measures to accu-

rately monitor physiological responses among firefighters.

Conclusion

In response to simulated firefighting stressors, changes in

mood were related to physiological responses. Increases in

positive mood were associated with a larger increase in pro-

inflammatory cytokines when firefighters were sleep

restricted and performing physical work. Enhanced immune

activation and positive mood may reflect an appropriate

response by the firefighters to the stressors, yet the available

research examining how positive mood affects physiologi-

cal systems is limited, with no studies investigating the role

of sleep loss and physical work on this psychophysiological

relationship. While the current study provides novel

insights, future research should employ a more in-depth

assessment of positive affect to closely consider the possi-

ble influence affective arousal and sleep-loss induced

affective imbalances have on physiological responses.

Subsequent investigation of interventions that induce high-

and low-activation positive mood on cytokines, as well as

post-deployment tracking of psychophysiological responses

will enhance our understanding of the complex relation-

ships between positive mood and immune function. Find-

ings further highlight how in response to physical wildfire

work and restricted sleep, an increase in negative mood

dimensions are associated with larger increases in pro-in-

flammatory cytokines and cortisol. This relationship
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demonstrates how subjective ratings of negative mood may

be used on the fire-ground as indicators of physiological

changes. For instance, self-report measures such as the

Mood Scale II and Samn-Perelli Fatigue scale provide a

practical option for fire-agencies to monitor firefighters’

physiological responses on the fire-ground. Additional

research is needed that establishes health-related thresholds

for these measures while also exploring the role the

observed relationships, if prolonged (e.g., in response to

extended or multiple deployments), have in the develop-

ment of negative health outcomes among personnel.
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Appendix

See Tables 2, 3 and 4.

Table 2 Total sleep time (mean ± SD) for each night in both con-

ditions (h)

Night CON SR

Pre-study 1 7.3 ± 1.4 6.7 ± 0.9

Pre-study 2 6.7 ± 1.3 6.2 ± 1.4

1 (adaptation) 6.3 ± 0.9 6.4 ± 0.7

2 6.9 ± 0.4 3.6 ± 0.2*

3 6.9 ± 0.5 3.7 ± 0.2*

* P\ 0.001 between conditions

Table 3 Interactions and slope (b) coefficients for Mood Scale II and

cytokine response relationships

Interaction Condition Day Time Slope

(b)

Mood Scale II and daily

cytokine profiles

Condition 9 Activation for IL-

6

SR 0.493

CON 0.115

Day 9 Fear for IL-6 1 0.385

2 0.047

3 -0.993

Time 9 Happiness for IL-6 6:15 -0.294

Table 4 Interactions and slope (b) coefficients for Samn-Perelli

Fatigue Scale (both mean and profile) and cytokine and cortisol

response relationships

Interaction Condition Day Time Slope

(b)

Samn-Perelli Fatigue Scale daily mean and cytokine profiles

Condition 9 Time 9 Samn-

Perelli Fatigue Scale daily

mean for IL-6

SR 6:15 0.159

SR 12:00 0.532

SR 18:15 0.281

SR 21:30 0.350

CON 6:15 0.045

CON 12:00 0.156

CON 18:15 0.237

CON 21:30 0.097

Condition 9 Samn-Perelli

Fatigue Scale daily mean for

TNF-a

SR 1.710

CON 0.529

Time 9 Samn-Perelli Fatigue

Scale daily mean for TNF-a
6:15 1.710

12:00 1.675

Table 3 continued

Interaction Condition Day Time Slope

(b)

11:30 -0.033

18:15 0.438

21:30 0.084

Condition 9 Happiness for IL-8 SR 0.841

CON 0.237

Day 9 Happiness for IL-8 1 0.841

2 0.232

3 -0.125

Day 9 Activation for IL-1b 1 0.552

2 0.903

3 1.803

Day 9 Fatigue for IL-1b 1 0.077

2 1.081

3 0.903

Condition 9 Happiness for

TNF-a
SR 2.688

CON -0.257

Day 9 Happiness for TNF-a 1 2.688

2 1.428

3 -0.049

Mood Scale II and morning

fasting cytokine measures

Condition 9 Fear for TNF-a SR N/A 3.953

CON N/A -0.447
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