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Abstract

Objectives.—Postural imbalance can result from hyperthermia-mediated muscular fatigue and is 

a major factor contributing to injuries from falling. The objective of this study was to investigate 

the effect of exercise-induced hyperthermia and the impact of cooling on postural balance while 

wearing firefighters’ protective clothing (FPC) in a hot environment.

Methods.—A portable force platform measured postural balance characterized by postural sway 

patterns using center of pressure metrics. Twelve healthy, physically fit males were recruited to 

stand on the force platform once with eyes open and once with eyes closed before and after 

treadmill exercise (40%V̇ O2max) inside an environmental chamber under hot and humid conditions 

(30 °C and 70% relative humidity) while wearing FPC. Subjects participated in two randomly 

assigned experimental phases: control and cooling intervention.

Results.—A significant increase in physiological responses and postural balance metrics was 

observed after exercising in the heat chamber while wearing FPC. Cooling resulted in a significant 

effect only on postural sway speed after exercise-induced hyperthermia.

Conclusions.—Hyperthermia can negatively alter postural balance metrics, which may lead to 

an increased likelihood of falling. The utilization of body cooling reduced the thermal strain but 

had limited impact on postural balance stability.
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1. Introduction

Encapsulating firefighters’ protective clothing (FPC) may offer protection from both 

hazardous materials and extreme environmental heat for short periods of time. However, 

current FPC is heavy, thick, multilayered and bulky, which can affect postural balance 

during firefighting activities [1,2]. In addition, high levels of work (i.e., increased metabolic 

heat production) in hot environments while wearing encapsulating FPC is a significant 

contributor to hyperthermia [3,4]. The American Conference of Governmental and Industrial 

Hygienists (ACGIH) [5] established the threshold limit value (TLV) guidelines to ensure that 

core body temperature (Tc) does not exceed a lower threshold safe limit of hyperthermia (38 

°C) for extended periods of work while wearing personal protective equipment (PPE). In 

addition, the guidelines of the National Fire Protection Association (NFPA) Standard 1584 

[6] recommend that firefighters’ Tc should be maintained within the range 36–38 °C.

Firefighting is usually associated with physically demanding tasks leading to increased 

fatigue, which may result in postural balance instability [1,2]. Moreover, the increase in 

Tc approaching the lower threshold safe limit of hyperthermia could be one of the factors 

affecting postural balance stability, possibly leading to slips, trips and falls. This could 

potentially result in an injury or fatality [7–9]. The role of fatigue as a contributor to 

alterations in balance and subsequent increases in falls is further explained by Pau et al. 

[10], who noted that postural balance among firefighters is greatly affected by the level of 

fatigue. It has also been suggested that extrinsic factors, such as reduced visibility and heat 

stress, can result in an elevated risk of slips and falls [10–12]. The increasing risk of physical 

injuries such as slips and falls is also related to exposure to extended periods of high heat, 

which may cause heat exhaustion that has been associated with an increase the chance of 

slips and falls [13]. Finally, it has been reported that wearing FPC alone can negatively affect 

postural balance in firefighters [14–16].

From a physiological standpoint, the literature suggests that reliance on the natural 

mechanisms of body cooling alone while wearing personal protective clothing will be 

insufficient for reducing heat strain [1,7]. The encapsulating nature of the FPC can defeat 

the normal heat transfer mechanisms of the body, especially sweat vaporization [1,7]. Thus, 

an external cooling method could help to reduce heat stress severity and associated incidents 

such as slips and falls. Several studies have evaluated the effectiveness of cooling strategies 

in the management of the adverse effects of heat stress on firefighters’ physiological 

responses [3,17]. It is evident that continuous cooling provides a potential option through 

which the physiological function of firefighters can be improved [3,17].

A study conducted by Kim et al. [18] suggested that a continuous cooling method via a 

wearable liquid cooling garment (LCG) underneath the FPC is an effective method to reduce 

physiological strain, enhance recovery and extend exercise performance in subsequent 

sessions of exercise.

However, there is a scarcity of data in the literature on the effect of continuous cooling 

on the firefighter’s motor control, including postural balance. Hence, the objectives of 

this study were to investigate the effect of hyperthermia, induced by exercise in a hot 
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environment while wearing FPC, and the impact of a continuous cooling method on static 

postural balance metrics in human subjects. We hypothesized that continuous cooling would 

limit hyperthermia and help maintain the normal characteristics of postural balance after 

exercise in a hot environment.

2. Methods

2.1. Study design

The data presented in this study are a subset of a larger research study, portions of which 

have been published previously and in which some of the following methods have been 

described in detail [19,20]. Briefly, this study utilized a randomized cross-over design 

consisting of two experimental phases scheduled on two different days per each subject 

– control phase (no cooling) and intervention phase (cooling application) – to investigate 

the effect of cooling application on static postural balance metrics after exercise while 

wearing FPC in a warm (30 °C) and humid (70% relative humidity [RH]) environment. The 

study was approved by the National Institute for Occupational Safety and Health (NIOSH) 

Institutional Review Board (15 NPPTL-01).

2.2. Study population

Twelve healthy, non-smoking, physically fit V̇ O2max ≥ 45ml ⋅ kg−1 ⋅ min−1  men aged 21–40 

years were recruited from the general population to participate in this study. Inclusion 

criteria for this study have been described elsewhere [19]. Briefly the subjects, in addition 

to being generally healthy, were not taking any medications (e.g., alcohol, prescription 

medications, over-the-counter remedies including herbal-based remedies or drugs of abuse) 

that might interfere with the safe conduct of the study or with the quality of the data 

collection. The subjects were also required to be physically and mentally capable of 

completing the tasks required by the study. Each subject served as their own control.

2.3. Medical screening/evaluation

Upon first arrival, oral and written informed consent was obtained from each subject after an 

orientation about the nature of the study procedures, including potential risks associated with 

participation. Subjects then completed a medical history questionnaire prior to participation 

and before each phase of the study as previously described [19].

2.4. Physical fitness evaluation

Subject enrollment and screening procedures have been described elsewhere [19]. Briefly, 

upon completion of the formal consent process and medical screening, each subject then 

completed a maximal graded exercise test (GXT) during which aerobic capacity V̇ O2 , 

cardiac rhythm (electrocardiogram [ECG]), heart rate (HR), blood pressure (BP) and 

subjective ratings of perceived exertion (Borg scale) were obtained. The V̇ O2max and HRmax 

measures were used to calculate individual subjects’ relative exercise intensity (workload) 

during the experimental phases. In addition, relative workload, set at 40% V̇ O2max for the 

experimental conditions, was calculated after adding the weight of the FPC (20.45 kg) to 
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each subject’s measured body weight to account for additional external stress of carrying the 

FPC load [19].

2.5. Experimental phases

Subjects were scheduled to come to the laboratory on two separate days (at least 1 week 

apart to prevent training effects) to participate in both the control and intervention phases as 

previously described [19]. The continuous cooling method used in the intervention phases 

was adapted from a previously published protocol by Kim et al. [18]. The experimental 

phases were conducted inside an environmental chamber (air temperature, 30 °C; RH, 

70%). During this time, the subjects entered the chamber while wearing FPC, including the 

self-contained breathing apparatus (SCBA). The experimental phases included four stages 

as follows: stage 1, a 15-min stabilization period in which the subjects were seated on a 

chair inside the chamber during which pre-exercise physiological measures were obtained; 

stage 2, a 5-min transition stage during which the study staff adjusted the treadmill incline 

and speed necessary to impose a relative workload equivalent to 40% of the subject’s V
.
O2max

as calculated from the GXT; stage 3, a 40-min treadmill exercise at 40% V
.
O2max at the end 

of which the subjects completed the static postural balance test; stage 4, at the completion 

of the balance test, the subjects then exited the environmental chamber and were seated at 

ambient room temperature (TA) (20 °C, 50% RH) for the recovery phase. The subjects were 

then instructed to remove the FPC and change into clean clothes. Subjects were monitored 

and remained in the recovery stage (stage 4) and cool liquids (water or sports drink) were 

provided (ad libitum) during the recovery stage. Subjects continued to be monitored until 

their Tc fell below 38 °C and HR decreased to < 100 bpm, indicating that the subject 

had achieved a physiologically stable state during the recovery stage. Upon achieving a 

physiologically stable state, the subjects could safely be released from the experimental 

activities for that day. The sequence of the experimental procedures is shown in Figure 1.

2.5.1. Static postural balance measures—A portable force platform system 

(AccuSway Optimized™; AMTI, USA) was used to measure the postural balance metrics 

(static posturography) of subjects directly prior to the experimental phases (before starting 

stage 1) and directly after the exercise (end of stage 3). The postural balance test consisted 

of two trials as follows: eyes open trial while standing on a firm surface (EO); followed 

by eyes closed trial while standing on a firm surface (EC). Each trial duration lasted 

30 s and subjects were seated on a chair between subsequent trials. Because firefighters 

are often required to work in the dark or under conditions of low visibility due to the 

presence of heavy smoke, the postural balance test is designed to utilize static postural sway 

as an indirect assessment of different stressors on the central nervous system (CNS) by 

assessing the visual, vestibular and somatosensory inputs and their effects on maintaining 

static postural balance [15,21].

Two study staff were positioned on each side of the subject during the testing to monitor 

and prevent the subject from falling. Postural balance testing was conducted outside the 

environmental chamber in a quiet area at TA (20 °C, 50% RH). Outcome variables of 

the static postural balance tests were sway speed (SS; centimeters per second), sway area 

(SA; square centimeters), excursion in the anterior–posterior direction (AP; centimeters) 
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and excursion in the medio-lateral direction (ML; centimeters). The SA is encompassed 

by movement patterns of X–Y coordinates of center of pressure (CP) movements during 

postural balance tests. SS is the total sway length traveled by the subjects’ CP over time 

during postural balance tests. The ML and AP are maximum displacements of subject’s 

CP in the ML and AP directions, respectively. Data generated by the force platform were 

processed using custom software (KineLysis©) to calculate the mean values of all static 

balance outcome measures.

2.5.2. Physiological measures—The physiological variables obtained in this study 

have been described in detail elsewhere [19], i.e., HR (beats per minute), Tc (degrees 

Celsius) and mean skin temperature (Tsk; degrees Celsius). The HR was measured using 

a BioHarness Zephyr™ (BioHarness III; Zephyr Technology Corporation, USA) monitor 

strapped to each participant’s chest. Tc was measured by a silastic-coated rectal probe 

(4600 precision rectal thermistor; YSI Temperature, USA) connected via wire to LabVIEW 

(LabView 2014 SP1, 14.0.1.4008, National Instruments, USA), which synchronizes the 

live data. Tsk was measured by thermistors (SQ2020-1F8 skin temperature logger; Grant 

Instruments Ltd, UK) attached to four skin sites (chest, shoulder, thigh and calf) [22]. 

Statistical analyses were performed on two time points: pre and post exercise per the 

experimental phase. The pre-exercise measurement was a 1-min average at the end of the 

stabilization period (stage 1). The post-exercise measurement was calculated using the last 

1-min average of the immediate post-exercise stage (stage 3) prior to recovery.

2.6. Equipment and instrumentation

2.6.1. Experimental protective clothing—FPC (Morning Pride/Total Fire Group 

[now Honeywell], USA) including SCBA (Scott NXG2 AIRPAK with 45-min rated carbon 

cylinder; Scott Health & Safety, USA) was used throughout this study. Details of the 

firefighter ensemble used in this study have been published elsewhere [23].

2.6.2. Environmental chamber—A walk-in environmental chamber (WM-Series; 

Russells Technical Products, USA) was used to create the environmental conditions 

specified by the study protocol (30 °C, RH 70%) maintained within a range of ±2 °C and 

±5% RH.

2.6.3. Liquid cooling garment—A shortened cooling garment [18] was used in this 

study for the continuous cooling application. Details of the LCG have been described 

previously [18,19]. Briefly, the LCG (Figure 2) was designed such that it selectively cools 

specific regions of the body with higher heat exchange capabilities [24]. The garment 

employs flexible silastic tubing embedded into the inner surface of the fabric which is in 

direct contact with the skin for heat exchange [18,24]. Cooled water (18 °C) supplied by an 

external water electric circulator, capable of maintaining constant water temperatures, was 

circulated through the silastic tubing. Body surface areas covered by the garment tubing 

were the head, forearm, torso and thigh area. The subjects wore the LCG underneath the 

FPC in both phases: control (no cooling) and intervention (cooling). The water circulator 

was connected to the LCG only during intervention phases. Therefore, the only difference 

between the control and the intervention was whether the cool (18 °C) water was circulated 
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through the LCG providing the cooling effect. There was no cooling effect when the 18 °C 

water was not circulating through the LCG [18].

2.6.4. Force platform—An AMTI force plate (AccuSway Optimized™; AMTI, USA) 

was used for static postural balance measurements. The force plate captured six channels 

of data: three mutually orthogonal forces and three mutually orthogonal moments. During 

the postural balance test, these six channels were used for monitoring the movement of 

coordinates of the CP on the horizontal X–Y plane as per the equations outlined in a 

previous study involving a postural balance test [25].

2.7. Statistical analysis

All statistical analyses were conducted using R version 3.3.2. Descriptive statistics were 

computed for Tc and postural balance outcome measures. A two-way analysis of variance 

(ANOVA) with three levels (time of heat exposure [pre vs post] × cooling application [no 

cooling vs cooling] × vision condition [EO vs EC]) was conducted to analyze the effect 

of hyperthermia and the interaction of cooling intervention on postural balance metrics 

in addition to the effect of vision. An α value of p ≤ 0.05 was considered statistically 

significant for all comparisons.

Results

The statistical summary (mean ± standard deviation) of subjects’ demographic factors is as 

follows: age 24 ± 3.2 years, height 178 ± 8.7 cm, weight 78.06 ± 8.16 kg, body mass index 

(BMI) 24.83 ± 3 and maximal oxygen consumption V̇ O2max  56.33 ± 7.42 ml·kg−1·min−1.

3.1. Physiological outcomes

Table 1 presents the changes of physiological responses (Tc) (mean ± standard deviation) 

used in both phases: control (no cooling) and intervention (cooling).

3.2. Static postural balance outcomes

Table 2 presents the results of static postural balance measures as descriptive statistics (mean 

± standard deviation) used in both phases: control (no cooling) and intervention (cooling).

Table 3 presents the simple effect of hyperthermia on static postural balance measures 

derived from ANOVA. Analysis of the simple main effects of time showed a significant 

increase in all postural balance metrics (SS, SA, AP, ML) across time, independent of the 

vision condition (EO, EC) or cooling condition (cooling, no cooling).

Table 4 presents results of the ANOVA of final postural balance values performed on the 

postural balance metrics as a function of elevation/range and time spent exercising inside the 

environmental chamber in two phases (control [no cooling], intervention [cooling]) across 

both vision conditions (EO, EC). There was a statistically significant three-way interaction 

between the effect of hyperthermia induced by time spent in the heat chamber and cooling 

intervention on only a postural balance variable (SS) across both vision conditions.
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Table 5 presents a results summary of vision effect on postural balance metrics. The simple 

main effects of vision show that vision has a significant role on the subjects’ postural 

balance metrics (SS, SA, ML) as a function of time spent exercising in the hot chamber (pre, 

post), independent of the cooling condition but not the AP.

4. Discussion

This study investigated the effect of continuous cooling on static postural balance stability. 

Hyperthermia was induced by exercise in a hot and humid environment while wearing FPC 

as described elsewhere [19]. The central hypothesis of this study was that the application 

of continuous cooling will improve static postural balance stability after exercise in a hot 

environment while wearing FPC. The effect of demographic factors is negligible since the 

study utilized young (within the same age group), healthy, male subjects of which several 

demonstrated an athletic body type with a higher percentage of muscle mass.

4.1. Static postural balance outcomes

The present findings support the study hypothesis, as well as other similar studies, in terms 

of the effect of hyperthermia on postural stability measures. It has been reported [26] that the 

combined effect of physical stress in a hot environment while wearing FPC significantly 

increased CP excursion (AP, ML) and speed (SS) for young, healthy individuals. A 

significant increase in all static postural balance metrics (SS, SA, AP, ML) in both vision 

conditions (EO, EC) and cooling conditions (cooling, no cooling) has occurred in subjects 

who reached the lower safe limit of hyperthermia induced by exercise (40%V̇ O2max) while 

wearing FPC in a warm and humid (30 °C; 70% RH) environment. The vision conditions 

significantly affected all static postural balance metrics (SS, SA, ML) except for the AP. 

These findings suggest that in the EC condition where vision is absent, the compensatory 

feedback from the remaining afferents (proprioceptors and vestibular systems) for postural 

balance maintenance in hot environments is compromised [27]. The literature suggests 

that there are functional differences and complementary roles for central and peripheral 

vision in postural control [26,28–31]. Peripheral vision is predominant in the AP postural 

control, while central vision is predominant for ML control [26,28–31] and the ML direction 

requires more control to maintain balance [32,33]. This could explain the limited impact of 

vision on AP excursion.

In a clinical study, the SA response suggests a role for the vestibular afferent system 

in maintaining postural balance[34]. Alternatively, an increase in sway length (highly 

correlated to SS) implies increased postural muscle contractions under the control of 

proprioceptive afferents. A study by Seliga et al. [35] showed that muscle fatigue during 

exercise even at room temperature reduced static postural balance control, suggesting a 

proprioceptive fatigue-mediated influence on postural muscle contractions involved in the 

maintenance of upright balance.

The present study findings partially support the study hypothesis in terms of the continuous 

cooling impact on the individual’s static postural balance. There was an influence of the 

cooling method on mitigating SS only. As mentioned earlier, there are limited data in the 

literature on the effect of cooling application on the firefighter’s postural balance stability. 
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The features of the cooling methods (water temperature, vest materials, tubing size, etc.) 

used in this study have been demonstrated to be an effective cooling method for stabilizing 

the physiological responses to heat stress [18,20], but nevertheless have limited effect on 

postural balance outcomes.

4.2. Study limitations

There were three main limitations of this study: testing conditions, study sample population 

and cooling parameters. The study was conducted using controlled conditions in an 

environmental chamber. The hot and humid environmental conditions were set to simulate 

the average heat conditions faced by firefighters under non-live burn conditions in 

subtropical or tropical regions. However, firefighters face far more extreme conditions 

during actual live fire conditions [36] than those in this study. Therefore, the study findings 

should be used with caution when extrapolating the responses from this study to a live 

fire scenario. The study also imposed a hot environment exposure for 40 min, which may 

not represent actual exposure times (~20 min) during firefighting. However, the study did 

simulate the longest bouts that firefighters typically might experience during firefighting. 

The study subjects were recruited from the general population with strict health and physical 

fitness criteria due to the difficulty in recruiting professional firefighters. The study sample 

population only represents a young and healthy firefighting population excluding unhealthy 

or older members of the population. Thus, the data are probably not generalizable to the 

older or less healthy members of the fire service. Finally, the cooling method employed in 

this study (i.e., water temperature and vest and tube materials) might be limited in its ability 

to provide completely beneficial effects to motor function (i.e., postural balance). A more 

powerful cooling application (i.e., lower water temperature) might be needed to achieve a 

maximal benefit from cooling.

5. Conclusion

The study results suggest that exercising in a warm and humid environment combined 

with the additional burden from encapsulating FPC can result in significant decrements 

in postural balance stability. However, the cooling method used in this study appears to 

result in a limited improvement of static postural balance stability – specifically SS. This 

could be due to the parameters (water temperature, tubing size) of the cooling method. 

In addition, visual conditions significantly affected all static postural balance metrics (SS, 

SA, ML) except the AP. These findings suggest that where vision is absent, either with the 

eyes closed or in an environment of limited visibility (e.g., a smoke-filled or dark room), 

the compensatory feedback from the remaining non-visual afferents (proprioceptors and 

vestibular systems) for postural balance maintenance in hot environments is compromised. 

It is possible that these effects were due to the selected water temperature, duration of heat 

exposure, hydration status or other factors. Further investigation into the mitigating effect of 

BMI, age and gender, as well as the cooling method used, is certainly warranted.
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Figure 1. 
Sequence of the experimental procedures. Reprinted by permission of Taylor & Francis Ltd 

(http://www.tandfonline.com) on behalf of JOEH, LLC from Aljaroudi et al. [20]. Note: The 

full color version of this figure is available online. HR = heart rate (beats per minute); RH 

= relative humidity (percentage); Tc = core body (rectal) temperature (degrees Celsius); Tsk 

= skin temperature (degrees Celsius); V̇ O2, max= maximal oxygen consumption (milliliters per 

kilogram per minute).
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Figure 2. 
Subject wearing the liquid cooling garment (LCG) used in the study. Note: Several different 

views presented. The LCG is designed to cover areas of the body with high heat exchange 

capacity. The full color version of this figure is available online (National Institute for 

Occupational Safety and Health [NIOSH] file photograph).
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Table 3.

Simple effects of time of hyperthermia on postural balance metrics.

Variable (unit) F p η p 2

SS (centimeters per second) 9.72 0.01* 0.47

SA (square centimeters) 12.72 < 0.01* 0.54

AP (centimeters) 7.82 0.02* 0.42

ML (centimeters) 13.63 < 0.01* 0.55

*
Significant difference for each of the variables.

Note: AP = excursion in the anterior–posterior direction; ML = excursion in the medio-lateral direction; ηp2 = partial η2; SA = sway area; SS = 

sway speed. 
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Table 4.

Three-way interaction effects between hyperthermia, cooling intervention and vision on postural balance 

metrics.

Variable (unit) F p η p 2

SS (centimeters per second) 7.15 0.02* 0.39

SA (square centimeters) 0.69 0.42 0.06

AP (centimeters) 0.06 0.81 0.00

ML (centimeters) 0.12 0.74 0.01

*
Significant difference in variable identified.

Note: AP = excursion in the anterior–posterior direction; ML = excursion in the medio-lateral direction; ηp2 = partial η2; SA = sway area; SS = 

sway speed. 
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Table 5.

Statistical analysis of vision effect on postural balance metrics in both experimental phases (control, 

intervention).

Variable (unit) F p η p 2

SS (centimeters per second) 29.25 < 0.01* 0.73

SA (square centimeters) 38.26 < 0.01* 0.78

AP (centimeters) 0.012 0.92 0.001

ML (centimeters) 23.47 < 0.01* 0.68

*
Significant difference in the variables identified.

Note: AP = excursion in the anterior–posterior direction; ML = excursion in the medio-lateral direction; ηp2 = partial η2; SA = sway area; SS = 

sway speed.
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