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Abstract: Structural firefighting is a highly stressful occupation with firefighters performing intense
bouts of physical activity in environmental extremes while wearing impermeable, heavy and restrictive
personal protective equipment. The aim of this study was to investigate the impact of performing
occupational tasks during an active structural fire on firefighters” hydration status. Nine fully
qualified firefighters (mean + SD age = 39.22 + 7.89 years) completed a 15 min ‘live’ fire scenario
while performing occupational tasks. Urine Specific Gravity (USG), body weight and tympanic
membrane temperature were measured pre-scenario and at 0 and 20 min post-scenario. There was a
significant decrease in body weight (0 min and 20 min p < 0.0005) and increase in tympanic membrane
temperature (0 min and 20 min p < 0.0005) following the fire scenario. There was no significant
change in USG post-scenario. Short duration firefighting operations can cause significant fluid loss,
as measured by change in body weight but not necessarily USG.

Keywords: firefighters; structural fires; occupational health; hydration; fire suppression

1. Introduction

Firefighting is a highly stressful occupation with firefighters exposed to a multitude of physical
and environmental stresses during their normal duties [1]. Structural fires require firefighters to
perform intense bouts of physical activity in environmental extremes, such as high heat and dense
smoke, while wearing impermeable, heavy and restrictive personal protective equipment (PPE) [2-5].
The physically demanding nature of firefighting combined with the substantially reduced water
permeability, evaporative heat capacity and increased energy demands of wearing PPE can result in a
reduced cooling capacity and likely dehydration due to high sweat rates [6-9].

Without adequate fluid intake firefighters may experience the adverse effects of dehydration [2,10].
Effects include decreased core body temperature control [5], decreased heat tolerance time [11],
decreased cardiac output with higher heart rates [12], and reductions in aerobic power [13] and muscle
endurance [2]. Psychological effects include increased subjective perception of exertion and reduced
attention, vigilance and short-term memory [2]. These may lead to detrimental effects on firefighter
health, safety and performance.

Evidence investigating firefighter hydration during structural fire suppression is both limited
and conflicting. Angerer et al. [14], Holsworth et al. [3], Carlton et al. [15] and Smith et al. [5] all
investigated firefighter hydration following structural fire suppression without fluid intake and found
significant reductions in body weight (p < 0.001) [14] and haematocrit (p < 0.001) [3,5], indicating
dehydration. Horn et al. (2012), on the other hand, allowed fluid intake during a fire suppression task
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and found mixed results, with body weight (p < 0.001) and salivary osmolality (p < 0.001) indicating
dehydration, while urine specific gravity (USG), urine osmolality and urine colour (p > 0.05) indicated
that hydration was maintained. Eglin et al. (2004) also allowed fluid intake but still observed a
significant reduction in body weight, indicating mild hypo-hydration, while USG (p > 0.05) indicated
hydration was maintained. Based on the current evidence it is unclear whether ad libitum drinking is
sufficient to maintain hydration. However, it does appear that dehydration can occur rapidly due to
the intensity of tasks and lack of time or ready access to fluids.

The objective of this study was to investigate the impact of performing occupational tasks during
an active structural fire on firefighter’s hydration status. In doing so the present study will provide
evidence for the development and refinement of firefighter hydration protocols and health and safety
guidelines to minimise adverse health effects and improve work performance.

2. Materials and Methods

This prospective observational cohort study involving repeated measures recruited nine firefighters
(seven male and two female) from a state Fire and Emergency Service to participate in a ‘live’ structural
firefighting scenario. Data was collected at a live fire training facility in Australia. All firefighters met
the dedicated inclusion criteria; (1) fully qualified, (2) fit for normal duty, (3) cleared for participation
by their supervisor, and (4) consented to participation. There were no exclusion criteria.

Firefighter characteristics of age, gender, experience and weight were recorded (Table 1).
All personnel wore standard authorised PPE, Australian Defence Apparel Firefighter Garments
Structural Uniforms (mean weight 21.39 + 0.68 kg) and a Scott Advanced Carrying System Single
Cylinder (6.8 L) Self Contained Breathing Apparatus (SCBA) (Scott Safety, Sydney, Australia), weighing
9.6 kg full and 8.6 kg empty, for the duration of the scenario.

Table 1. Descriptive characteristics of firefighter participants (n = 7).

Mean + SD Range
Age (years) 39.22 +7.89 29-48
Experience (years) 7.89 £5.18 1-16
Unloaded weight (kg) 90.41 + 21.35 62.40-126.6
Loaded body weight (kg) 111.80 + 21.89 82.7-149.0

2.1. Scenario

Firefighters were randomly grouped into two teams of four and five firefighters respectively. Each
firefighter was allocated a task (detailed below) and participated in pre-scenario USG, body weight,
then tympanic membrane temperature testing (detailed below), before continuing to the scenario.

Two identical scenarios were set up on site, each with a team of participants and safety staff
assigned to it. The scenario consisted of a burn ‘load” within a designated structure, equivalent to
a standard two seater couch fire, with two tasks typical of firefighting duties set up inside. These
were: a low posture victim drag with an 80 kg dummy (7.5 min) and a hose drag (7.5 min), along a
designated five metre area within the structure. The participants moved down and back in a crouched
position at a slow, deliberate, pace.

Team one completed the scenario first. The scenario lasted for 15 min (limited by oxygen cylinder
capacity), with firefighters swapping tasks on the command of a training instructor after 7.5 min.
Following completion of the final task firefighters exited the structure and proceeded directly to
tympanic membrane temperature testing followed by body weighing and USG specimen collection
(discussed in detail below). After 20 min each firefighter completed the same test battery in the
aforementioned order. Following a 30-min break to refuel the fire, ensure the structure reached
a commensurate thermal profile, and complete post-scenario measures for team one, team two
commenced the scenario and testing procedures.
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Throughout the scenario two firefighting training instructors were positioned appropriately to
ensure the adequate performance of tasks and safety of firefighters and research staff. These safety
instructors did not collect any data. Ethics approval for this research was provided by Bond University
Human Resources Ethics Committee (Protocol number RO1761).

2.2. Testing Protocol

All outcome measurements were recorded pre-scenario (PRE), immediately post scenario (0 min)
and at 20 min post scenario (20 min). Each researcher performed the same measures at all time points
of data collection to avoid potential inter-rater bias.

Following PRE testing, during the scenario and during the recovery period participants were not
permitted to consume fluid or food unless directed to do so (e.g., for medical reasons) or choosing to
withdraw from the study. During the recovery period participants remained in their PPE. This ensured
standardisation of the protocol and aimed to replicate real life scenarios where firefighters would
remain in PPE if the fire was still ongoing (rotated out for recovery) or there was a high potential for
flare ups (re-ignition).

USG was selected as a measure as it is sensitive to changes in acute hydration status and is a
valid marker of dynamic dehydration assessment [16,17]. A urine sample (~20 mL) was provided in a
medical collection cup prior to pre-scenario body weight measurement and following post-scenario
body weight measurements at 0 and 20 min. USG was determined using refractometry with the Altago
PAL-105 refractometer (Atago, Co.ltd., Osaka, Japan) with each measure conducted by one researcher
and confirmed by a second researcher. Scores were compared against the National Athletic Trainers’
Association [18] refractometer score index to determine hydration status.

Acute changes in body weight have been shown to reflect changes in body water, providing a
practical and reliable measure of hydration [17,18]. Participants were weighed using Tanita BF-682W
electronic scales (Tanita, Chicago, IL, USA) following provision of the urine sample pre-scenario and
prior to the urine sample at 0 and 20 min post. Participants were weighed in station wear (unloaded),
long pants and shirt, and after donning PPE (i.e., loaded) pre-scenario. Unloaded body weight was
reweighed post scenario at 0 and 20 min and loaded body weight at 0 min. All measurements were
recorded to the nearest 100 g. This unloaded measure was selected as it best represents the minimal
amount of dress that would be worn when attending a fire without PPE and as such will have a higher
translation to practice.

Tympanic membrane temperature has been used in the field to monitor body temperature of
firefighters during recovery from intense fire operations [19]. Prior to body weight measurements,
tympanic temperature was taken from under the flash hood of the left auditory canal by the same
researcher on each occasion using a Liberty ET-100A thermometer (Liberty Health Products, Scoresby,
Australia). Temperature was measured in degrees Celsius to the nearest 10th of a degree.

Temperatures and humidity within the designated ‘burn’ structure were measured via HMP77
Thermocouples (Vaisala Oyj, Vantaa, Finland). Environmental temperature and relative humidity
outside the burn structure were taken from Bureau of Meteorology Brisbane Airport station
observations [20].

2.3. Statistics

Changes in hydration were determined for each time-point following baseline (pre-fire)
measurements, using the dependent variables of USG and body weight. Descriptive statistics
were generated and described as mean + standard deviation (SD). To investigate changes in outcome
measures and determine their statistical significance between the pre-and two post-measures and
following confirmation the data met underlying assumptions of the analysis, a repeated measures
analysis of variance (ANOVA) was performed. If the repeated measures ANOVA revealed significant
differences existed, a post hoc Bonferroni analysis was conducted to determine the time points between
which the significant differences lay. Data were analysed using the Statistical Package for the Social
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Sciences Version 20 (IBM Corporation, New York, NY, USA), with alpha levels set a priori at 0.05.
A priori assessment of statistical power clearly indicated it was limited by the available sample size
and this limitation was considered when interpreting non-significant results.

3. Results

The participants were seven males (mean age = 42.00 + 5.13 years, mean experience =
8.43 + 5.09 years; mean weight = 98.59 + 17.13 kg) and two females (mean age = 36.50 + 2.12 years,
mean experience = 10.00 + 1.41 years; mean weight = 71.15 + 12.37 kg) who were all current firefighters.
Participant numbers were limited by the live structural burn conditions, and particularly the numbers
of participants who could be fully monitored to ensure their safety in the burn chamber on the day
of data collection. Participant characteristics including age, experience and unloaded and loaded
body weight are presented in Table 1. From the initial nine participants, two participants (one female
and one male) were excluded from the study as a safety measure. While these firefighters completed
the scenario, they were feeling the effect of heat and in order to ensure they did not develop heat
illness, it was decided based on a priori safety rules to allow these participants to cease the measures,
hydrate and remove their PPE. No further ill effects were observed, with both members recovering
and returning to the group post event for the group debriefing that occurred.

The average temperature in the ‘burn’ structure was 40.0 °C (maximum 50.9 °C) at 0.3 m above
the floor, 130-155 °C at 1.1 m above the floor, and 458.3 °C (maximum 571.5 °C) at the ceiling level
(approx. 2.6 m). The average relative humidity within the ‘burn’ structure during the scenarios was
53.1% (maximum 58.6%). The ambient environmental temperature at the time of the burn scenarios
was 24.8 °C with a relative humidity of 87%.

3.1. Hydration Outcomes

Table 2 shows the results for USG, unloaded body weight and tympanic membrane temperature
at each time point, indicating statistical significance of observed differences, when present.

Table 2. Mean data + SD and ranges for the pre-scenario and post-scenario measures.

Measure PRE POST 20 MIN POST

Urine Specific Gravity 1.016 + 0.010 1.018 + 0.010 1.018 + 0.009
Unloaded Body Weight (kg) 95.57 + 21.52 94.84 +21.35*% 94.37 + 21.35 *#
Tympanic Membrane Temperature (°C) 36.53 +£0.35 38.94 +£0.42* 37.76 £0.45 *#

* Significant change (p < 0.001) from pre-scenario. # Significant change (p < 0.001) from post-scenario.

3.2. Urine Specific Gravity

The USG results indicated that prior to the scenario participants were typically in a state of
minimal dehydration (USG mean + SD = 1.016 + 0.010 au). One participant was considered to be
severely dehydrated (1.035 au), five participants were minimally dehydrated (range 1.010-1.020 au)
and one participant was well hydrated at the commencement of the scenario (1.005 au).

Given the small sample size, minimal changes observed in raw USG levels across time points
(Table 1), and associated limited statistical power for making meaningful USG comparisons across
these time points, no statistical comparisons of USG levels across the time points were conducted.

3.3. Body Weight

There was a significant decrease in the mean unloaded body weight of the firefighters, when
compared to pre-scenario body weights, at both 0 min post scenario (—0.73 kg; —0.76%; p < 0.001) and
20 min post scenario (—1.20 kg; —1.27%; p < 0.001). There was also a decrease in body weight observed
from 0 to 20 min post scenario (—0.47 kg; 0.52%; p = 0.001). Compared against the National Athletic
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Trainers” Association [18] scoring index, the observed average —1.27% change in body weight between
pre-scenario and 20 min post-scenario time points indicates a minimal change in hydration.

3.4. Tympanic Membrane

There was a significant increase in average tympanic membrane temperature of the firefighters
from pre scenario to post scenario (mean change = 2.41 °C, p < 0.001). The temperature then decreased
significantly from 0 min post-scenario to 20 min post-scenario (mean change = —1.19 °C, p = 0.001),
although the temperature at 20 min post-scenario remained significantly higher than the temperature
at pre-scenario (mean change pre to 20 min post = +1.23 °C, p < 0.001).

4. Discussion

The aim of this study was to investigate the impact of performing occupational tasks during
an active structural fire on firefighters” hydration status. The main findings of this study were:
(1) firefighters lost a significant amount of body weight during, and following, the scenario; (2) there
was a significant increase in firefighter tympanic membrane temperature; and (3) tympanic membrane
temperature recovered significantly following 20 min of rest after firefighters exited the burn scenario
but not to baseline levels. The mean changes in USG levels across time points indicated in Table 1 were
minimal but this finding should be viewed with caution and will not be further discussed since the
sample size and associated statistical power to detect a meaningful change if one would have occurred
in these circumstances in the underlying firefighter population were clearly low. Limited comparative
data investigating firefighting hydration during active structural fires using any type of measure is
available in prior published reports, making it difficult to provide measures for comparison. Despite
its limited sample size, this study therefore represents a valuable addition to the existing literature,
particularly in its findings relating to body weight change as a measure of the effects of structural
firefighting on hydration and also based on the fact it utilised a scenario that reflected real structural
fire suppression operations.

This study found that body weight decreased significantly following the fire scenario and at 20 min
post-scenario. These results are similar to those observed in other studies investigating body weight
loss, indicating fluid loss, following structural firefighting tasks [2,14,21]. In a similar study to the
present one, it was found that following a 30 min structural fire operation involving occupational tasks,
49 firefighters wearing PPE and SCBA had a significant decrease in body weight (-0.6 + 0.2 kg, 0.47%,
p < 0.001) in temperatures of 200 °C at 1.5 m above ground and 700 °C below the ceiling [14]. However,
these results from Angerer et al. [14], together with the results of this current study for the immediate
post-scenario time point, need to be interpreted carefully as, although reaching statistical significance,
they did not meet the National Athletic Trainers” Association dehydration criteria [18], requiring a
minimum 1% decrease in body weight from a hydrated state to signify a change in hydration status.

However, as firefighters in the present study typically arrived in a minimally dehydrated state,
as indicated by their USG measures, the observed 0.76% change in body weight may be sufficient to
signify a shift to a greater degree of dehydration. This was also seen in a similar study to the present
one, which investigated firefighter hydration following a 30 min fire operation involving occupational
tasks [15]. Firefighters lost 0.96% of body weight but arrived to commence their shift in a state of
moderate dehydration. In both circumstances, due to firefighters arriving in a degree of dehydration,
the firefighters may have reached a larger level of dehydration than the findings might initially indicate.

Following the 20 min rest period in the current study, body weight significantly reduced further,
signifying firefighters becoming minimally dehydrated, with a 1.27% loss in body weight compared to
pre-scenario. This highlights the fact that fluid loss can occur rapidly and that without fluid intake
post occupational duties, fluid loss may continue to occur and increase dehydration risk even when
the firefighter is removed from the ‘fire’/burning structure. The extent of fluid loss observed in this
study may have also been underestimated, as participants were weighed in their station wear, which
is anticipated to have absorbed some of the fluid loss from sweating. Taking this into consideration,
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firefighters may have reached a dehydrated state earlier than first thought and to a greater extent than
the results represent.

An equivalent situation was evident in an earlier study in which 14 firefighter instructors had
a significant loss of body weight across several training exercises, causing mild hypohydration [21].
Results indicated a mean body weight reduction of 0.79% following 30 ‘hot fire exercises’ totalling
33 min of firefighting, and a significant mean body weight change (1.59 + 0.57 kg) following 6 ‘fire attack’
and 8 ‘fire behaviour’ exercises totalling 32 min in duration [21]. Furthermore, a recent study involving
35 firefighters found a significant body weight loss following a 3-h live fire training exercise [2]. The task
involved 3—4 evolutions lasting 15-25 min, separated by 10-15 min with numerous occupational tasks.
Both studies encouraged ad libitum drinking. These studies provide evidence that despite adequate
fluid availability and sufficient breaks, fluid intake of structural firefighters can still be insufficient to
counteract fluid loss from structural firefighting, as measured by body weight.

A major point of note is the fact that firefighters arrived on shift in a minimally dehydrated state.
Only one firefighter arrived in a well hydrated state. Previous research has also found firefighters arrive
in a seriously dehydrated state [2,10,15,21]. These findings continue to raise concerns of firefighters
putting themselves at an increased risk of heat injuries and negative job outcomes by arriving for duty
in a dehydrated state. Storing fluids on board the fire vehicles for pre-hydration and post-rehydration
on the way to and from events is advocated to combat this. This may aid in pre-task hydration and the
replacement of fluid loss known to occur from such an event. However, it should also be noted that in
some circumstances, ad libitum drinking may not be sufficient to replenish fluid [2,21]. Furthermore,
with adequate fluid replacement options available at fire stations, ensuring firefighters are aware of the
risk of dehydration may help to encourage firefighters to follow such rehydration procedures [2].

This current study also found a significant increase in tympanic membrane temperatures at all
time points. The measured mean increase of tympanic temperatures of 2.4 °C is substantially higher
than those seen in the previous studies. To measure core temperature, Smith et al. (2001) utilised a
gastro pill and found a mean increase of 0.9 °C and Angerer et al. (2008) and Carlton et al. [15] using
tympanic membrane temperature found a mean increase of 0.7 °C and 1.29 °C respectively. A potential
reason for the notable differences found in this current study may be due to the collection method of
taking tympanic membrane temperature before removal of the flash hood. This was performed to get
a representation of ‘under-the-hood” environments as well as preventing cooling between the end of
the scenario and the start of post event measures. Scenario factors such as length of exposure, ‘burn’
structure temperatures and tasks performed may also contribute to the observed differences between
studies. Furthermore, a significant loss of body weight, as found in this study, has been suggested to
increase core temperature and reduce tolerance to increases in core temperature [21,22]. This further
reinforces the importance of hydration protocols to prevent against heat strain in firefighters.

This data adds to extensive evidence of the high thermal demands of firefighting and the real
risk of the negative consequences of heat strain. As noted by Angerer et al. (2008), the ergonomic
standard ISO 9886 sets the upper limit of core temperature increase per hour at 1.4 °C. In the current
study employing a 15-min task, this limit was exceeded by all subjects. It is of further concern that the
recommended safe upper limit of working core temperature of 38.5 °C [23], was also exceeded by all
subjects. Temperatures ranged from 38.5 °C to 39.5 °C following the ‘burn’ scenario, highlighting how
temperatures can rise substantially within just 15 min of commencing structural firefighting. Although
tympanic membrane temperature is readily used in the field as a convenient measure of estimating core
body temperature, caution is recommended when using these devices as a measure of heat strain as it
has been shown to have poor agreement with direct measures such as ingestible capsules [24]. This
suggests that caution should be applied in drawing firm conclusions from these results, and further
research is warranted.

It was also of interest that with 20 min of rest, tympanic membrane temperatures were still a mean
of 1.2 °C above baseline temperatures. These results parallel those by Eglin et al. (2004) who found core
temperatures remained constant for 10-15 min post fire scenario. This fact may have been exacerbated
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by the firefighters resting in their PPE, thereby reducing opportunity for any potential cooling effect [6].
While this approach may be unlike typical procedures involving removal of PPE and commencement of
cooling strategies, there may be occasions where firefighters are removed from the fire environment yet
remain in their PPE (e.g., changing SCBA tanks before returning directly into the fire environment or
working in an area where a flashover may still occur/reoccur). Extensive research into cooling strategies
post-firefighting, such as hand and forearm cold water immersion [25-30], ice slurry ingestion [31] and
cooling garments [32,33] has produced promising results. Firefighting agencies have adopted many of
these strategies to aid in post activity cooling and rehydration, to ensure adverse events are minimised
with the safety of firefighters paramount.

Limitations

The main limitations of this study were; limited control of real life variables, protocol factors and
a small sample size. Our study was aimed at replicating an everyday event for a firefighter. As a
result, no attempt was made to control their normal diet and caffeine intake. Acknowledging that these
variables could affect the physiological response to the scenario, the aim of this study was to replicate
the impact of firefighting on hydration in a situation as close to that faced by firefighters everyday as
possible. Although this reduces standardisation of the protocol it provides a closer representation of
the actual effects of structural firefighting in the field. Without taking this approach, some key findings
would not have been discovered.

Having subjects weighed in station wear may have affected the results of the body weights
measured in this study. As previously stated, weighing firefighters while wearing their ‘station’
clothing (which is typically worn underneath their PPE) may have led to an under estimation of
their fluid loss, with sweat accumulating in the clothing impacting on the reliability of bodily fluid
loss results.

The USG and body weight standards were compared against those developed by consensus for
athletic populations. These may have limited application to firefighting personnel, who are exposed
to extreme temperatures while wearing heavy impermeable PPE. However, there are no equivalent
standards for personnel in firefighting organisations and thus the results of the current study provide a
satisfactory benchmark by which to gauge hydration responses during structural firefighting.

A small sample size, common in studies with firefighting personnel, is another limitation of the
present study. This limitation makes transferability of results to larger firefighter populations more
difficult and the associated low level of statistical power prevented meaningful comparisons of USG
levels across time points.

5. Conclusions

This study generated findings highly pertinent for firefighting personnel and organisations.
Firstly, it is evident that even short duration firefighting operations can cause significant fluid loss
with the potential to lead to dehydration. This may be exacerbated by firefighters arriving on shift in a
dehydrated state. Secondly, the thermal effects of firefighting significantly affect firefighter tympanic
membrane temperature. Without cooling strategies, the body temperature may remain elevated for at
least 20 min, even outside of the fire event if the firefighters are required to remain in PPE. Due to the
intense nature of structural firefighting and the potential for rapid dehydration, further research to
determine fluid replacement requirements is warranted, with the aim of developing evidence-based
guidelines to ensure the health and safety of firefighters.

Author Contributions: R.O. & R.G. designed the study. A.W. & R.O. gained ethics approval. R.G. gained
departmental approvals. All authors collected the data. A.W., R.O. & R.P. analysed the results & drafted the
manuscript. B.S. revised the manuscript for publication. All authors read and approved the final manuscript.

Funding: This research received no external funding.

Acknowledgments: Personnel of the state Fire and Emergency Services for their participation in this study.



Safety 2019, 5, 36 80f9

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Cuddy;, J.S.; Sol, J.A.; Hailes, W.S.; Ruby, B.C. Work patterns dictate energy demands and thermal strain
during wildland firefighting. Wilderness Environ. Med. 2015, 26, 221-226. [CrossRef] [PubMed]

Horn, G.P; DeBlois, J.; Shalmyeva, I.; Smith, D.L. Quantifying dehydration in the fire service using field
methods and novel devices. Prehosp. Emerg. Care Off. |. Natl. Assoc. EMS Phys. Natl. Assoc. State EMS Dir.
2012, 16, 347-355. [CrossRef] [PubMed]

Holsworth, R.E., Jr.; Cho, Y.I.; Weidman, J. Effect of hydration on whole blood viscosity in firefighters.
Altern. Ther. Health Med. 2013, 19, 44-49. [PubMed]

Raines, J.; Snow, R.; Petersen, A.; Harvey, J.; Nichols, D.; Aisbett, B. Pre-shift fluid intake: Effect on physiology,
work and drinking during emergency wildfire fighting. Appl. Ergon. 2012, 43, 532-540. [CrossRef] [PubMed]
Smith, D.L.; Petruzzello, S.J.; Chludzinski, M.A.; Reed, J.J.; Woods, J.A. Effect of strenuous live-fire fire
fighting drills on hematological, blood chemistry and psychological measures. |. Therm. Biol. 2001, 26,
375-379. [CrossRef]

Barr, D.; Gregson, W.; Reilly, T. The thermal ergonomics of firefighting reviewed. Appl. Ergon. 2010, 41,
161-172. [CrossRef] [PubMed]

Ftaiti, F,; Duflot, ].C.; Nicol, C.; Grelot, L. Tympanic temperature and heart rate changes in firefighters during
treadmill runs performed with different fireproof jackets. Ergonomics 2001, 44, 502-512. [CrossRef] [PubMed]
Duncan, HW.; Gardner, G.W,; James, B.R. Physiological responses of men working in fire fighting equipment
in the heat. Ergonomics 1979, 22, 521-527. [CrossRef] [PubMed]

Ruby, B.C.; Schoeller, D.A.; Sharkey, B.].; Burks, C.; Tysk, S. Water turnover and changes in body composition
during arduous wildfire suppression. Med. Sci. Sports Exerc. 2003, 35, 1760-1765. [CrossRef]

Raines, J.; Snow, R.; Nichols, D.; Aisbett, B. Fluid intake, hydration, work physiology of wildfire fighters
working in the heat over consecutive days. Ann. Occup. Hyg. 2015, 59, 554-565.

Mclellan, TM.; Cheung, S.S.; Latzka, W.A.; Sawka, M.N.; Pandolf, K.B.; Millard, C.E.; Withey, W.R. Effects of
dehydration, hypohydration, and hyperhydration on tolerance during uncompensable heat stress. Can. J.
Appl. Physiol. 1999, 24, 349-361. [CrossRef] [PubMed]

Montain, S.J.; Coyle, E.F. Influence of graded dehydration on hyperthermia and cardiovascular drift during
exercise. J. Appl. Physiol. 1992, 73, 1340-1350. [CrossRef] [PubMed]

Sawna, M.N.; Coyle, E.F. Influence of body water and blood volume on thermoregulation and exercise
performance in the heat. Exerc. Sport Sci. Rev. 1999, 27, 167-218. [CrossRef]

Angerer, P.; Kadlez-Gebhardt, S.; Delius, M.; Raluca, P.; Nowak, D. Comparison of cardiocirculatory and
thermal strain of male firefighters during fire suppression to exercise stress test and aerobic exercise testing.
Am. |. Cardiol. 2008, 102, 1551-1556. [CrossRef] [PubMed]

Carlton, A.; Richard, G.; Orr, R. The impact of suppressing a structural fire on firefighter hydration.
Aust. Strength Cond. J. 2016, 24, 27-33.

Popowski, L.A.; Oppliger, R.A.; Patrick Lambert, G.; Johnson, R.F.; Kim Johnson, A.; Gisolf, C.V. Blood and
urinary measures of hydration status during progressive acute dehydration. Med. Sci. Sports Exerc. 2001, 33,
747-753. [CrossRef] [PubMed]

Cheuvront, S.N.; Ely, B.R.; Kenefick, R.W.; Sawka, M.N. Biological variation and diagnostic accuracy of
dehydration assessment markers. Am. J. Clin. Nutr. 2010, 92, 565-573. [CrossRef]

Casa, D.J.; Armstrong, L.E.; Hillman, S.K.; Montain, S.J.; Reiff, R.V; Rich, B.S.E.; Roberts, W.O.; Stone, J.A.
National athletic trainers’ association position statement: Fluid replacement for athletes. J. Athl. Train. 2000,
35,212-224.

Dickinson, E.T.; Bevilacqua, J.J.; Hill, ].D,; Sites, ED.; Wurster, EW.; Mechem, C.C. The utility of tympanic
versus oral temperature measurements of firefighters in emergency incident rehabilitation operations.
Prehosp. Emerg. Care 2003, 7, 363-367. [CrossRef]

Bureau of Meteorology. Brisbane Airport, Queensland. Available online: http://www.bom.gov.au/climate/
dwo/201603/html/IDCJDW4020.201603.shtml (accessed on 20 March 2016).

Eglin, C.M.; Coles, S.; Tipton, M.]. Physiological responses of fire-fighter instructors during training exercises.
Ergonomics 2004, 47, 483-494. [CrossRef]


http://dx.doi.org/10.1016/j.wem.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25772825
http://dx.doi.org/10.3109/10903127.2012.664243
http://www.ncbi.nlm.nih.gov/pubmed/22443314
http://www.ncbi.nlm.nih.gov/pubmed/23981371
http://dx.doi.org/10.1016/j.apergo.2011.08.007
http://www.ncbi.nlm.nih.gov/pubmed/21906723
http://dx.doi.org/10.1016/S0306-4565(01)00047-X
http://dx.doi.org/10.1016/j.apergo.2009.07.001
http://www.ncbi.nlm.nih.gov/pubmed/19664755
http://dx.doi.org/10.1080/00140130118503
http://www.ncbi.nlm.nih.gov/pubmed/11345493
http://dx.doi.org/10.1080/00140137908924636
http://www.ncbi.nlm.nih.gov/pubmed/520284
http://dx.doi.org/10.1249/01.MSS.0000089348.39312.4D
http://dx.doi.org/10.1139/h99-027
http://www.ncbi.nlm.nih.gov/pubmed/10470451
http://dx.doi.org/10.1152/jappl.1992.73.4.1340
http://www.ncbi.nlm.nih.gov/pubmed/1447078
http://dx.doi.org/10.1249/00003677-199900270-00008
http://dx.doi.org/10.1016/j.amjcard.2008.07.052
http://www.ncbi.nlm.nih.gov/pubmed/19026313
http://dx.doi.org/10.1097/00005768-200105000-00011
http://www.ncbi.nlm.nih.gov/pubmed/11323543
http://dx.doi.org/10.3945/ajcn.2010.29490
http://dx.doi.org/10.1080/10903120390936572
http://www.bom.gov.au/climate/dwo/201603/html/IDCJDW4020.201603.shtml
http://www.bom.gov.au/climate/dwo/201603/html/IDCJDW4020.201603.shtml
http://dx.doi.org/10.1080/0014013031000107568

Safety 2019, 5, 36 90f9

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Sawka, M.N.; Young, A.].; Latzka, W.A_; Neufer, D.P; Quigley, M.D.; Pandolf, K.B. Human tolerance to heat
strain during exercise: Influence of hydration. J. Appl. Physiol. 1992, 73, 368-375. [CrossRef] [PubMed]
Parsons, K. Human Thermal Environments: The Effects of Hot, Moderate, and Cold Environments on Human Health,
Comfort, and Performance; CRC Press: Boca Raton, FL, USA, 2014.

Pryor, R.R,; Seitz, ].R.; Morley, J.; Suyama, J.; Guyette, EX.; Reis, S.E.; Hostler, D. Estimating core temperature
with external devices after exertional heat stress in thermal protective clothing. Prehosp. Emerg. Care 2012, 16,
136-141. [CrossRef] [PubMed]

Savage, R].; Lord, C.; Larsen, B.L.; Knight, T.L.; Langridge, P.D.; Aisbett, B. Firefighter feedback during active
cooling: A useful tool for heat stress management? |. Therm. Biol. 2014, 46, 65-71. [CrossRef] [PubMed]
McEntire, S.J.; Suyama, ].; Hostler, D. Mitigation and prevention of exertional heat stress in firefighters:
A review of cooling strategies for structural firefighting and hazardous materials responders. Prehosp. Emerg.
Care 2013, 17, 241-260. [CrossRef] [PubMed]

Katica, C.P,; Pritchett, R.C.; Pritchett, K.L.; Del Pozzi, A.T.; Balilionis, G.; Burnham, T. Effects of forearm vs.
leg submersion in work tolerance time in a hot environment while wearing firefighter protective clothing.
J. Occup. Environ. Hyg. 2011, 8, 473-477. [CrossRef] [PubMed]

Colburn, D.; Suyama, J.; Reis, S.E.; Morley, J.L.; Goss, EL.; Chen, Y.F; Moore, C.G.; Hostler, D. A comparison
of cooling techniques in firefighters after a live burn evolution. Prehosp. Emerg. Care Off. ]. Natl. Assoc. EMS
Phys. Natl. Assoc. State EMS Dir. 2011, 15, 226-232. [CrossRef] [PubMed]

Barr, D.; Reilly, T.; Gregson, W. The impact of different cooling modalities on the physiological responses in
firefighters during strenuous work performed in high environmental temperatures. Eur. J. Appl. Physiol.
2011, 111, 959-967. [CrossRef]

Selkirk, G.A.; McLellan, T.M.; Wong, J. Active versus passive cooling during work in warm environments
while wearing firefighting protective clothing. J. Occup. Environ. Hyg. 2004, 1, 521-531. [CrossRef]

Walker, A.; Driller, M.; Brearley, M.; Argus, C.; Rattray, B. Cold-water immersion and iced-slush ingestion
are effective at cooling firefighters following a simulated search and rescue task in a hot environment.
Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2014, 39, 1159-1166. [CrossRef]

Kim, J.H.; Coca, A.; Williams, W.J.; Roberge, R.J. Effects of liquid cooling garments on recovery and
performance time in individuals performing strenuous work wearing a firefighter ensemble. ]. Occup.
Environ. Hyg. 2011, 8, 409—416. [CrossRef]

Barr, D.; Gregson, W.; Sutton, L.; Reilly, T. A practical cooling strategy for reducing the physiological strain
associated with firefighting activity in the heat. Ergonomics 2009, 52, 413. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1152/jappl.1992.73.1.368
http://www.ncbi.nlm.nih.gov/pubmed/1506393
http://dx.doi.org/10.3109/10903127.2011.614047
http://www.ncbi.nlm.nih.gov/pubmed/21939375
http://dx.doi.org/10.1016/j.jtherbio.2014.10.003
http://www.ncbi.nlm.nih.gov/pubmed/25455942
http://dx.doi.org/10.3109/10903127.2012.749965
http://www.ncbi.nlm.nih.gov/pubmed/23379781
http://dx.doi.org/10.1080/15459624.2011.590743
http://www.ncbi.nlm.nih.gov/pubmed/21756136
http://dx.doi.org/10.3109/10903127.2010.545482
http://www.ncbi.nlm.nih.gov/pubmed/21294631
http://dx.doi.org/10.1007/s00421-010-1714-1
http://dx.doi.org/10.1080/15459620490475216
http://dx.doi.org/10.1139/apnm-2014-0038
http://dx.doi.org/10.1080/15459624.2011.584840
http://dx.doi.org/10.1080/00140130802707675
http://www.ncbi.nlm.nih.gov/pubmed/19401892
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Scenario 
	Testing Protocol 
	Statistics 

	Results 
	Hydration Outcomes 
	Urine Specific Gravity 
	Body Weight 
	Tympanic Membrane 

	Discussion 
	Conclusions 
	References

