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Abstract: Under controlled laboratory conditions, neurobehavioral assays such as the Psychomotor
Vigilance Task (PVT) are sensitive to increasing levels of fatigue, and in general, tend to
correlate with subjective ratings. However, laboratory studies specifically curtail physical activity,
potentially limiting the applicability of such findings to field settings that involve physical work.
In addition, laboratory studies typically involve healthy young male participants that are not always
representative of a typical working population. In order to determine whether these findings extend
to field-like conditions, we put 88 Australian volunteer firefighters through a multi-day firefighting
simulation. Participants were required to perform real-world physical and cognitive tasks under
conditions of elevated temperature and moderate sleep restriction. We aimed to examine changes
in fatigue in an effort to determine the optimum objective and subjective measures. Objective and
subjective tests were sensitive to fatigue outside laboratory conditions. The PVT was the most
sensitive assay of objective fatigue, with the Samn-Perelli fatigue scale the most sensitive of the
subjective measures. The Samn-Perilli fatigue scale correlated best with PVT performance, but
explained a small amount of variance. Although the Samn-Perelli scale can be easily administered in
the field, the wide range of individual variance limits its efficacy as a once-off assessment tool. Rather,
fatigue measures should be applied as a component of a broader fatigue risk management system.
Findings provide firefighting agencies, and other occupations involving physical work, guidance as
to the most sensitive and specific measures for assessing fatigue in their personnel.
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1. Introduction

Fatigue arises as a result of task related factors (e.g., task demand), inadequate sleep, circadian
misalignment and extended time awake [1,2]. Management of fatigue-related risk in operations that
use long hours and/or night work requires multiple levels of control [3–5]. While almost all fatigue
mitigation strategies involve organizational controls such as setting maximum limits on work hours
or minimum rest break requirements, others may incorporate controls at the level of the individual.
In order to identify instances of increased risk, both objective fatigue monitoring and subjective
fatigue reporting can be used [5]. These methods are based on the premise that in situations where
sleep is inadequate, cognitive performance decreases and subjectively, people report they are tired or
fatigued [5–7]. Assessment of fatigue levels to identify increased fatigue-related risk therefore requires
measures that are sensitive to changes across time and under a range of conditions.
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Neurobehavioral assays such as the Psychomotor Vigilance Task have consistently shown to be
sensitive to increasing levels of fatigue, demonstrated by numerous laboratory studies [8,9]. In addition,
objective performance correlates reasonably well with subjective ratings of fatigue [10]. However,
laboratory studies specifically curtail physical activity, potentially limiting the applicability of findings
to field settings that involve physical work. Akerstedt and colleagues [11] reported that reductions
in ratings of sleepiness are dependent on context, including “free activity”. Thus, if physical activity
masks subjective feelings of sleepiness or fatigue, self-reports may not be appropriate in occupational
settings that involve physical work. Assessment of measures of fatigue in the presence of physical
activity and personal protective equipment (e.g., helmets, gloves, jackets, boots) is an important current
gap in the literature.

The current study examined changes in fatigue measured using both objective and subjective
tests in a simulated wildfire deployment. The environmental and occupational stressors experienced
during wildfire suppression operations are associated with elevated likelihood of fatigue—extended
work shifts, night work, inadequate sleep opportunity and inadequate sleeping environments, with
implications for health and safety of personnel [12,13]. The simulation involved real-world physical
tasks that are performed routinely by Australian tanker-based firefighters, under conditions of elevated
ambient temperature and moderate sleep restriction. The aims were to determine the most sensitive
objective and subjective measures to fatiguing conditions, in a population of active firefighters.
Findings will provide firefighting agencies, and other occupations involving physical work, guidance
as to the most sensitive and specific measures for assessing fatigue in their personnel.

2. Experimental Section

2.1. Participants

A total of 88 healthy active volunteer rural fire fighters (Males, N = 77, Females; N = 11) took part
in the study. The participants had an overall mean (˘SD) age of 38.42 ˘ 14.42, and an average body
mass index (BMI) of 27.8 kg/m² ˘ 4.53, reflective of Australian bush firefighters [14]. Participants,
who volunteered to take part in the study, were recruited from various state and territory rural fire
agencies across Australia. Exclusion criteria included current or pre-existing injury or condition
preventing performance of fire ground duties, diagnosed sleep disorder, and pregnancy. Participants
were randomly assigned to either the normal sleep/cool (n = 29), normal sleep/hot (n = 20), sleep
restricted/cool (n = 26), or sleep restricted/hot (n = 13) condition (see Section 2.2). Participants
self-selected suitable dates for testing but were not aware of the condition ahead of testing. A total of
21 study trials were conducted across three locations. The number of participants in each study trial
ranged from 2 to 5. A total of 98 participants began the trials, however 10 voluntarily withdrew at
various points in the trial (these participants were excluded from the analysis).

2.2. Procedure

We developed a laboratory-based simulation of a fire-ground tour that incorporated
three consecutive 12-h day shifts [15]. The study protocol spanned four days, including a study
briefing, familiarisation of the tasks, and adaption to sleeping conditions (stretcher bed) on the evening
prior to testing (arrival 6 pm), and a morning testing session on day four. Participants lived in a
simulated environment for the duration of the study and remained inside except when using external
amenities. Refer to Figure 1 for an outline of the protocol. All components of the simulation, including
day and night temperatures, sleeping environment, as well as physical and cognitive test batteries
were designed in conjunction with subject matter experts and using field data [15].
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Figure 1. The study protocol outlining each testing circuit, scheduled meal times, free time, and sleep
opportunity. Participants in the sleep restricted conditions were given an extended free time.

Participants completed 15, two-hour testing sessions over 4 days. Each session consisted of 55 min
of physical work designed to mimic fire-ground tasks (see Section 2.3), followed by physiological
testing lasting 20 min, and a cognitive battery lasting 20 min. Testing sessions were completed
in the participants own firefighting personal protective clothing throughout the simulation. This
included a two-piece jacket and trouser set made from Proban cotton fabric (Solvay, Brussels, Belgium),
suspenders, boots, gloves, helmet, and goggles (amounting to ~5 kg). On completion of each session,
participants had a 15–30 min break before beginning the next session. Participants were not required
to wear any protective equipment during meal breaks, physiological testing, between testing sessions,
or during free time. Cognitive testing sessions were completed in full personal protective equipment
with the exception of gloves.

All participants were given an 8 h sleep opportunity (10:00 pm–6:00 am) on the adaptation
night (night 1), and the recovery night (night 4). In the normal sleep/cool and normal sleep/hot
conditions, participants were also given 8 h sleep opportunity on nights 2 and 3. However, in the sleep
restricted/hot and sleep restricted/cool conditions, participants were given 4 h sleep opportunity
(2 am–6 am) on nights 2 and 3. Ambient temperature for participants in the normal sleep/cool and
sleep restricted/cool conditions was kept to 18–20 Degrees Celsius (C) during the day and night,
For the sleep restricted/hot and sleep restricted/cool conditions, the temperature was raised to
33–35 C during the day (between 6 am–6 pm) and lowered to 20–23 C during the night (6 pm–6 am).
Temperature was monitored using HOBOware Pro Software, and three ZW-003 Temperature Data
Nodes (Onset Computer Corporation, Bourne, MA, USA) positioned around the room. All subjects
gave their informed consent for inclusion before they participated in the study. The study was
conducted in accordance with the Declaration of Helsinki, and the protocol was approved by the Ethics
Committee of Central Queensland University (H12/01-016) and Deakin University Human Research
Ethics Committees (210-170).

2.3. Physical Tasks

Participants were required to complete a series of six physical tasks designed to simulate
real-world fire-fighting [16] during each 55 min circuit. During a testing circuit, each firefighter
was placed on a specific work-rest schedule, and rotated through a series of 5-min tasks. Tasks
included dragging a weighted tyre, raking debris, different forms of walking with a weighted hose
whilst avoiding obstacles, holding a weighted hose rake in a static position, and rolling up a 25 m fire
hose to operational standard (see paper by Vincent et al., [17], that resulted from the outcomes of the
same study for details relating to the physical tasks).

2.4. Cognitive Tasks

The cognitive test battery included tasks that require both lower order (e.g., reaction time) and
higher order tasks (e.g., requiring executive function) to tap a range of cognitive functions used by
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personnel during incident response [15] and reported to be variously sensitive to fatigue in laboratory
settings (see below).

Psychomotor Vigilance Task (PVT): The PVT assesses vigilance and reaction time and is sensitive to
the effects of sleep loss, time-on-task and time-of-day [8,18,19]. While longer tests are commonly used
in the laboratory, a validated 5-min version, run on a palm pilot, was used due to time constraints [18].
PVT variables used in this study include mean reciprocal reaction time calculated by 1/RT*1000 [6,8],
and lapses: which classifies RT ě500 milliseconds as a lapse in attention.

Memory Task: Participants were given 20 s to read an authentic emergency message on a handheld
pager device (SAGRN Samsung SFA-170 Pager, Samsung). After a 5-min gap (when they were
completing the PVT), participants were given 2 min to recall three aspects of the message that differed
each time (either the incident number, location of incident, type of incident, and map reference).
The maximum score that could be achieved for each testing session was 3 (1 point given for each
aspect recalled).

Stroop Colour Word Test: Participants were required to respond to two different stimuli over
two different tests- a “matching colour word”, and a “non-matching colour word” task [20,21]. Each
component lasted 2 min. In the matching colour-word condition, participants were presented with
a series of coloured words (e.g., red blue, yellow and green) displayed on a black computer screen.
Participants were instructed to select the colour of the text/font by pressing the corresponding colour
key on a colour coded computer keypad. In the non-matching colour word condition, the colour of the
word and the word were different (e.g., the word red was written in green font). Participants were
required to select the colour (font) of the word, and not the word itself. This second task produces a
phenomenon known as the “stroop effect”, where response time is delayed in the second part of the
task. That is, there is a cognitive trade-off between speed and accuracy. Percentage correct and reaction
time for correct responses were used as the dependent variables for this test.

Go-No-Go: The Go-No-Go is a task that requires the participant to inhibit their responses. In this
task, the participant must differentiate between responding to “go” stimuli, interspersed with “no go”
(no response required) stimuli which have a lower rate of presentation frequency (see [22]). The Go
No-Go task presented four shape stimuli in the center of the screen for a period of 200 ms, followed by
a black screen interval of 1300 ms, three of the shape stimuli were respond or “go stimuli” and one
was no response or “no-go”, stimuli in which they still had time to respond. Each test went on average
for 4 mins 35 s, with 181 images shown and 63% (median of 61.88%–68.3%) of these consisting of
“go” images. Participants were instructed by researchers to press the space bar as quickly as possible,
with their dominant index finger, right or left, in response to the “go images”, and then refrain from
pressing the space bar when the no-go images appear, Percentage (%) correct: Stimuli responded to
that were “go” stimuli; and stimuli left for 1.5 ms that were “no go” stimuli. Go-No-Go was measured
as percentage correct, and reaction time.

Occupational Safety Performance Assessment Test (OSPAT): The OSPAT is an unpredictable
tracking task that assesses hand-eye coordination, sustained attention and reaction time, and is widely
used as a fitness for duty measure in a variety of industries (see [23]). For this task, participants were
instructed to keep the computer cursor positioned on the target displayed on the screen as much as
possible for the duration of the test. This task lasted 60 s. A global performance measure for each test
is determined by summing the “error” distance between the cursor and target and the rate at which
the subject adapted to the random changes. This measure indicated how “well” the subject performed
on the task. Scores typically fall between 10 and 20 with higher scores indicating better performance.
The algorithm used to determine the dependent measure derived from OSPAT cannot be disclosed as
it is subject to commercial confidence.

2.5. Subjective Measures

Prior to cognitive testing, participants were required to assess their own level of fatigue using the
Samn-Perelli Fatigue Scale, where 1 = fully alert, wide awake and 7 = completely exhausted, unable to
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function effectively [24]. Participants were also required to rate their motivation to perform the next
cognitive battery, alertness at that time point, and predicted performance on the next cognitive battery
using visual analogue scales [25]. That is, they responded to the question “How motivated are you to
perform well?” by placing a single stroke at the applicable point along a 100 mm line, with the anchors
“not motivated at all” at the left-hand end and “very motivated” at the right-hand end; “How alert do
you feel?” with anchors “not alert at all” on the left and “very alert” on the right; and “How well do
you think you will perform?” with anchors “very poorly” on the left, and “very well” on the right.

3. Results

3.1. Objective Measures

To assess the objective measure over the 15 sessions of the study that best reproduced the true
fatigue of the subjects, we made a fundamental assumption. There were several days of testing, and
several sessions within each day (see Figure 1). We used the very last session prior to a recovery period
(Circuit 13), and assumed that this was a period of maximum fatigue for most subjects. Conforming
to this assumption, mean performance, as a composite of all standardised objective and subjective
measures, was worst on this day. Baseline (Circuit B) and Recovery (Circuit 14) sessions had the
highest mean performance, and were used as comparison sessions.

Our data-analytic approach, therefore, became to find the best measure that showed maximum
responsiveness to demonstrating fatigue in this test condition, relative to the comparison conditions.
We went about this analysis in two ways: In the first step, we analysed which measure showed
maximum responsiveness to the change in performance from the first “baseline” measure where
participants were not fatigued, to the final session where they experienced the most fatigue. Next,
we repeated this analysis to determine which measures showed the maximum responsiveness from
this test condition of maximum fatigue to the recovery period on the following day.

As a proportion, Go-No-Go Percentage Correct was arcsin transformed to yield an approximately
normal response. All other measures of objective fatigue were approximately normal, except for some
moderately extreme values that had the potential to bias the analyses. A lower-bound threshold for
OSPAT was set at´8 (below which scores were set to´8), whilst upper-bound thresholds (above which,
scores were set to the threshold), Stroop Reaction Time (1.5) and PVT Lapses (2). Thresholding affected
less than 1% of OSPAT, Stroop Reaction Time, and PVT Lapses scores. These transformations had the
effect of making the test of differences more conservative by stabilizing the variance of the measures.

In the study, subjects were assigned to conditions of normal sleep/cool, sleep restricted/cool,
normal sleep/hot, or sleep restricted/hot. Although all subjects were subject to fatigue, our assumption
is that the sleep restricted/hot conditions produced a particular stress on subjects, and the other
conditions should have a variable (and expected lessor) impact on the experience of fatigue. Therefore,
we also included in our analysis a between-subjects consideration of how condition assignment affected
these fatigue change scores. All change-score residuals conformed to the Shapiro-Wilk test of normality,
except for Stroop reaction time (W = 0.965, p = 0.016). Inspection of the residual distribution confirmed
that it was symmetrical and mildly platykurtic. Therefore, this violation of assumptions was not
treated as a concern.

Table 1 shows the result of ANOVA models applied to each change measure, with condition
(treated as a single 4 level factor) as the independent variable. Notably, we excluded an intercept
term in the model to assess the significance of the deviation of each score from 0 (i.e., no change
from baseline). Panel A in Table 1 shows the results for changes from the baseline measure to the
test condition with maximum fatigue. The PVT Mean Reaction Time shows the strong performance
amongst the measures by demonstrating a strong deviation from the null hypothesis of no change
(r2 “ 0.41). Go-No-Go reaction time deviated slightly more from baseline (r2 “ 0.48). However, the
PVT Mean Reaction Time shows stronger responsiveness than the Go-No-Go to the sleep restricted/hot
manipulations compared to the other less stressed conditions.



Int. J. Environ. Res. Public Health 2016, 13, 171 6 of 11

Table 1 Panel B shows the changes from the test condition with maximum fatigue to the recovery
period the following day. The PVT Mean Reaction Time shows the best performance by demonstrating
maximum change (r2 “ 0.40), as well as the greatest absolute change for the sleep restricted/hot
condition of subjects that experienced the greatest stress. In this case, Go-No-Go reaction time was
markedly less sensitive overall (r2 “ 0.18).

Table 1. ANOVAs predicting changes in outcome scores for objective measures. Models for each
outcome (7) were run separately for changes from baseline to test (Panel A) and test to recovery
(Panel B) ˆ.

Panel A. Changes baseline to test.

Condition Model:
OSPAT

Model:
Memory

Model: PVT
Mean Reaction

Time

Model:
Stroop %
Correct

Model: Stroop
Reaction Time

Model:
Go-No-Go
% Correct

Model:
Go-No-Go

Reaction Time

Sleep restricted/cool 0.40 0.09 ´0.43 *** ´0.01 ´0.02 ´0.01 0.05 ***

(0.27) (0.22) (0.09) (0.03) (0.03) (0.03) (0.01)

Sleep restricted/hot ´0.24 ´0.46 ´0.63 *** ´0.01 0.03 ´0.07 0.06 ***

(0.38) (0.31) (0.13) (0.04) (0.04) (0.04) (0.01)

Normal sleep/cool 0.03 0.50 * ´0.26 ** ´0.05 ´0.06 * ´0.00 0.03 **

(0.25) (0.21) (0.08) (0.03) (0.03) (0.02) (0.01)

Normal sleep/hot 0.08 0.17 0.08 ´0.03 ´0.10 ** 0.00 0.04 ***

(0.31) (0.25) (0.10) (0.03) (0.03) (0.03) (0.01)

R2 0.03 0.09 0.41 0.06 0.17 0.04 0.48

Adj. R2 ´0.01 0.05 0.38 0.01 0.13 ´0.00 0.45

Num. obs. 88 88 88 88 88 88 88

F(4,94) 0.68 2.12 14.60 ** 1.27 4.17 ** .90 19.28 ***

*** p < 0.001, ** p < 0.01, * p < 0.05.

Panel B. Changes test to recovery.

Condition Model:
OSPAT

Model:
Memory

Model: PVT
Mean Reaction

Time

Model:
Stroop %
Correct

Model: Stroop
Reaction Time

Model:
Go-No-Go
% Correct

Model:
Go-No-Go

Reaction Time

Sleep restricted/cool 0.25 ´0.31 0.35 *** ´0.00 ´0.07 ** 0.06 ** ´0.02 *

(0.28) (0.19) (0.07) (0.02) (0.02) (0.02) (0.01)

Sleep restricted/hot 0.48 0.38 0.54 *** 0.03 ´0.11 ** 0.09 ** ´0.04 ***

(0.39) (0.27) (0.10) (0.03) (0.03) (0.03) (0.01)

Normal sleep/cool 0.28 ´0.12 0.13 0.02 ´0.03 0.06 *** ´0.00

(0.26) (0.18) (0.07) (0.02) (0.02) (0.02) (0.01)

Normal sleep/hot ´0.17 ´0.24 0.14 0.06 ** ´0.04 0.05 * ´0.02 *

(0.32) (0.22) (0.08) (0.02) (0.03) (0.02) (0.01)

R2 0.04 0.07 0.40 0.10 0.21 0.31 0.22

Adj. R2 ´0.00 0.02 0.38 0.06 0.18 0.28 0.18

Num. obs. 88 88 88 88 88 88 88

F(4,84) 0.94 1.52 14.21 *** 2.44 5.69 *** 9.61 *** 5.89 ***

*** p < 0.001, ** p < 0.01, * p < 0.05. ˆ Table values are standardized beta-weights with standard errors in
parentheses. No intercept term was included in these models. Therefore, significance effects are deviations from
0 and comparison conditions.

3.2. Subjective Measures

The analysis outlined above was repeated for the 4 subjective measures: Fatigue (Samn-Perelli
Fatigue Scale), Alertness, Motivation, and Pre-Performance. The purpose of this analysis, as outlined in
Table 2, was to find the subjective measure that showed the greatest responsiveness to our experimental
session with the highest induced fatigue by comparing it with the baseline (see Table 2, Panel A) and
the recovery session (see Table 2, Panel B). Moreover, as with the objective measures, we assumed
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that the best measure would show greatest responsiveness, in terms of a change score, for the sleep
restricted/hot condition. This analysis showed that all measures of subjective fatigue performed
reasonably well in detecting deviations from baseline to test. However, the Samn-Perelli Fatigue
Scale measure yielded the greatest variance in both the change in baseline to test (r2 “ 0.60) and
the change in test to the recovery period (r2 “ 0.70). Similarly, all measures of subjective fatigue
showed the relative best performance in being sensitive to changes for those participants in the most
stressed sleep restricted/hot condition. However, the Samn-Perelli Fatigue Scale subjective measure
was again superior (β = 0.90) in terms of sensitivity to this condition relative to other conditions and
other measures.

Table 2. ANOVAs predicting changes in standardised outcome scores for subjective measures. Models
for each outcome (7) were run separately for changes from baseline to test (Panel A) and test to recovery
(Panel B).

Panel A. Changes baseline to test.

Condition Model: Samn-Perelli
Fatigue Scale

Model:
Alertness

Model:
Pre-Performance

Model:
Motivation

Sleep restricted/cool 1.32 *** ´14.90 *** ´10.16 * ´0.23 **

(0.29) (4.21) (3.99) (0.08)

Sleep restricted/hot 3.08 *** ´40.62 *** ´32.92 *** ´0.49 ***

(0.41) (5.96) (5.64) (0.11)

Normal sleep/cool 1.39 *** ´16.83 *** ´12.55 ** ´0.30 ***

(0.27) (3.99) (3.77) (0.07)

Normal sleep/hot 1.58 *** ´19.81 *** ´24.74 *** ´0.30 ***

(0.33) (4.80) (4.54) (0.09)

R2 0.60 0.53 0.49 0.42

Adj. R2 0.58 0.51 0.47 0.39

Num. obs. 88 88 88 88

F(4,84) 31.32 *** 23.45 *** 20.34 *** 15.13 ***

*** p < 0.001, ** p < 0.01, * p < 0.05.

Panel B. Changes test to recovery.

Condition Model: Samn-Perelli
Fatigue Scale

Model:
Alertness

Model:
Pre-Performance

Model:
Motivation

Sleep restricted/cool ´1.21 *** 12.03 ** 6.93 * 0.10

(0.24) (4.06) (3.46) (0.06)

Sleep restricted/hot ´3.23 *** 37.92 *** 31.15 *** 0.43 ***

(0.34) (5.74) (4.90) (0.09)

Normal sleep/cool ´0.97 *** 8.34 * 7.90 * 0.17 **

(0.23) (3.85) (3.28) (0.06)

Normal sleep/hot ´2.17 *** 26.35 *** 21.98 *** 0.36 ***

(0.27) (4.63) (3.95) (0.07)

R2 0.70 0.52 0.49 0.44

Adj. R2 0.69 0.49 0.47 0.41

Num. obs. 88 88 88 88

F(4,84) 49.3 *** 22.36 *** 20.31 *** 16.25 ***

*** p < 0.001, ** p < 0.01, * p < 0.05.
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3.3. Subjective versus Objective Measures

A final analysis was conducted in which we compared the subjective measures in terms of
correspondence with objective PVT Mean Reaction Time scores. The premise of the analysis was that
an effective subjective measure should be more strongly associated with the preferred objective measure
of fatigue. Linear mixed effects models were applied, with a random intercept for between-subjects
variation, and fixed effects for the subjective measures. Data from the baseline, test, and recovery
sessions were included in the analysis. Table 3 (Models 1–4) summarizes the results of a stepwise
backward variable selection process, in which the worst performing indicator was progressively
eliminated from an original set including Samn-Perelli Fatigue Scale, Alertness, Motivation and
Pre-Performance. Models 4–7 allow comparison of each of the subjective indicators in isolation.
Samn-Perelli Fatigue Scale was selected by the stepwise regression procedure as the best single
predictor of PVT Mean Reaction Time scores. Samn-Perelli Fatigue Scale individually predicted 11.5%
of the variance in PVT Mean Reaction Time scores. Although this effect size is not particularly high,
it is nevertheless substantially higher than other subjective measures tested. Of the subjective measures,
Samn-Perelli Fatigue Scale was most responsive to the experimental manipulations, and most highly
correlated with the corresponding objective measure. We therefore concluded that Samn-Perelli Fatigue
Scale was the most effective subjective measure of fatigue.

Table 3. Correspondence between measures of subjective fatigue and PVT.

Predictor Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7

(Intercept) ´0.009 ´0.010 ´0.000 0.004 0.033 0.033 0.061

(0.083) (0.082) (0.083) (0.083) (0.088) (0.085) (0.088)

Samn-Perelli
Fatigue Scale ´0.240 *** ´0.272 *** ´0.234 *** ´0.286 ***

(0.062) (0.055) (0.049) (0.041)

Alertness 0.092 0.270 ***

(0.082) (0.044)

Motivation 0.123 0.149 * 0.107 0.256 ***

(0.067) (0.063) (0.056) (0.048)

Pre-Performance ´0.132 ´0.100 0.195 ***

(0.074) (0.067) (0.048)

AIC 624.2 620.3 617 614 626 632 643

Var(Betw.) 0.481 0.469 0.488 0.496 0.567 0.516 0.566

Var(Resid.)_ 0.317 0.321 0.318 0.320 0.324 0.347 0.356

*** p < 0.001, ** p < 0.01, * p < 0.05. ˆ Table values are standardized beta-weights.

4. Discussion

Under conditions designed to increase fatigue, and in the presence of physical work tasks,
the PVT was the most sensitive assay of fatigue in firefighters working a simulated deployment. The
Samn-Perelli fatigue scale was the most sensitive of the subjective measures, and was the most highly
correlated with PVT performance. The findings have both theoretical and practical implications.

The majority of laboratory studies examining changes in cognitive performance under conditions
of sleep restriction minimize or eliminate physical activity. The current analysis however, demonstrates
changes in PVT performance even in the presence of intermittent physical activity. This suggests
that while some masking may be occurring [11], physical activity does not eliminate performance
decrements associated with fatigue. In addition, the PVT was the most sensitive objective test of
fatigue in this simulation, reinforcing the idea that simple and monotonous tasks such as vigilance are
most susceptible to fatigue [26,27]. It is likely that the 10-min version of the PVT would show even
greater sensitivity to fatigue. In addition, the PVT is a monotonous task requiring sustained attention.
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The level of fatigue elicited by the protocol may not have been sufficient to impact higher order tasks
in the same manner. Lastly, the Samn-Perelli fatigue scale mirrored PVT performance more accurately
than the visual analogue scales measuring alertness, motivation and performance prediction.

In terms of practical implications, one of the challenges in reducing fatigue-related accidents in
occupational settings is to identify instances of elevated risk [3,4]. This requires assessment tools that
reliably signal elevated fatigue before performance is impaired to the point of error. Objective and
subjective tests that are sensitive to fatigue in all conditions, including in the presence of physical
activity and other external stressors, may be applied as part of a fatigue risk management system.
The ease with which the Samn-Perelli scale can be administered in the field, compared to objective
performance tests, suggests it as the preferable option in such a system. However, the design and
analysis of the current study allowed us to control for individual differences, something that is not
possible in occupational settings. An alternative method is to use subjective scales in a repeated
manner to determine changes within an individual, and/or in combination with other measures
of performance.

It is important to note that the current work involved only day shifts and a moderate level of
sleep restriction. Under more extreme conditions, including night work, the relationship may not hold.
It is also relevant to note that: (1) The fatigue scale, although the most reliable subjective measure,
only accounted for a small percentage of the variance; and (2) Our analysis did include several other
subjective assessments of performance, none of which correlated well with PVT performance. This
suggests that the specific questions asked of individuals in the field are important and should focus
on tangible states such as those listed in the Samn-Perelli scale. While other subjective scales could
be applied in both experimental and operational settings, the choice of the Samn-Perelli scale in this
study was made on the basis of the specific descriptors. Fatigue as a concept is increasingly familiar to
personnel in occupations that involve extended shifts or night/shift work. While debate continues
as to the use of terms that describe sleepiness, fatigue, tiredness and alertness, the use of a fatigue
scale to assess fatigue with the goal of developing more robust fatigue risk management scales was the
logical choice.

While the aim of this study was to identify the most sensitive measures of fatigue in the presence of
physical work, the generalizability of the findings to firefighter performance is an obvious question. The
performance of the physical tasks during the simulation was not impacted by sleep [17], but reaction
time and vigilance are both important faculties for preserving safety on the fireground. Therefore,
the finding that PVT performance declines under certain conditions has practical implications, and
indicates that at a moderate level of fatigue, lower order elements of cognitive performance are
impacted. A next step in the research would involve monitoring of firefighting performance in
live-fire scenarios.

5. Conclusions

The study found that neurobehavioral performance and subjective rating were impacted as
expected under conditions likely to elicit elevated levels of fatigue, in spite of the repeated bouts of
physical activity. This finding is important as the majority of studies examining performance changes
in response to fatiguing conditions are conducted in the laboratory in the absence of physical activity,
whereas high-risk occupations do involve physical work (e.g., emergency services, mining, military
etc.). Importantly, the Samn-Perelli fatigue scale most strongly correlated with changes in cognitive
performance, suggesting it may be a useful self-assessment tool in certain occupational settings. These
findings need to be tested further in live-fire scenarios and also during night shifts.

Acknowledgements: The authors are indebted to the rural fire fighting agencies including the Country Fire
Authority (CFA), Tasmania Fire Service, New South Wales Fire Service, Country Fire Service (CFS) and Australian
Central Territory Fire Service for assistance with recruitment and providing volunteers to participate in the
study. We thank and gratefully acknowledge the contribution of staff and students from the Central Queensland
University (Appleton Institute), and the School of Exercise and Nutrition Sciences at Deakin University. The
project was funded by the Bushfire Cooperative Research Centre.



Int. J. Environ. Res. Public Health 2016, 13, 171 10 of 11

Author Contributions: Sally Ferguson conceived and designed the experiments; Bradley Smith performed the
experiments; Matthew Browne and Matthew Rockloff analysed the data; Sally Ferguson and Bradley Smith wrote
the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Brown, I. Driver fatigue. Hum. Factors 1994, 36, 298–314. [PubMed]
2. Phillips, R. A review of fatigue- and a step towards a whole definition. Transp. Res. Part F 2015, 29, 48–56.

[CrossRef]
3. Dawson, D.; McCulloch, K. Managing Fatigue: It’s about sleep. Sleep Med. Rev. 2005, 9, 365–380. [CrossRef]

[PubMed]
4. Gander, P.; Graeber, R.; Belenky, G. Fatigue risk management. In Principles and Practices of Sleep Medicine;

Kryger, M., Roth, T., Dement, W., Eds.; W.B. Saunders Company: Philadelphia, PA, USA, 2010; pp. 760–768.
5. Lerman, S.; Eskin, E.; Flower, D.; George, E.; Gerson, B.; Hartenbaum, N.; Hursh, S.; Moore-Ede, M. ACOEM

Guidance Statement. Fatigue risk management in the workplace. J. Occup. Environ. Med. 2012, 54, 231–258.
[CrossRef] [PubMed]

6. Belenky, G.; Wesensten, N.; Thorne, D.; Thomas, M.; Sing, H.; Redmond, D.; Russo, M.; Balkin, T. Patterns
of performance degradation and restoration during sleep restriction and subsequent recovery: A sleep
dose-response study. J. Sleep Res. 2003, 12, 1–12. [CrossRef] [PubMed]

7. Willamson, A.; Lombardi, D.; Folkard, S.; Stutts, J.; Courtney, T.; Connor, J. The link between fatigue and
safety. Accid. Anal. Prev. 2011, 43, 498–515. [CrossRef] [PubMed]

8. Dinges, D.; Pack, F.; Williams, K.; Gillen, K.; Powell, J.; Ott, G.; Aptowicz, C.; Pack, A. Cumulative sleepiness,
mood disturbance, and psychomotor vigilance performance decrements during a week of sleep restricted to
4–5 h per night. Sleep 1997, 20, 267–277. [PubMed]

9. Dorrian, J.; Rogers, N.; Dinges, D. Psychomotor vigilance performance: Neurocognitive assay sensitive
to sleep loss. In Sleep Deprivation: Clinical Issues, Pharmacology, and Sleep Loss Effects; Kushida, C., Ed.;
Marcel Dekker: New York, NY, USA, 2005; pp. 39–68.

10. Dorrian, J.; Lamond, N.; Dawson, D. The ability to self-monitor performance when fatigued. J. Sleep Res.
2000, 9, 137–144. [CrossRef] [PubMed]

11. Akerstedt, T.; Kecklund, G.; Axelsson, J. Effects of context on sleepiness self-ratings during repeated partial
sleep deprivation. Chronobiol. Int. 2008, 25, 271–278. [CrossRef] [PubMed]

12. Aisbett, B.; Nichols, D. Fighting fatigue whilst fighting bushfire: An overview of factors contributing to
firefighter fatigue during bushfire suppression. Aust. J. Emerg. Manag. 2007, 22, 31–39.

13. Aisbett, B.; Wolkow, A.; Sprajcer, M.; Ferguson, S. “Awake, smoky and hot”: Providing an evience-base for
managing the risks associated with occupational stressors encountered by wildland firefighters. Appl. Ergon.
2012, 43, 916–925. [CrossRef] [PubMed]

14. McLennan, J.; Birch, A. A potential crisis in wildfire emergency response capability? Australia’s volunteer
firefighters. Glob. Environ. Change Part B: Environ. Hazards 2005, 6, 101–107. [CrossRef]

15. Ferguson, S.; Aisbett, B.; Jay, S.; Onus, K.; Lord, C.; Sprajcer, M.; Thomas, M. Design of a valid
simulation for researching physical, physiological and cognitive performance in volunteer firefighters
during bushfire. In Proceedings of the Bushfire CRC & AFAC 2011 Conference Science Day, Sydney,
Australia, 1 September 2011; Thornton, R., Ed.; Australasian Fire and Emergency Service Authorities Council:
Melbourne, Australia, 2011; pp. 196–204.

16. Phillips, M.; Payne, W.; Lord, C.; Netto, K.; Nichols, D.; Aisbett, B. Identification of physically demanding
tasks performed during bushfire suppression by Australian rural firefighters. Appl. Ergon. 2012, 43, 435–441.
[CrossRef] [PubMed]

17. Vincent, G.; Ferguson, S.; Tran, J.; Larsen, B.; Wolkow, A.; Aisbett, B. Sleep restriction during simulated
wildfire suppression: Effect on physical task performance. PLoS ONE 2015, 10, e0115329. [CrossRef]

18. Lamond, N.; Dawson, D.; Roach, G. Fatigue assessment in the field: Validation of a hand-held electronic
psychomotor vigilance task. Aviat. Space Environ. Med. 2005, 76, 486–489. [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/8070794
http://dx.doi.org/10.1016/j.trf.2015.01.003
http://dx.doi.org/10.1016/j.smrv.2005.03.002
http://www.ncbi.nlm.nih.gov/pubmed/16099184
http://dx.doi.org/10.1097/JOM.0b013e318247a3b0
http://www.ncbi.nlm.nih.gov/pubmed/22269988
http://dx.doi.org/10.1046/j.1365-2869.2003.00337.x
http://www.ncbi.nlm.nih.gov/pubmed/12603781
http://dx.doi.org/10.1016/j.aap.2009.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21130213
http://www.ncbi.nlm.nih.gov/pubmed/9231952
http://dx.doi.org/10.1046/j.1365-2869.2000.00195.x
http://www.ncbi.nlm.nih.gov/pubmed/10849240
http://dx.doi.org/10.1080/07420520802110589
http://www.ncbi.nlm.nih.gov/pubmed/18484365
http://dx.doi.org/10.1016/j.apergo.2011.12.013
http://www.ncbi.nlm.nih.gov/pubmed/22264875
http://dx.doi.org/10.1016/j.hazards.2005.10.003
http://dx.doi.org/10.1016/j.apergo.2011.06.018
http://www.ncbi.nlm.nih.gov/pubmed/21802652
http://dx.doi.org/10.1371/journal.pone.0115329
http://www.ncbi.nlm.nih.gov/pubmed/15892548


Int. J. Environ. Res. Public Health 2016, 13, 171 11 of 11

19. Thorne, D.; Johnson, D.; Redmond, D.; Sing, H.; Belenky, G.; Shapiro, J. The Walter Reed palm-held
psychomotor vigilance test. Behav. Res. Methods 2005, 37, 111–118. [CrossRef] [PubMed]

20. Cain, S.; Silva, E.; Change, A.; Ronda, J.; Duffy, J. One night sleep deprivation affects reaction time, but not
interference or facilitation in a stroop task. Brain Cognit. 2011, 76, 37–42. [CrossRef] [PubMed]

21. MacLeod, C. Half a century of research on the Stroop effect: An integrative review. Psychol. Bull. 1991, 109,
163–203. [CrossRef] [PubMed]

22. Drummond, S.; Paulus, M.; Tapert, S. Effects of two nights sleep deprivation and two nights recovery sleep
on response inhibition. J. Sleep Res. 2006, 15, 261–265. [CrossRef] [PubMed]

23. Petrilli, R.; Jay, S.; Dawson, D.; Lamond, N. The impact of sustained wakefulness and time-of-day on OSPAT
performance. Ind. Health 2005, 43, 186–192. [CrossRef] [PubMed]

24. Samn, S.; Perelli, L. Estimating Aircrew Fatigue: A Technique with Application to Airlift Operations; Technical
Report SAM-TR-82-21; Brooks AFB, USAF School of Aerospace Medicine: San, Antonio, TX, USA, 1982.

25. Wewers, M.; Lowe, N. A critical review of visual analogue scales in the measurement of clinical phenomena.
Res. Nurs. Health 1990, 13, 227–236. [CrossRef] [PubMed]

26. Harrison, Y.; Horne, J. The impact of sleep deprivation on decision making: A review. J. Exp. Psychol. 2000, 6,
236–249. [CrossRef]

27. Van Dongen, H.; Baynard, M.; Maislin, G.; Dinges, D. Systematic interindividual differences in
neurobehavioural impairment from sleep loss: Evidence of trait-like differential vulnerability. Sleep 2004, 27,
423–433. [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.3758/BF03206404
http://www.ncbi.nlm.nih.gov/pubmed/16097350
http://dx.doi.org/10.1016/j.bandc.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21477910
http://dx.doi.org/10.1037/0033-2909.109.2.163
http://www.ncbi.nlm.nih.gov/pubmed/2034749
http://dx.doi.org/10.1111/j.1365-2869.2006.00535.x
http://www.ncbi.nlm.nih.gov/pubmed/16911028
http://dx.doi.org/10.2486/indhealth.43.186
http://www.ncbi.nlm.nih.gov/pubmed/15732321
http://dx.doi.org/10.1002/nur.4770130405
http://www.ncbi.nlm.nih.gov/pubmed/2197679
http://dx.doi.org/10.1037/1076-898X.6.3.236
http://www.ncbi.nlm.nih.gov/pubmed/15164894
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction 
	Experimental Section 
	Participants 
	Procedure 
	Physical Tasks 
	Cognitive Tasks 
	Subjective Measures 

	Results 
	Objective Measures 
	Subjective Measures 
	Subjective versus Objective Measures 

	Discussion 
	Conclusions 

