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ABSTRACT 

 

The multilayered firefighter turn-out gear is not only restrictive to movement but also 

contributes to increased body rectal temperature, heart rate, and skin temperature by trapping 

moisture and heat between the layers of the clothing. Firefighter gear fitting more loosely than 

needed may result in more clothing “pumping,” which might result in a more favorable micro-

environment during some phases of firefighting. Because of the potential for impaired cognition 

of the firefighters under stressful conditions, heat stress, and limited time to save victims, it is 

imperative to understand when cognition is compromised. Recent menthol studies have found a 

reduced sweat rate when menthol was applied. Firefighters could benefit from a delay in sweat 

rate because sweating in the high humidity of the micro-environment may lead to hypohydration 

without the benefit of cooling. The present study had three purposes: 1) to evaluate firefighter 

gear fit (loose and regular); 2) to assess cognitive responses to 30-minute exposures in 21 °C and 

33 °C and 60% RH; and 3) to assess the effects of menthol skin application on local sweat rate in 

33 °C. Ten healthy volunteers participated in three trials of 30 minutes each at 21 °C (control, 

regular fit, loose fit) and three trials at 33 °C (control, regular fit, loose fit). At the beginning and 

the end of each trial, participants were tested with three cognitive tests: Reaction Time (RT), 

MATH (MATH), and Memory (MEM). During the menthol study, ten participants exercised 

twice (menthol and no-menthol treatments, counterbalanced) for 30 minutes followed by 20 

minutes passive recovery and then 30 minutes of exercise in 33 °C while wearing firefighter 
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gear. Loose and regular fit had no significant effect (p > 0.05) on firefighters. Individual positive 

and negative responders were found for cognitive scores based on LSD. Menthol treatment had 

no effect (p > 0.05) on thermoregulation or sweat production rate. Additional studies are needed 

to assess the effects of firefighter gear fit and cognition after multiple exposures to heat. In 

addition, further investigation is needed to assess the effects of a higher menthol concentration 

on the skin. 
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VO2max   Maximum oxygen uptake  

p           Probability associated with the occurrence under the null hypothesis of a value as                        
extreme as or more extreme than the observed value 

 
t             Computed value of t test  

<            Less than  

=            Equal to 

°C          Degrees Celsius 

±           Plus minus 

>           Greater than  

≥           Greater than or equal to  

χ²          Chi square- relating to or denoting a statistical method assessing the goodness of fit    
             between observed values and those expected theoretically. 
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CHAPTER 1 

INTRODUCTION 

 

Firefighters are required to use personal protective clothing to prevent harmful exposure 

to physical and chemical hazards (Hölmer et al., 2006). Firefighter turn-out gear acts as a 

protective shield against high fire temperatures as well as other hazards. However, the protective 

clothing results in increased heat strain, which precipitates increased heart rate, heat storage, and 

elevated rectal temperature, which may ultimately reduce cognitive performance during rescues 

(Cheung et al., 2000).  

Firefighters are required to perform multiple tasks and make fast decisions during a 

rescue. On average, firefighters spend a maximum of 30 minutes per bout fighting fires, followed 

by a break necessary to change the oxygen bottle of the self-contained breathing apparatus 

(SCBA) and to recover sufficiently to reenter the fire suppression activity (Selkirk et al., 2004).  

The multilayered firefighter turn-out gear is not only restrictive to movement but also 

contributes to increased body rectal temperature, heart rate, and skin temperature by trapping 

moisture and heat between the layers of the turn-out gear (Duncan et al., 1979; Bishop et al., 

1994).  But, when the firefighter gear fits tighter than needed, possibly more moisture and heat is 

trapped between the clothing’s layers, therefore contributing even more to overheating the 

firefighters. In contrast, a looser fit may be ergonomically more economical and may result in 



 

2 
 

more clothing “pumping,” which might result in a more favorable micro-environment during 

some phases of firefighting, and certainly when exposed to moderate, as opposed to very high 

temperatures (Gavin et al., 2003). During very high temperature exposures, this pumping would 

likely be detrimental. During rescues, firefighters need to make the best decisions in a short 

amount of time, and any factors that contribute to increased risks to the firefighters or decreased 

performance need to be eliminated for safety purposes.  

Over the years, firefighter turn-out gear and SCBA have become lighter.  For example, 

Sköldström et al. (1987) reported firefighter turn-out gear weighing 30 kg, but Casaru et al. 

(2009) reported firefighter turn-out gear weighing 17 kg. However, the fit of the firefighter turn-

out gear has not been considered previously. Our purpose in the current study was to investigate 

the physiological effects and heat storage of looser or regular fit firefighter turn-out gear. 

In addition, hydration of the firefighters during rescues is restrained due to the limitations 

imposed by the mask of the SCBA, plus sweat rates can be very high. Studies have shown a link 

between dehydration and cognitive performance. Gopinathan (1988) found a significant decrease 

in cognitive performance at 1, 2, 3, and 4% dehydration level. Also, Sharma et al. (1986) found a 

significant decrease in cognitive performance at 1 and 3% dehydration level in three different 

conditions: thermoneutral (37 °C, 50% RH ), hot dry (45 °C , 30% RH), and hot humid (39 °C, 

60% RH).  

However, there are inconclusive results in the literature about the independent effect of 

heat exposure on cognitive performances. In a review by Hancock and Vasmatzidis (2003), most 

of the studies included found decreased cognitive performance due to heat exposure. Also, 

Simmons et al. (2008) found a significant decrease in cognitive performance after 30 minutes of 

passive heating in 45 °C, 50% RH environment even though water was provided ad libitum. 



 

3 
 

Simons et al. (2009) concluded that cognitive performance decreased due to a faster, but 

inaccurate, mean reaction time, rather than a slower participant response. Moreover, Ramsey and 

Kwon (1992) concluded that perceptual motor task performance decreased significantly at 

temperatures between 30 and 33 °C WBGT, regardless of the exposure time to heat. In the 

review by Hancock and Vasmatzidis (2003), it was mentioned that several studies reported no 

significant difference for cognitive performance after exposure to heat (Chiles, 1958; Bell et al., 

1964; Colquhoun, 1969; Nunneley et al., 1979). In addition, O’Neal and Bishop (2009) found no 

significant difference in cognitive performance while performing at a work load of about 450 

kcal∙h⁻¹ in a 30 °C environment for 98.3 ± 39.5 minutes with a cooling vest and 73.5 ± 26.7 

minutes without a cooling vest.  

Working humans’ chief mechanism for heat dissipation is the evaporation of sweat. 

However, firefighter bunker gear impedes sweat evaporation; consequently, the sweating 

contributes to dehydration, providing only a little useful cooling. A few studies have investigated 

skin menthol application on sweat rate and sweat threshold. Previous research has shown 

menthol induces a cold sensation when applied to human skin and mucous membranes through 

activation of the peripheral receptors (Hensel and Zotterman, 1951). Firefighters could benefit 

from a reduced sweat rate because sweating in the high humidity of the micro-environment may 

lead to hypohydration without benefit of substantial cooling.  

Therefore, the purpose of this study was threefold:  1) to determine the physiological and 

comfort effects of a looser fit of firefighter turn-out gear compared to a regular fit of the turn-out 

gear in two different environments: a hot environment (33 °C) and a temperate environment (21 

°C); 2) to determine the cognitive performance effects of loose and regular fit firefighter clothing 

in hot (33 °C) and temperate (21 °C) environments; and 3) to investigate the effects of skin 
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menthol application on sweat rate response while wearing firefighter turn-out gear in a 33 °C 

environment. It was hypothesized that 1) looser fit would result in less heat storage in a 21 °C 

environment; 2) heat stress would negatively impact cognitive function; and 3) menthol applied 

to the skin would result in lowered sweat production. 



 

5 
 

 

 

 

CHAPTER 2 

REVIEW OF LITERATURE 

 

Working in heat has additional challenges compared to working in temperate conditions 

(21 °C). Some of the challenges that workers encounter in heat are reduced heat exchange rate, 

potential dehydration, heat illnesses, and ergonomic challenges resulting from the clothing worn 

(Wendt et al., 2007). Workers who perform daily working activities in the heat include 

firefighters, soldiers, policeman, and construction workers. Special consideration is allocated for 

firefighters, who perform their rescues in the proximity of the heat and who carry, on average, 18 

kg extra weight in gear: SCBA, mask, oxygen tank, gloves, trousers, coat, hood, and helmet 

(Casaru, 2009).  

During work/exercise, more than 75% of the energy that is generated by the skeletal 

muscle is dissipated from the body as heat (Wendt et al., 2007). The heat exchange between the 

environment and skin occurs through the mechanisms of convection, radiation, conduction, and 

evaporation. Heat storage (gain and/or loss) = metabolism (-external work) ± radiation ± 

conduction ± convection - evaporation (Cheuvront and Haymes, 2001). 

Although the design of firefighter gear allows moisture transfer from the skin to the 

outside environment, the heat is dissipating at a lower rate due to the multilayers of the 

firefighter gear (Torvi and Hadjisophocleous, 1999). Heat loss by radiation and convection 

depends on the temperature gradient between the skin and the environmental temperature (Wendt 
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et al., 2007). A higher relative humidity will lower the sweat evaporation rate, and, consequently, 

lower the rate of heat transfer from the body to the environment (Wendt et al., 2007). Working in 

hot conditions wearing firefighter gear limits evaporative heat loss, ultimately resulting in 

increased heat stress and increased risk of developing heat illnesses.  

Firefighter protective clothing protects firefighters from hazards and exposure to high 

temperatures during firefighting. However, the multi-layered protective firefighter turn-out gear 

limits heat exchange, restricting sweating evaporation (Holmér et al., 2006), trapping heat and 

moisture between clothing and the skin (Gavin, 2003).  

The thermoregulatory responses to protective clothing depend on a number of factors: 

thermal balance, clothing fabric, metabolic rate, and macro-environment (Gavin, 2003). Thermal 

strain is a result of imbalance of heat production and heat dissipation (Gavin, 2003). Several 

studies have recorded as a result of heat stress high heart rates (HR), rectal temperatures (Tre), 

heat storage, and dehydration levels while performing simulated firefighting drills under heat 

stress (Kamon et al., 1971; Sothman et al., 1992; Smith et al., 1997).  

 

Protective Clothing Fit 

When personal protective clothing is designed, clothing fabric is taken into account not 

only to offer protection from hazards but also to minimize heat stress. For example, clothing 

insulation depends on the fabric type (Gavin, 2003). Moisture absorption and movement also 

depend on fabric. For example, wool and cotton absorb moisture more than synthetic material 

(Nagata, 1978). However, the fit of the clothing has not been taken into account in personal 

protective clothing design. One of the questions of the present study was how does looser fit 

firefighter gear compare to regular fit firefighter gear with regards to affecting the thermal stress. 
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It could be speculated that loose fit clothing would allow more movement of air in the micro-

environment under the bunker gear, allowing more effective clothing pumping than regular fit 

(Havenith, 1999; Holmér, 2006). 

 

Impact of Heat Exposure in Firefighter Clothing on Cognition 

Over the years, firefighter turn-out gear research has mainly focused on the 

thermoregulatory physiological responses of the human body under heat stress; however, 

cognitive responses to hot or temperate environments while wearing firefighter gear have not 

been assessed. When heat stressed, firefighters’ cognition plays an important role in completing 

rescues. Cognitive acuity of firefighters is important in stressful situations, especially when quick 

decisions are needed for successful rescues and for the safety of the firefighters.  

Research has shown a negative impact on reaction time when dehydration levels were 

higher than 2.8% weight loss (Cian et al., 2001). During one exposure to simulated work in the 

heat, firefighters experienced weight losses ranging from 1% to 2% body weight, over 30 

minutes and 45 minutes exercise exposure time. However, in many situations, firefighters are 

required to perform multiple successive firefighting sessions, and dehydration levels could reach 

2.8% body weight, or higher; therefore, it is imperative to know the impact of dehydration and 

heat exposure  on firefighters' cognition.   

During prolonged exercise periods in heat, fatigue and dehydration may impact decision 

making (Hackcock et al., 1982; Ramsey, 1995; Hancock and Vasmatzidis, 2003). Also, during 

the first 15 minutes of exercise, the average brain temperature increases by ~ 1 °C. When 

exercise and heat combine as stressors, arterial blood temperature increases and central blood 
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flow is reduced, resulting in substantial changes in the cerebral heat balance, which could impact 

decision making (Nybo et al., 2002).  

When the cognition response under noise and heat was assessed, an increased linear 

relationship between noise, heat, and decreased cognition was found (Hygge and Knez, 2001). A 

noisy hot environment is similar to the fire fighting conditions. Also, a worse long-term recall 

response in 27 °C compared to 21 °C was observed (Hygge and Knez, 2001). If the negative 

effect of heat on cognition increased proportionally with environmental temperature, firefighters’ 

response recall could be compromised during rescues and possibly result in poor decision 

making. 

The effects of firefighter gear and SCBA on the cardiovascular system include increased 

heart rate, rectal temperature, and skin temperature (Ftaiti et al., 2001; Eglin et al., 2005). With 

an increase in rectal temperature, a decrease in attention was observed, resulting in a faster, but 

less accurate, reaction time. An increase in skin temperature has been found to influence 

attention and accuracy of cognitive responses (Simmons et al., 2008).  

Research showed an improvement in reaction times and significant decreased 

performance on the cognitive tests at the end of heat exposure trials (Smith and Petruzello, 1998) 

and an inconsistent increase in individual variability for cognitive tests for different firefighter 

gear configurations. The variability of cognitive performance in 30.5 °C could be explained by 

three factors involved directly in assessing cognition: fine control sensitivity, arm-hand 

steadiness, and movement analysis (Dixon et al., 1980). 

A small increase in rectal temperature of 2 °C has been associated with improvement of 

speed calculation when MATH tests were used to assess cognitive performance. But, the 

accuracy of MATH tests declined at a rectal temperature of 38.6 °C or higher (Holland et al., 
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1985; Ramsey, 1995). Also, cognitive performance impairment was found to be dependent on 

the individual task characteristics (Hancock, 1982). 

During multiple exposures to heat, firefighters could experience heat acclimatization, so 

the impact of heat on cognition could be diminished over time (Hancock, 1982). With multiple 

exposures to the heat without sufficient hydration, firefighters could experience dehydration 

levels greater than 2%. Cian et al. (2001) found that dehydration levels above 2% resulted in 

increased time required to make a decision and a decline in both perceptual and decisional tasks. 

This information is pertinent to firefighters since dehydration is possible due to the limitations of 

SCBA mask worn during rescues.  

The control of cognitive function starts with the central nervous system, where 

combinations of dehydration and a low supply of glucose have been associated with changes in 

cognitive response; however, the direction of the cognition changes are inconclusive (Davis et 

al., 2000; Brisswalter et al., 2002).   

Menthol 

Menthol (2-isopropyl-5-menthyl-cyclohexanol) is predominantly used in pharmaceutical 

and personal hygiene products as a cooling agent and an anti-irritant (Green, 1992). Menthol is 

known to stimulate cold-sensitive thermoreceptors (Hensel and Zotterman, 1951) and assumed to 

be the principal receptor for innocuous cold through transient receptor potential melastatin 8 

(TRPM8), which is located on the cell membrane of sensory neurons (Peier et al., 2002; 

McKemy et al., 2002). In follow-up research, Green (1986 and 1992) tested menthol on humans 

and identified that menthol had the property of enhancing a cold feeling and the ability to 

suppress a warm feeling on the lip (Green, 1986 a) and on the skin (Green, 1992). Hensel and 
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Zotterman (1951b) concluded that menthol has the ability to enhance a cold feeling on mucous 

membranes.   

 Research found that TRPM8 activity is regulated by several factors. One of the factors 

that influences the response of TRPM8 to cooling and menthol is a skin pH value lower than 7.0. 

Under those circumstances, TRPM8 was able to completely block cold signals generated by cold 

or icilin, but not the cold signals generated by menthol treatment (Andersson et al., 2004). Sweat 

would lower the skin’s pH below 7.0 (Andersson et al., 2004). TRPM8, a distinct class of cold-

sensitive and nociceptive fibers, has been described to respond to detrimental cold, heat, and 

pinch (Campero et al., 1996) and have a high threshold (higher than 30 °C ) response to heat 

(Green, 2005). Also, TRPM8 could be activated by other cooling agents such as menthone, 

eucalyptol, and icilin (Andersson et al., 2004). 

Clinical research of menthol on skin has indentified four sensory channels involved in 

thermoreception: innocuous cold and warm sensors, and noxious, cold pain and heat pain 

(Campero et al., 2009). Although C2 fibers, C nociceptor fibers responsible for axon reflex 

vasodilatation, might be responsible for the response to the menthol solutions, the direction of 

the thermoreception, i.e., cold or warm, is unknown (Campero et al., 2009).   

Over the last few years, menthol solutions of various concentrations have been tested on 

animal and human skin. Namer et al. (2005) found that 40% L-menthol in ethanol caused pain in 

7 out of 10 human participants; coldness onset was observed at minute five and plateaued at 

minute 17. Also, Wasner et al. (2004) observed that eight out of 10 participants reported pain 

when 40% L-menthol was applied, and the onset of coldness was reported within the first two 

minutes and reached a plateau at nine minutes. While using 30% L-menthol in ethanol, Hatem et 
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al. (2006) reported that 90% of participants reported a cold sensation at 10 minutes and the rest 

of the participants reported warm sensations.  

When a 10% menthol solution concentration was applied on skin, Green (1992) reported 

that a burning sensation was registered more frequently throughout the 19 °C - 31 °C skin 

temperature range when compared to 5% menthol concentration. When compared to no menthol 

treatment, menthol treatments proved to have a slight trend towards higher pain threshold at 

menthol concentrations of 10 and 20% (Green, 1992). Treated skin with menthol at 31 °C 

reportedly felt noticeably cold when compared to untreated skin at the same temperatures 

(Green, 1992). 

The sensation of menthol is affected by the microenvironmental temperature when the 

menthol is applied. Green (1992) identified an enhanced sensation of menthol at skin 

temperatures between 33 °C and 35 °C. However, at skin temperatures of 39 °C and 41 °C, 

menthol intensity sensation was suppressed. However, at skin temperatures of 29 °C, menthol 

increased perceived cold sensation intensity to 62%, up from 27% at 21 °C (Green, 1992). 

Menthol increased the cold sensation when applied to skin by stimulating the peripheral cold 

receptors (Schäfer et al., 1986). In the same study, Schäfer et al. (1986) concluded that menthol 

increased the number of nerve impulses at temperatures above 25 °C. 

 Recent research has identified that environmental temperature has a direct impact on 

whole-body physiological responses when menthol is applied to the skin. Lee et al. (2012) tested 

the effect of menthol on heat strain while wearing firefighter gear in an environment of 28.0 ± 

0.5 °C, with relative humidity 50 ± 3%. Results showed that after 30 minutes of exercise, there 

was higher Tre and Tsk under menthol treatment compared to no-treatment. The increase in Tre 
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occurred faster for menthol treatment, and average Tsk at baseline was significantly lower under 

menthol treatment compared to no-treatment (Lee et al., 2012).  

With increased metabolic rate, there is an increase in sweat influenced by the number of 

sweat glands that are activated and the volume of sweat released per gland (Shibasaki et al., 

2006). The eccrine glands are mainly responsible for thermoregulatory sweating (Sota et al., 

1989). Eccrine glands are dispersed all over the body's surface, mainly on the palms, feet, and 

forehead, followed by upper limbs, trunk, and lower limbs, and the number of glands varies  

among the individuals ranging from 1.6 to 4.0 million (Kuno, 1956; Sato et al., 1970; Kondo et 

al., 1998). 

Menthol application increased Tre at a faster rate for swimmers compared to control 

groups  in 21 °C, RH 46%, while participants exercised on a cycle ergometer at 60% of VO2max 

(Kounalakis et al., 2010). The rate of increase in Tre under menthol treatment was higher for 

swimmers compared to the rate of increase in Tre under the control groups. In addition, menthol 

application delayed the initiation of sweating and the sweat rate started at a higher rate 

(Kounalakis et al., 2010; Lee et al., 2012).  

A few studies have investigated skin menthol application on sweat rate and sweat 

threshold. Previous research has shown menthol induced a cold sensation when applied to human 

skin and mucous membranes through activation of the peripheral receptors (Hensel and 

Zotterman, 1951). In a recent study, Kounalakis et al. (2010) concluded that menthol application 

to the skin induced vasoconstriction in lightly clothed subjects and ultimately resulted in delayed 

sweating, which caused a faster rise of Tre.   

The benefits of menthol on blood flow at skin level delivers comprehensive information 

on how menthol application to skin could benefit firefighters. For example, the benefits of 
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menthol have been investigated in the physical therapy field. Topp et al. (2011) found that 

application to the forearm of 3.5% menthol gel decreased blood flow by 42% from the baseline 

measure. The decrease in blood flow took place in the first five minutes; however, the change in 

blood flow was not significantly different from control at 10, 15, and 20 minutes after the 

menthol gel treatment was applied on forearm. When compared to menthol, an ice treatment was 

found to decrease blood flow on the forearm by 48% after the first 20 min due to 

vasoconstriction. Although results indicated that menthol skin application reduced blood flow 

sooner than ice, the effect of menthol on skin diminished quickly. 

If any of the two treatment studies (firefighter clothing fit, menthol) proved to be 

beneficial, firefighters could experience safer practices during rescues. Much of the research for 

firefighters has been dedicated to the effects of heat on heart rate, rectal temperature, and mean 

skin temperature under regular fit  and less on the fit of firefighter gear worn and the impact of 

extra equipment weight of different configurations fit on firefighters. The present research is 

designed to investigate methods to improve firefighter performance and safety. Furthermore, the 

need to assess cognition came from the desire to identify if and when a significant impact is 

made on cognitive functions if regular or loose fit firefighter gear is worn. Lastly, the impact of 

menthol applied to the skin when multilayers of clothing are worn is unknown. In previous 

research, menthol has been shown to result in increased rectal temperature because of the 

delayed sweating, but firefighters might benefit from the delay of the sweat rate in that 

dehydration is delayed.  
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CHAPTER 3 

METHODS 

 

Overview 

Two of the studies consisted of three trials of 30 minutes of walking in (mean ± SD) 21 ± 

0.3 °C wet bulb globe temperature (WBGT) (Wet = 19.9 °C, Dry = 23.6 °C, Globe = 24.1 °C), 

62% relative humidity (RH) and three trials at 33 ± 0.3 °C WBGT (Wet = 30.4 °C, Dry = 38.0 

°C, Globe = 40.5 °C) and 60% RH. Participants wore regular fit firefighter gear, loose fit 

firefighter gear, or t-shirt and shorts (control) in each of the temperatures. Prior to and after the 

exercise trials, participants were administered three cognitive tests (reaction time, memory, and 

math), http://faculty.washington.edu/chudler/java/dottime.html, O’Neal and Bishop 2009.  A 

third study measured the effects of menthol on the sweating rate while participants wore 

firefighter gear in a 33 ± 0.3 °C WBGT (Wet = 30.4 °C, Dry = 38.0 °C, Globe = 40.5 °C) and 

60% RH environment. In two counterbalanced trials, participants were sprayed on the lower- and 

upper- body with a menthol solution and in another trial with dust remover (a placebo). The 

exercise protocol for the menthol experiment consisted of 30 minutes of exercise, followed by a 

20-minute passive recovery and a second 30-minute exercise session.  
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Participants 

Testing procedures and risks were fully explained to interested participants, and 

participants provided written informed consent in accordance with the local Institutional Review 

Board. Based on a power analysis, each study included 10 male volunteers. For the first two 

studies, participants’ characteristics were  height (176.6 ± 5.2 cm), weight (73.3 ± 9.4 kg), age 

(24.0 ± 5.7 years), VO2max (54.7 ± 8.2 ml·kg⁻¹·min⁻¹), and percentage body fat (11.0 ± 6.6%). 

For the menthol study, participants’ characteristics were height (178.2 ± 7.5 cm), weight (78.2 ± 

10.5 kg), age (26.0 ± 6.0 years), VO2max (52.9 ± 6.2 ml·kg⁻¹·min⁻¹), and percentage body fat 

(11.8 ± 5.0 %).  These were measured as described below. 

Because of the low exercise intensity and limited time spent in a hot environment (30 

minutes), the estimated rectal temperature standard deviation was expected not to exceed 0.2 °C. 

Using a one sample t-test, two-tailed, and based on an effect size of 0.2 °C rectal temperature, an 

alpha level of 0.05, and a power of 0.8, a sample size of 10 participants was adequate for each 

study. An a priori test was run using Piface software 

(http://homepage.stat.uiowa.edu/~rlenth/Power/). 

 

Procedures on the first visit   

Participants performed a graded maximal treadmill (Quinton Instruments Co., Seattle, 

WA) test to determine maximal oxygen uptake (VO2max). Due to the high energy expenditure 

required of firefighters while performing rescues, the maximal oxygen uptake for candidate 

firefighters needed to exceed 42 ml·kg⁻¹·min⁻¹ (McLellan et al., 2004). Therefore, in order to 

achieve a representative sample, the participants’ maximal oxygen uptake had to exceed 42 

ml·kg⁻¹·min⁻¹ in order to participate in this study.   
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The maximal oxygen uptake test consisted of two-minute stages with an initial speed of 

9.5 or 11.3 km·h¯¹ (depending on exercise history) and an initial incline of 0%. Treadmill speed  

was increased by 1.8 km·h¯¹ for the first two stages and thereafter 1.6 km·h¯¹ every two minutes. 

The incline was increased by 2% every two minutes until volitional fatigue. Test duration 

depended on the participants’ levels of fitness with a range between six and 12 minutes.  

During this test, participants wore a breathing mask connected to a metabolic cart 

(ParvoMedics, Inc., Sandy, UT) and a heart rate monitor (Polar Electro Inc., Lake Success, NY). 

The VO2max test was deemed a maximal effort if any two of the following criteria were met: 1) if 

the respiratory exchange ratio (RER) > 1.15; 2) HR > than 90% of age predicted maximum HR 

using the following equation HRmax = (220 – age) · 0.9 (ACSM 2005); or 3) if rating of perceived 

exertion (RPE) ≥ 19 (very, very hard) (Armstrong, 2005).  

In addition to the VO2max test, each participant’s height (Country Technology, Gays 

Mills, WI) and weight (Tanita Corporation, Tokyo, Japan) were determined and body fatness 

was estimated. The percentage of body fat was estimated using three-site (chest, abdomen and 

thigh) skinfolds (Large Skinfold Calipers, Beta Technology, Santa Cruz, CA) and the percentage 

of fat was computed using the formula by Pollock et al. (1980).    

 Participants were required to avoid any strenuous activity the day prior to each trial. The 

six trials were partially counterbalanced trials, with each “hot” trial exposure separated by a 

“temperate” trial to minimize partial acclimatization. Between trials, participants recovered for at 

least two days (48 hours).  

For all trials, the participants inserted a rectal thermocouple (Physitemp, Clifton, NJ) 

covered with a sterile sheath (TIDI Products, Neenah, WI) approximately 8 cm past the anal 

sphincter. On the right side of the participants, the researcher attached skin thermocouples 
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(Physitemp, Clifton, NJ) in the following areas: chest, forearm, and thigh (Burton, 1935). 

Participants’ thermocouples were monitored with a portable system (Physitemp TH-8, Clifton, 

NJ). Environmental thermocouples (Physitemp, Clifton, NJ) were used to monitor an index of 

relative humidity through a wet-bulb thermometer (wet temperature), an index of air temperature 

monitored through dry-bulb thermometer (dry bulb temperature), and an index of radiant heat 

monitored through black-globe thermometer (globe temperature). All three environmental 

thermocouples were used to calculate the wet bulb-globe temperature (WBGT) of the heat 

chamber (McArdel et al., 2001). The environmental thermocouples were used to calculate 

WBGT using the following formula: 

WBGT� 0.1 � dry bulb temperature �  0.7 � wet bulb temperature � 0.2 �

globe temperature  

Environmental thermocouples were monitored with a computerized system (Iso-Thermex Model 

256, Columbus Instruments, Columbus, OH). 

Two of the six trials were considered control trials; participants wore shorts, t-shirts, and 

their own running shoes and socks. One of the two control trials took place in a hot environment 

(33 ± 0.3 °C WBGT) and the other trial took place in a temperate environment (21 ± 0.3 °C 

WBGT). The exercise protocol is illustrated in Figure 1.  

For the remaining four trials, participants wore full firefighter gear (Lion, Janesville,WI, 

which included pants, coat, hood (American Firewear Inc., Ohatchee, AL), helmet (E D Bullard 

Company, Cynthiana, KY), gloves (American Firewear Inc., Ohatchee, AL), SCBA (Survivair 

Inc., Santa Ana, CA), and mask (Survivair Inc., Santa Ana, CA). Because the mask interfered 

with communications and was not necessary to the measurements and in order to keep weight 
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similar to usual use, participants wore the mask on the back of their heads. For safety and 

comfort purposes, the participants wore their own running shoes and socks.  
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Figure 1. Overview of the exercise protocol for clothing fit. Six trials (regular fit, loose fit, and 
control) in two environments (three each at 21 °C and 33 °C) 
 

Clothing measurements 

During two of the four firefighter turn out gear trials, participants wore large size 

firefighter turn-out “loose fit” gear, and, for the other two trials, participants wore “regular fit” 

turn-out gear. In order to determine firefighter turn-out gear “fit,” the coat was turned inside out 

to measure the inside dimensions exclusive of loft. The coat was laid on a table and three 

measurements were taken for each of the following aspects of the coat: chest, waist, and hip. The 

average of the three measurements was recorded and compared to the Standard Tables of Body 

Measurements for Men sizes Thirty-Four to Sixty (D 6240 – 98 Reapproved 2006, American 

Society for Testing Materials). If the coats’ measures fell into the size limits summarized in 

Table 1 below, then the coat size was considered “regular fit.” For safety reasons, “regular fit” 

10 bicep curls 
in 1 min 

4 min of 
exercise at 55% 

VO₂max 
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was the tightest fit that was permitted for this study, due to movement restriction of tighter than 

regular firefighter turn-out gear.   

Also, in order to determine trousers’ “fit,” the following clothing measurements were 

taken: hip, inseam, and waist. Next, trousers were laid on a table and turned inside out in order to 

measure the inside dimensions exclusive of loft. Three measurements were taken for each of the 

sites of the trousers: hip, inseam, and waist. The average of the three measurements was recorded 

as the final measurement for each of the sites and was compared to Table 1. If the trousers’ 

measures fell into the size limits summarized in Table 1, then the size was considered “regular 

fit.” 

 

Table 1. Regular fit measurements for coat and trousers (ASTM, 2006).   

Coat U. S. Sizes Chest (cm) Waist (cm) Hip (cm) 

Small  34-37 86.4-94.0 71.1-78.7 86.4-94.0 

Medium 38-41 96.5-104.1 81.3-88.9 96.5-104.1 

Large 42-45 106.7-114.3 91.4-99.7 106.7-114.3 

X-Large 46-49 116.8-124.5 102.9-112.4 116.8-124.5 

XXL  50-53 127.0-134.6 115.6-125.7 127.0-134.6 

Trousers U. S. Sizes Waist (cm) Hip (cm) Inseam (cm) 

Small  34-37 71.1-78.7 86.4-94.0 62.2 – 67.0 

Medium 38-41 81.3-88.9 96.5-104.1 68.8 – 72.4 

Large 42-45 91.4-99.7 106.7-114.3 73.7 – 77.5 

X-Large 46-49 102.9-112.4 116.8-124.5 78.7 – 82.6 

XXL  50-53 115.6-125.7 127.0-134.6 83.8 – 87.6  
 

Participant Size Measurements 

After the determination of clothing size, participants’ firefighter turn-out clothing size 

was then determined. Participants’ body measurements were taken in accordance with Standard 

Tables of Body Measurements for Men Sizes Thirty-Four to Sixty (34 to 60) Regular, in order to 
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assess the firefighter turn-out gear size (D 6240 – 98 Reapproved 2006, American Society for 

Testing Materials). A tape measure (Hancock Fabrics, Italy) was used to determine the following 

participants’ measurements: chest, waist, hip, and inseam. Each measurement was taken three 

times and the average of the three was recorded. While measures were taken, participants stood 

erect without shoes and with feet approximately 15 cm apart in accordance with ASTM 

International, D-6240-98. Chest measurements were taken under the arms and over the fullest 

part of the chest during normal breathing. The waist was measured horizontally around the body 

between the top of the hip bone (iliac crests) and the lower ribs with the participant breathing 

normally. Hip measurement was measured horizontally around the buttocks at the level of 

maximum circumference. Inside leg length (inseam) was measured as the straight line distance 

from the crotch to the soles of the feet. Table 2 summarizes body measurements for different 

garments sizes (D 6240 – 98 Reapproved 2006, American Society for Testing Materials).   

 
Table 2. New ASTM Men’s Measurement Table.  

   
 U. S. 

Sizes 
Weight (kg) Chest (cm) Waist (cm) Hip (cm) Height (cm) Inside leg 

length 
(inseam)(cm) 

Small 34-37 58-65.8 86.4-94.0 71.1-78.7 86.4-94.0 172.1-175.4 62.2 – 67.0 

Medium 38-41 69.4-83.9 96.5-104.1 81.3-88.9 96.5-104.1 176.2-178.9 68.8 – 72.4 

Large 42-45 88.5-97.5 106.7-114.3 91.4-99.7 106.7-114.3 179.6-181.0 73.7 – 77.5 

X-Large 46-49 104.3-113.4 116.8-124.5 102.9-112.4 116.8-124.5 181.3-181.9 78.7 – 82.6 

XXL 50-53 117.9-136.1 127.0-134.6 115.6-125.7 127.0-134.6 182.3-183.5 83.8 – 87.6 

 

 

Based on the assessment of clothing size and participants’ measurements, participants’ fit 

was determined. For example, if a participant’s measurements indicated a small size, that 

particular measure was considered the participant’s regular fit. However, one size bigger, e.g., 

medium instead of small, was considered a loose fit for that particular participant.  
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Treatments 

During the first five minutes of the first control, regular fit and loose fit turn-out gear 

trials, the participant's workload of 55% VO2max was assessed based on nude body weight and 

measured with the metabolic cart (ParvoMedics, Inc., Sandy, UT). Once the participant was 

dressed in the corresponding clothing assembly for the trial (i.e., control, regular or loose turn-

out gear), the participant stepped on the treadmill. At this time, the principal investigator 

adjusted the speed and percentage incline of the treadmill until the participant walked at a 

workload equal to 55% VO2max. Thereafter, this speed and grade was used so the relative 

metabolic rate was the same for all treatments.  

The six experimental trials consisted of 30 minutes of exercise on a treadmill at 55% 

VO2max (Chou et al., 2008). At four minutes, the treadmill was stopped and physiological 

variables (rectal and skin temperatures, heart rate) and ambient environment and temperature 

were recorded. Participants then performed one set of 10 biceps curls with a 14-kg weight for the 

next minute. The exercise protocol is illustrated in Figure 2. The same upper-body workload was 

used for all clothing and control trials.  One minute after the treadmill was stopped, participants 

began walking again. During each trial, heart rate, rectal temperature, and skin temperature were 

monitored and recorded every five minutes. Participants were not allowed to drink or eat during 

trials due to simulation of a firefighter rescue, which requires wearing the SCBA. Throughout the 

trial, rating of perceived exertion (RPE) (Borg, 1970), thermal sensation (Vokac et al., 1976), 

Clothing Comfort (CC) and Clothing Humidity Sensation (CHS) (Vokac et al., 1972), were 

recorded every five minutes. Thermal sensation was based on an eight-point scale from zero to 
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seven. Zero (0.0) on thermal sensation was considered “unbearably cold,” and seven (7.0) was 

considered “very hot.” Clothing comfort sensation was used to measure the participants’ comfort 

perception of firefighter gear comfort. Clothing comfort was based on an 11-point scale with 

zero (0) “very comfortable” and 10 “very uncomfortable”. Lastly, clothing humidity sensation 

was used to measure participants’ perception of humidity inside the firefighter gear. Clothing 

humidity sensation was based on an 11-point scale, with zero (0) considered “no sensation” and 

10 considered as “wet.” Thermal sensation scales are included in Appendix B.   

Whole-body sweat production rate was estimated after each trial by subtracting nude 

post-weight from pre-exercise nude weight adjusted by fluid intake and divided by trial duration.  

Sweat evaporation rate was calculated from the difference of pre-exercise and post-

exercise clothed body weight, adjusted by total fluid intake, divided by the trial duration.  

sweat production rate

�  
pre � exercise nude weight !kg# �  post � exercise nude weight ! kg# �  $luid intake !L#

trial duration  
 

sweat evaporation rate

�
pre � exercise clothed body weight !kg# � post � exercise clothed body weight !kg# � $luid intake ! L#

trial duration  
 

Percentage dehydration was calculated by adding pre nude weight and fluid intake and 

subtracting post nude weight, divided by pre nude weight multiplied by 100.  

% dehydration �
pre nude weight ! kg# � $luid intake ! L# � post nude weight ! Kg#

pre nude weight  ! kg#
� 100 

Total weight of the firefighter gear according to the configuration worn (e.g., regular-fit 

or loose-fit) was calculated from the difference in clothed weight and nude weight prior to the 

trial.    
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 Because it was logistically impossible to measure the sweat soaked up by gear, any lost 

sweat represents an error in calculating evaporative sweat rate; however, in this short-duration 

trial, this error should be small. Heat storage (∆S) was calculated according to Shapiro et al. 

(1982), using the equation ∆S = 0.965 (0.8 ∆Tre + 0.2 ∆ Tsk) W·kg⁻¹, calculated from rectal 

temperature (Tre), and mean skin temperature (Tsk), using the equation Tsk = 0.5 x Chest + 0.14 x 

Forearm + 0.36 x Thigh (Burton, 1935). 

During the trials, two external temperature/humidity sensors (Weather Monitor II, Davis 

Instruments, Hayward, CA) were placed under the firefighter turn-out gear. One external 

temperature/humidity sensor (Davis instruments) was placed on participants’ shorts under the 

trousers, and the second instrument was placed on the heart rate monitor strap under the coat. 

The Davis instrument collected temperature and humidity inside the firefighter gear in order to 

assess the microenvironment (micro-E) between the clothing and skin. Micro-E coat temperature 

(CT) and humidity (CH) as well as micro-E trousers temperature (TT) and humidity (TH) were 

recorded every five minutes and averaged for every trial. In order to assess the differences 

between loose and regular firefighter fit for Davis Instruments micro-E humidity and 

temperature, deltas were calculated; minute 30 minus minute zero for regular and loose fit for 21 

°C and 33 °C trials.  

At the end of each trial, participants were asked to answer a series of 11 ergonomic 

questions that subjectively assessed firefighter gear fit (Haverty, 2004). Each question had three 

possible answers. Each answer for each question was coded with a digit: one for poor fitting, two 

for acceptable, and three for loose fit.  
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Cognitive testing  

 a.) Overview of the exercise protocol  
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Figure 2. Experimental design for cognitive trials. Overview of the exercise protocol. 

 

For the cognition study, participants performed six trials for 30 minutes each: two loose-

fit firefighter gear, two regular-fit firefighter gear, and two control trials (t-shirt and shorts). 

Approximately five minutes prior to and five minutes after the 30-minute exercise protocol, 
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55% VO₂max 

10 bicep curls 
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pre cognitive 
tests 

post cognitive 
tests 
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participants completed a series of cognitive function and correct decision making tests. Prior to 

the first trial, participants took part in a familiarization trial for each of the cognitive tests. The 

first cognitive test was a short-term memory test (MEM) in which participants were given 90 s to 

memorize as many words as possible from a list. The list consisted of 40, five-letter words, 

which included nouns, verbs, adjectives, adverbs, and prepositions. After the 90 s, participants 

were allowed 60 s to write down as many words as they could remember. For every word written 

correctly, the participant received one point (O’Neal and Bishop, 2009).  

Right after the MEM test, a simple arithmetic test (MATH) was administered (Thorne et 

al., 1983). The MATH test consisted of columns of addition, subtraction, and multiplication 

problems (one of each in the abovementioned order). The difficulty of the problems progressed 

uniformly from two-digit number problems and problems that did not involve carrying a number 

to problems that involved carrying a number. Participants received a number two pencil and 

room was left on the answer sheet for scratch work. Also, participants were encouraged to solve 

the test problems in chronological order. Participants started the MATH test at the vocal signal of 

the investigator and a stop watch (Seiko, Japan) was started. Upon the completion of the MATH 

test, the stop watch was stopped and the final total time of the test was recorded in minutes and 

seconds. For every problem solved correctly, participants received one point. Maximum possible 

points accumulated on the test were 30 points.  

The final test was a computerized reaction time/tracking test (RTT) 

(http://faculty.washington.edu/chudler/java/dottime.html). For this test, participants had 30 s to 

use a mouse to click on a dot that randomly appeared in a 6 x 10 grid of circles, 5 x 3 cm. The 

dot remained in the same circle until it was clicked on and then appeared in another circle. For 

every correct click, one point was added and for every incorrect click one point was subtracted.  
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Menthol Experiment 

The menthol study consisted of two counterbalanced trials, one using the menthol 

solution and one using dust remover (control trial; Clean Safe, IQ Holdings Inc., Houston, TX). 

Participants were tested for possible menthol allergic reaction by applying the menthol solution 

to a small skin surface area on the left forearm (mid-dorsal). The menthol concentration used in 

this study was 10% menthol (Perform Performance Health, Inc., Export, PA). If participants did 

not have a positive reaction to the 10% menthol solution, then they performed a graded maximal 

treadmill test to determine maximal oxygen uptake (VO2max) as described above.   

Before participants were dressed with the firefighter gear, one of the investigators applied 

one of the two treatments (menthol or dust remover). The treatments were applied on the 

participants' back, chest, arms, and legs.     

Before entering the heat chamber, participants put on firefighter turn-out gear outside the 

heat chamber, in a 21 ± 0.3 °C WBGT (Wet = 20.0 °C, Dry = 22.5 °C, Globe= 22.0 °C),  70-

80% RH environment. Participants wore full firefighter gear, which included pants, coat, hood, 

helmet, gloves, and SCBA. Participants wore their own running shoes and socks. 

Treatments  

For one of the trials, participants were sprayed on their upper and lower body with 10% 

menthol solution and for another trial, dust remover was applied as a control. During the control 

trial, investigators sprayed themselves with menthol in order to provide the appropriate menthol 

odor to create a single-blinded study environment.  

Trials consisted of 30-minutes of exercise on a treadmill at 55% VO2max (Chimnei  et 

al., 2008), followed by a 20-minute passive recovery to simulate the change of the oxygen bottle 
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for the SCBA, followed by 30 minutes of exercise at 55% VO2max. Participants performed six 

cycles of five min of exercise consisting of  four minutes of walking on a treadmill plus 10 bicep 

curls over one minute for a total of 30 minutes. After the first 30 minutes of exercise at 55% 

VO2max in 33 ± 0.3 °C WBGT, 56% RH, participants exited the chamber and were weighed with 

the firefighter gear on. Then, the coat was removed and, for the next 20-minutes, participants sat 

quietly in a chair at 21 °C WBGT, 62% RH and were allowed to drink water ad libitum. During 

the 20-minute passive recovery, Tre, skin temperatures (chest, forearm, thigh), HR, RPE, and 

thermal sensation (TS) were recorded every five minutes. After the 20-minute passive recovery, 

participants were re-weighed again with the firefighter gear on. The exercise protocol is 

illustrated in Figure 3.  

After the second 30-minutes of exercise in 33 ± 0.3 °C WBGT, 56% RH, participants 

were weighed again with firefighter gear on and nude. Nude weight was measured before the 

first 30-minutes of exercise and then after the second 30-minutes of exercise. Clothed body 

weight was measured before and after the first 30-minutes of exercise and also, before and after 

the second 30-minute of exercise. Ad libitum water was available between the two 30-minute 

exercise trials, and the water intake was measured in ml. Throughout the trial, rating of perceived 

exertion (RPE) (Borg, 1970), thermal sensation (Vokac et al., 1976), Clothing Comfort (CC), and 

Clothing Humidity Sensation (CHS) (Vokac et al., 1972) were recorded every five minutes. Heat 

storage was calculated (Shapiro et al., 1982) based on Tre and Tsk. 

Throughout the exercise trials, including both the first 30 minutes and the second 30 

minutes, two external temperature/humidity sensors (Weather Monitor II, Davis Instruments, 

Hayward, CA) were placed under the firefighter turn-out gear. One external 

temperature/humidity sensor (Davis instruments) was placed on each participant’s shorts, under 
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the trousers, and the second instrument was placed on the heart rate monitor strap under the coat. 

The Davis instrument collected temperature and humidity inside the firefighter gear in order to 

assess the microenvironment (micro-E) between the clothing and skin. Micro-E coat temperature 

(CT) and humidity (CH) as well as micro-E trousers temperature (TT) and humidity (TH) were 

recorded every five minutes and averaged for every trial. In order to assess the differences 

between menthol and control treatments for Davis Instruments micro-E humidity and 

temperature, deltas scores were calculated for the first period (minute 30 minus minute zero), and 

for the second period (minute 80 minus minute 50) for  menthol and control, respectively.   

 

a) Overview of the 80 minute trial. 

min 0 min 80 
                  

 min 0 
  

min 30 
        30 min exercise   

 

 

min 30 min 50 
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b)  Exercise protocol during the 30-minute trials. 
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Figure 3. Menthol experimental protocol, 2 trials: one control and one menthol treatment. 

 

Statistical Analysis 

In general, continuous variables were tested for normality using Shapiro-Wilk Normality 

test and for homogeneity of variance using Levene’s test. Continuous data that met the 

assumptions were then used for analysis of variance (ANOVA). When a significant F-ratio (i.e., 

interaction or main effect(s)) was found, a one-way ANOVA with Tukey’s post-hoc test or 

pairwise t-tests with Bonferroni corrections were performed to identify the significant 

differences. For data that were not normally distributed, the Kruskal-Wallis test and/or Mann-

Whitney U test were used. All data were reported as mean ± standard deviation (SD). Alpha 

level was set at 0.05. SPSS 19.0 (IBM, USA) was used to perform the statistical analyses. When 

Mauchly’s test of Sphericity was significant, p ≤ 0.05, sphericity was not assumed. As a result, 
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Greenhouse-Geisser was used to adjust degrees of freedom and produce an F ratio where the 

Type I error rate was reduced. 

 

Firefighter clothing fit 

 A three-way ANOVA, time (i.e., minutes 0-30) × clothing (i.e., loose fit, regular fit, and  

control) × environment (i.e., 21 °C WBGT and 33 °C WBGT) was used to analyze the following 

dependent variables: Tre; HR; TS; clothing comfort sensation (CCS); clothing humidity sensation 

(CHS); and RPE. A two-way ANOVA, clothing (i.e., loose fit, regular fit, and control) × 

environment (i.e., 21 °C WBGT and 33 °C WBGT), was used to analyze the following 

dependent variables: mean heat storage (∆S); sweat evaporation rate (Esw); sweat production rate 

(msw); and delta scores (min 30 minus min 0) of micro-E temperature and humidity for coat and 

trousers (i.e., micro-E coat humidity (CH), micro-E coat temperature (CT), micro-E trousers 

humidity (TH), and micro-E trousers temperature (TT)). For the ergonomic questionnaire, Chi-

square analyses were used to assess participants' perception of the loose and regular fit firefighter 

gear. 

Cognition 

A two-way ANOVA, clothing (i.e., regular fit, loose fit, and control) × environment (i.e., 

21 °C WBGT and 33 °C WBGT), was used to determine any differences for the delta scores (pre 

minus post) of cognitive tests (i.e., RT, MATH, and MEM). Individual responses to treatments 

were assessed by comparing the individual change to the least significant difference (LSD) 

computed from a power of 80%; the measured SD of the change in the dependent variable for 

each test; and the actual sample size with a two-tailed dependent t-test and alpha of 0.05. If the 

individual change exceeded the least significant difference in a positive direction, that person 
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was considered a positive responder, if in the negative direction, a negative responder, and 

otherwise, a non-responder. 

Menthol 

A two-way ANOVA, treatment (i.e., menthol and control) × period (i.e., 1st 30 min and 

2nd 30 min), was used to compare the following dependent variables: delta scores (min 30 minus 

min 0 of each period) of Tre, Tsk, HR, RPE, CCS, CH, TH. Also, two- way ANOVA was used to 

compare the following dependent variables: ∆S, Esw, percentage (%) dehydration, and weight 

loss. Sweat production rate was calculated only after the 60 min, because the nude weight was 

measured at the beginning and the end of the 60 min. Therefore, for the sweat production rate, a 

pairwise t-test was used to identify the difference. For the following nonparametric data, thermal  

sensation (TS), clothing humidity sensation (CHS), micro-E coat temperature (CT), and micro-E 

trousers temperature (TT), the Kruskal-Wallis test was used; when a significant F-ratio was 

found, a pairwise Mann-Whitney U test was performed to identify the significant differences 

with a Bonferroni correction to adjust the alpha value. 
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CHAPTER 4 

RESULTS 

 

Firefighter Clothing Fit  

Rectal temperature (Tre) There were no significant interactions detected for rectal 

temperature: 1) clothing × environment × time, F (1.7, 15.6) = 1.290, p = 0.29; 2) clothing × 

environment, F (1, 9) = 0.678, p = 0.431; 3) time × environment, F (1.83, 16.51) = 3.225, p = 

0.069; and 4) clothing × time, F (1.48, 13.3) = 0.977, p = 0.377. There were no main effects for 

1) environment, F (1, 9) = 0.530, p = 0.485; 2) clothing, F (1, 9) = 1.323, p = 0.280; and 3) time, 

F (1.61, 14.54) = 3.608, p = 0.061. The values of the Tre at min 30 for the trials were as follows: 

21 °C control (38.2 ± 0.3 °C); 21 °C regular fit (38.1 ± 0.3 °C); 21 °C loose fit (38.0 ± 0.4 °C); 

and in the 33 °C environment: 33 °C control (38.3 ± 0.4 °C); 33 °C regular fit (38.5 ± 0.3 °C); 33 

°C loose fit (38.4 ± 0.1 °C).  

Heart rate There were no significant interactions detected for heart rate: 1) clothing × 

environment × time, F (6, 54) = 0.342, p = 0.781; 2) clothing × environment, F (1, 9) = 0.880, p 

= 0.373; 3) time × environment, F (1.9, 17.24) = 1.547, p = 0.241; and 4) clothing × time, F 

(1.53, 13.83) = 0.267, p = 0.713. There were no main effects for: 1) environment, F (1, 9) = 

2.006, p = 0.190; and 2) clothing, F (1, 9) = 0.052, p = 0.825. A significant main effect was 

detected for time, F (2.3, 20.80) = 4.260, p = 0.024. 
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 Clothing comfort sensation There were no significant interactions detected for Clothing 

Comfort Sensation: 1) clothing × environment × time, F (2.15, 19.39) =1.844, p = 0.183; 2) 

clothing × environment, F (1, 9) = 0.188, p = 0.674; 3) time × environment, F (1.89, 17.08) = 

0.241, p = 0.777; and 4) clothing × time, F (1.74, 15.72) = 1.381, p = 0.277. There were no main 

effects for: 1) environment, F (1, 9) = 0.930, p = 0.360; 2) clothing, F (1, 9) = 0.126, p = 0.731; 

and 3) time, F (2.17, 19.59) = 0.452, p = 0.659. 

Clothing Humidity Sensation There were no significant interactions detected for Clothing 

Humidity Sensation: 1) clothing × environment × time, F (2.73, 24.59) = 2.160, p = 0.123; 2) 

clothing × environment, F (1, 9) = 1.286, p = 0.286; 3) time × environment, F (1.97, 17.75) = 

1.976, p = 0.168; and 4) clothing × time, F (1.73, 15.58) = 0.566, p = 0.555. There were no main 

effects for: 1) environment, F (1, 9) = 0.211, p = 0.657; 2) clothing, F (1, 9) = 0.009, p = 0.926; 

and 3) time, F (1.93, 17.40) = 1.723, p = 0.208. 

Thermal sensation There were no significant interactions detected for TS: 1) clothing × 

environment × time, F (3.06, 27.62) = 1.386, p = 0.268; 2) clothing × environment, F (1, 9) = 

0.580, p = 0.466; 3) time × environment, F (6, 54) = 1.377, p = 0.268; and 4) clothing × time, F 

(3.03, 27.30) = 0.883, p = 0.463. There were no main effects for: 1) environment, F (1, 9) = 

1.259, p = 0.291; 2) clothing, F (1, 9) = 1.217, p = 0.299; and 3) time, F (2.52, 22.72) = 0.982, p 

= 0.407. 

Rating of perceived exertion There were no significant interactions detected for: 1) 

clothing × environment × time, F (2.45, 22.13) = 1.530, p = 0.237; 2) clothing × environment, F 

(1, 9) = 0.036, p = 0.85; and 3) clothing × time, F (1.67, 15.09) = 1.248, p = 0.308. There were 

no main effects for: 1) environment, F (1, 9) = 2.37, p = 0.157; 2) clothing, F (1, 9) = 3.17, p =  
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0.108; and 3) time, F (2.74, 22.71) = 0.982, p = 0.082. However, there was a significant time × 

environment interaction, F (6, 54) = 2.952, p = 0.048. Follow-up pair wise t-tests with a 

Bonferroni α correction failed to identify significant difference for RPE.  

Micro-E coat humidity There was no significant interaction detected for micro-E coat 

humidity, clothing × environment, F (1, 36) = 0.213, p = 0.647. There was no significant main 

effect for clothing F (1, 36) = 0.246, p = 0.623. However, a significant main effect was identified 

for environment, F (1, 36) = 29.056, p = 0.001, which revealed a significantly higher delta score 

for micro-E coat humidity in the 33 °C environment (30.5 ± 2.1%) compared to the 21 °C 

environment (14.8 ± 2.1%) across both levels of clothing (regular and loose).    

Micro-E coat temperature There was no significant interaction detected for micro-E coat 

temperature, clothing × environment, F (1, 36) = 2.167, p = 0.150. There was no significant main 

effect for clothing F (1, 36) = 0.60, p = 0.808. However, a significant main effect was identified 

for environment, F (1, 36) = 29.98, p = 0.001, which revealed a significantly lower delta score 

for micro-E coat temperature in the 33 °C environment (1.2 ± 0.3 °C) compared to the 21 °C 

environment (6.7 ± 0.3 °C) across both levels of clothing (regular and loose). 

Micro-E trousers humidity There was no significant interaction detected for micro-E 

trousers humidity, clothing × environment, F (1, 36) = 1.663, p = 0.205. There was no significant 

main effect for clothing F (1, 36) = 1.191, p = 0.282. However, a significant main effect was 

identified for environment, F (1, 36) = 20.284, p = 0.001, which revealed a significantly higher 

delta score for micro-E trousers humidity in the 33 °C environment (24.9 ± 1.7 %) compared to 

the 21 °C environment (13.5 ± 1.8 %) across all levels of clothing (regular and loose). 

 Micro-E trousers temperature There was no significant interaction detected for micro-E 

trousers temperature, clothing × environment, F (1, 36) = 1.013, p = 0.321. There was no 
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significant main effect for clothing F (1, 36) = 4.101, p = 0.526. However, a significant main 

effect was identified for environment, F (1, 36) = 13.932, p = 0.001, which revealed  a 

significantly lower delta score for micro-E trousers temperature in the 33 °C environment (1.5 ± 

0.4 °C) compared to the 21 °C environment (6.4 ± 0.4 °C) across all levels of clothing (regular 

and loose).  

Whole-body sweat evaporation rate There was no significant clothing × environment 

interaction, F (2, 54) = 0.302, p = 0.741, detected for whole-body sweat evaporation rate. 

However, there were significant main effects for clothing, F (2, 54) = 15.977, p = 0.001, and 

environment, F (1, 54) = 5.657, p = 0.001. For the clothing main effect, pair wise t-tests with a 

Bonferroni α correction identified a significantly higher whole-body sweat evaporation rate for 

control (14.2 ± 0.8 g·min-¹) compared to regular firefighter gear fit (9.0 ± 0.8 g·min-¹) across both 

environments (21 °C and 33 °C), p = 0.001. Also, there was a significantly higher whole-body 

sweat evaporation rate for control (14.2 ± 0.8 g·min-¹) compared to loose firefighter gear fit (8.7 

± 0.8 g·min-¹) across both environments (21 °C and 33 °C), p = 0.001. For the environment main 

effect, the whole-body sweat evaporation rate was higher in the 33 °C environment (11.7 ± 0.6 

g·min-¹) compared to the 21 °C environment (9.5 ± 0.6 g·min-¹) across all clothing levels 

(control, regular and loose), p = 0.001. 

   Sweat production rate There was no significant clothing × environment interaction 

detected for the sweat production rate, F (2, 54) = 0.737, p = 0.483. However, there were 

significant main effects for clothing, F (2, 54) =5.902, p = 0.005, and environment, F (1, 54) = 

17.804, p = 0.001. For the clothing main effect, pairwise t-tests with a Bonferroni α correction 

identified a significantly lower sweat production rate for the control (21.2 ± 2.1 g·min-¹) 

compared to regular firefighter gear fit (31.4 ± 2.1 g·min-¹) across both environments (21 °C and 
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33 °C), p = 0.001. There was no significant difference between the sweat production rate for the 

control (21.2 ± 2.1 g·min-¹) compared to loose firefighter gear fit (28.2 ± 2.1 g·min-¹) across both 

environments (21 °C and 33 °C), p = 0.025. For the environment main effect, the sweat 

production rate was higher in the 33 °C environment (32.1 ± 1.8 g·min-¹) compared to the 21 °C 

environment (21.7 ± 18 g·min-¹) across all clothing levels (control, regular and loose).  

Heat storage (Figure 4) There was no significant interaction detected for the heat storage 

between clothing × environment, F (2, 54) = 1.302, p = 0.280. However, there were significant 

main effects for clothing, F (2, 54) = 3.671, p = 0.032, and environment, F (1, 54) = 29.377, p = 

0.001. For the clothing main effect, pairwise t-tests with Bonferroni α correction identified a 

significantly higher heat storage for loose firefighter gear fit (100.5 ± 4.7 W·kg-¹) compared to 

control (82.5 ± 4.7 W·kg-¹) across both environments (21 °C and 33 °C), p = 0.009. For the 

environment main effect, heat storage was higher in the 33 °C environment (106.4 ± 3.8 W·kg-¹) 

compared to the 21 °C environment (76.9 ± 3.8 W·kg-¹) across all clothing levels (control, 

regular and loose). The values of Tsk at the end of the 30-minute trials were used to calculate heat 

storage: 21 °C control (33.8 ± 0.8 °C); 21 °C regular fit (36.4 ± 0.5 °C); 21 °C loose fit (36.4 ± 

0.6 °C); 33 °C control (35.9 ± 0.4 °C); 33 °C regular fit (37.6 ± 0.5 °C); and 33 °C loose fit (37.8 

± 0.4 °C).     
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Figure 4. Heat storage at minute 30 for Control, Regular fit, and Loose fit across both 
environments (21 °C and 33 °C WBGT). # Marker indicates significant (p < 0.05) difference 
between Loose and Control.  

 

Ergonomic questionnaire There was no significant difference in the participants’ reported 

perceptions of the firefighter suit between regular and loose clothing fit (χ2 (3) = 4.700, p = 

0.195). Although no main treatment effects were found on the fit of the firefighter gear between 

the regular fit and loose fit, for the question “How does the suit fit?” (where 1 = “too small”, 2 = 

“good fit”, 3 = “too large"), 60% of the participants agreed that the loose fit was too large in the 

21 °C environment; however, in the 33 °C environment, 60% of the participants perceived the 

loose firefighter gear as a “good fit”. Also, the length of the trouser was categorized as “too 

long” by participants when loose firefighter gear was worn under both conditions (60% of 

participants in 21 °C and 70% of the participants in 33 °C). Across all trials, the majority of 

participants answered that the freedom of movement in the suit was “acceptable” (70% of 

participants with loose fit in the 21 °C environment; 70% of the participants with regular fit in 

the 21 °C environment; 70% of the participants with regular fit in the 33 °C environment; and 

80% of the participants with loose fit in the 33 °C environment). 
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Cognition  

Reaction time (RT) There was no significant clothing × environment interaction for 

reaction time (RT) delta score (pre minus post), F (2, 54) = 0.758, p = 0.474. There were no 

significant main effects for clothing, F (2, 54) = 0.172, p = 0.842, or environment, F (1, 54) = 

0.798, p = 0.378. 

MATH test There was no significant clothing × environment interaction for the MATH 

cognitive test (MATH) delta score (pre minus post), F (2, 54) = 2.689, p = 0.077. There were no 

significant main effects for clothing, F (2, 54) = 1.162, p = 0.851, or environment, F (1, 54) = 

1.459, p = 0.851. 

Memory (MEM) test There was no significant clothing × environment interaction for 

MEM cognitive test delta score (pre minus post) F (2, 54) = 1.833, p = 0.440. There were no 

significant main effects for clothing, F (2, 54) = 2.042, p = 0.140, or environment, F (1, 54) = 

1.077, p = 0.782. 

Least Significant Difference (LSD) Individual positive and negative responders were 

found for each cognitive test based on least significant differences. An example of such findings 

is illustrated in Figure 5. 
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Figure 5. Individual changes in dots hit (reaction test; RT) pre-post in 21 °C. *Positive response 
to the environment, †Negative response to the environment. Individual significant response based 
on the least significant difference. When there was no change in RT, results equal 0 (zero) on the 
x-axis. 
 

Menthol  

Rectal temperature Two-way ANOVA failed to identify a significant treatment × period 

interaction for rectal temperature delta score (pre minus post) F (1, 36) = 0.291, p = 0.559. There 

were no significant main effects for period, F (1, 36) = 0.291, p = 0.593, and treatment, F (1, 36) 

= 0.164, p = 0.688. 

Heart rate Two-way ANOVA failed to identify a significant treatment × period 

interaction for heart rate delta score (pre minus post), F (1, 36) = 0.300, p = 0.960. There were no 

significant main effects for period, F (1, 36) = 1.075, p = 0.307, or treatment, F (1, 36) = 0.184, p 

= 0.894. 
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Rating of perceived exertion Two-way ANOVA failed to identify a significant treatment 

× period interaction for rating of perceived exertion delta score (pre minus post), F (1, 36) = 

0.160, p = 0.691. There were no significant main effects for period, F (1, 36) = 1.695, p = 0.201, 

or treatment, F (1, 36) = 0.900, p = 0.766. 

Clothing humidity sensation A Kruskal-Wallis test was run to determine if there were any 

differences in clothing humidity sensation. A Mann-Whitney U test was performed as a follow-

up test with a Bonferroni α correction for multiple comparisons. Statistical significance was 

accepted at the p < 0.05 level for the omnibus test and p < 0.006 level for the multiple 

comparisons. There was a significant difference between the treatments (χ² (2)) = 9.355, p = 

0.028. However, the Mann-Whitney U test failed to reveal statistically significant differences in 

clothing humidity sensation between the first 30 minutes of menthol and the first 30 minutes of 

control, p = 0.846,  and between the second 30 minutes of menthol and the second 30 minutes of 

control, p = 0.845. 

Micro-E coat temperature sensation A Kruskal-Wallis test was run to determine if there 

were any differences in micro-E coat temperature. There was no significant difference between 

the treatments (χ² (2)) = 7.155, p = 0.067. 

Micro-E coat humidity Two-way ANOVA identified a significant treatment × period 

interaction for micro-E coat humidity delta score (pre minus post), F (1, 36) = 7.511, p = 0.009. 

Tukey’s post hoc comparison identified a higher delta score for micro-E coat humidity for the 

first 30 minutes of menthol treatment (39.0 ± 5.1%), compared to the first 30 minutes of control 

(31 ± 6.1%), p = 0.009.  

Micro-E trousers temperature A Kruskal-Wallis test was run to determine if there were 

any differences in micro-E trousers temperature. There was significant difference between the 
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treatments (χ² (3)) = 11.021, p = 0.012. However, a Mann-Whitney U test failed to reveal a 

statistically significant difference in micro-E trousers temperature between treatments during the 

1st 30 minutes, p = 0.721, as well as during the 2nd 30 minutes, p = 0.755. 

Micro-E trousers humidity Two-way ANOVA failed to identify a significant treatment × 

period interaction for micro-E trousers humidity delta score (pre minus post), F (1, 36) = 1.007, p 

= 0.306. There were no significant main effects for period F (1, 36) = 0.614, p = 0.438 or 

treatment F (1, 36) = 0.754, p = 0.391. 

 Thermal sensation A Kruskal-Wallis test was run to determine if there were any 

differences in thermal sensation. There was a significant difference between treatments (χ² (3) = 

9.355, p = 0.025. A Mann-Whitney U test failed to reveal a statistically significant difference in 

thermal sensation between treatments during the first 30 minutes p = 0.721 as well as during the 

second 30 minutes p = 0.755. 

Clothing comfort sensation Two-way ANOVA failed to identify a significant treatment × 

period interaction for clothing comfort sensation delta score (pre minus post), F (1, 36) = 0.348, 

p = 0.559. There were no significant main effects for period, F (1, 36) = 1.394, p = 0.246, or 

treatment, F (1, 36) = 0.155, p = 0.696. 

Sweat evaporative rate Two-way ANOVA failed to identify a significant treatment × 

period interaction for sweat evaporative rate, F (1, 36) = 1.011, p = 0.918. There were no 

significant main effects for treatment, F (1, 36) = 2.223, p = 0.640; however, there was a main 

effect for period, F (1, 36) = 4.349, p = 0.001. Sweat evaporative rate was significantly lower for 

the 1st 30 minutes (10.0 ± 1.3 g·min-¹) compared to the 2nd 30 minutes (21.9 ± 1.3 g·min-¹) across 

both treatments (menthol and control), p = 0.001. 
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Heat storage Two-way ANOVA failed to identify a significant treatment × period 

interaction for heat storage, F (1, 36) = 0.666, p = 0.799. There were no significant main effects 

for period, F (1, 36) = 0.678, p = 0.798, or treatment, F (1, 36) = 0.661, p = 0.807. 

Sweat production rate There was not a significant difference in the whole-body sweat 

production rate between menthol (34.6 ± 7.6 g·min-¹) and control (33.1 ± 7.1 g·min-¹) conditions 

(t (9) = 0.82, p = 0.4). These results suggest that menthol does not have an effect on the sweat 

production rate for firefighters. Because the sweat production rate was not different between 

treatments, dehydration levels were not different either F (1, 36) = 0.342, p = 0.563 (Table 3). 

However, 2-way ANOVA revealed, as expected, that % dehydration was greater after the 2nd 30 

min of exercise (2.33 ± 0.54 %), compared to the 1st 30 min of exercise (1.38 ±0.46 %) p = 0.001  

for main effect of period.   

 

Table 3. Dehydration and Body Weight Loss 
 

 1st 30 min exercise 2nd 30 min exercise*# 

 
Dehydration  

(%) 
Weight loss  

(kg) 
Dehydration  

(%) 
Weight loss  

(kg) 

Menthol  1.4 ± 0.2 0.4 ± 0.1 2.4 ± 0.6 1.1 ± 0.6 

Control  1.3 ± 0.1 0.3 ± 0.1 2.3 ± 0.5 1.0 ± 0.5 

Data are presented in mean ± standard deviation.  *Indicates significant main effect of period for 
% dehydration (p < 0.05).  #Indicates significant main effect of period for weight loss (p < 0.05). 
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CHAPTER 5 

DISCUSSION 

 

Many research studies have assessed the impact of heat on firefighters (Sköldstöm, 1987; 

Smith and Petruzello, 1998; Havenith, 1999; Baker, 2000). Firefighters performing under 

stressful environments have an increased chance of human error while on the job because the 

protective gear that acts as a shield to heat also prevents metabolic heat loss, increasing rectal 

and skin temperature and sweat production and allegedly reducing cognition.  

The present study analyzed the effect of loose fit and regular fit firefighter gear on 

physiology as well as the effect of heat exposure on cognition.  This current study also assessed 

the effect of topical menthol on sweat production rate and sweat evaporative rate.  

Results showed that the firefighter gear fit (e.g., loose or regular-fit) evidenced no impact 

on thermoregulation. Cognitive responses in 21 °C or 33 °C were not influenced by the different 

firefighter gear sizes worn (loose or regular fit), nor were they influenced by heat exposure in 

general. However, individual negative and positive responses to cognitive tests were observed 

among participants. When menthol was applied on the skin, rectal temperature showed no 

significant difference between menthol and control trials.  
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Firefighter fit: Loose vs. Regular  

One of the current study's purposes was to compare the loose-fit and regular-fit firefighter 

gear in an effort to identify a firefighter gear configuration that would reduce thermal strain and, 

therefore, keep the firefighters cooler for a longer period of time during rescues.  

The average weight of the firefighter gear (coat, trousers, gloves, hood, helmet, SCBA) 

was the same for loose (18.5 ± 0.3 kg) when compared to regular (18.3 ± 0.3 kg) fit. Therefore, 

variation in firefighter gear weight (loose vs. regular fit) did not differ between trials and 

therefore has not compromised the weight-dependent results. For example, for some participants, 

a loose fit was a size large, whereas for others, a loose fit was a size medium, but on average, the 

firefighter gear weight remained similar. 

Results showed no significant difference in rectal temperature under different clothing 

configurations. Lack of a significant difference in rectal temperature was surprising for the 

control trials during which no bulky gear was worn. This is most likely attributable to the fixed 

metabolic rate for clothed and unclothed conditions and the short duration of the trials. Also, in 

an unpublished study conducted at the University of Alabama, it was concluded that firefighters 

who dressed outside the heat chamber might have the rectal temperature protected by the cooler 

temperature “carried” by the cooler suit for up to 30 minutes (Bishop and Williams).  

There was a significantly lower heat storage registered for the control compared to the 

loose fit under the 33 °C WBGT condition; whereas under the 21 °C WBGT condition, there was 

no difference in heat storage among different clothing configurations. In a study by Sköldström 

et al. (1987), under heat conditions (45 °C) after 60 minutes of exercise at 20 to 30% of the 

participants’ VO2max,  heat storage was found to be significantly higher (mean = 60 W·kg-¹) in 

firefighter gear vs. control (mean = 20 W·kg-¹) . The increased heat storage in the present study 
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could be explained by the higher demands of the metabolic rate at 55% VO2max compared to the 

demands of the metabolic rate at 20 to 30% of the VO2max. 

The increases in rectal temperature, skin temperature, and HR under hot and humid 

conditions are similar in magnitude to previous research (Koman and Belding, 1971; Sköldström, 

1987; Smith & Petruzello, 1998; Baker, 2000). For example, maximum HR in 33 °C during the 

control trial was 161 b·min-¹ at the end of the 30 minutes trial. This finding is similar to the HR 

reported by Smith and Petruzello, 1998 (164 to 167 b·min-¹).  

The present study found that all thermal sensory measurements were affected by heat but 

not by the firefighter gear configuration. Conversely, Sköldström (1987) found that thermal 

variables were higher and were affected by heat and firefighter gear when all participants wore 

their correct fit firefighter gear. As seen in other studies, sensory measurements were higher 

under hot and humid environments. During the present study, although there was no statistical 

difference on average thermal sensation was evaluated as “hot” under 33 °C for regular fit as 

well as for the control, and as “very hot” for loose fit. In contrast, under 21 °C, the average 

thermal stress was rated as "warm" for control and loose fit, and as "hot" for regular fit.  

Because this study was conducted during the hot summer months in the Southeastern 

USA, it is likely that participants were somewhat acclimated to the hot conditions during the 

period of data collection. Therefore, participants may have been less sensitive to the treatments. 

RPE was similar for loose and regular fit "hard," and "somewhat hard" for control trials, in the 

33 °C environment. Mean RPE's under the 21 °C were perceived as “somewhat hard” for regular 

and close to "light" for control and loose fit.  

On average, participants lost 1.1% of their body weight after 30 minutes of exercise in 

the 33 °C environment during the regular fit condition, 1.0% during the loose fit condition, and 
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0.9% of the body mass during the control condition. Murray (1996) concluded that performance 

is impaired when dehydration levels reach 2% of body weight. Based on the results of the 

present study, it could be concluded that under our test conditions, health and performance would 

be impaired after about one hour of work without hydration, regardless of the firefighter gear 

configuration worn.   

Though there was no difference in Tre, Tsk, HR, or the sensory measurements, if the 

workloads were prolonged beyond the 30 minute period utilized in our testing condition, the 

elevated sweat evaporation rate along with reduced sweat production under regular-fit and loose-

fit rate would logically attenuate the dehydration process compared to the control group. Also, 

during prolonged rescues in the heat, firefighters' low dehydration levels response to loose-fit 

firefighter gear compared to dehydration levels responses to regular-fit firefighter gear may 

benefit the heart rate response (i.e., cardiovascular drift) and several sensory measurements (e.g., 

CHS and CCS). Although not a statistically significant difference, if accentuated over time, it 

might make a difference. There are many factors that impact the health and performance of 

firefighters and small improvement should not be overlooked and may practically influence the 

safety and success of the mission.   

 

Cognition 

Upon examination of all three cognitive tests, MATH, RT and Memory tests, there were 

no significant pre-post differences (delta scores) between clothing trials in the 21 °C or 33 °C 

environment conditions. Some research suggests that dehydration impacts cognition when 

dehydration levels are higher than 2.8% (Cian et al., 2000). Other studies found significant 

decreases in cognition at 1, 2, 3, and 4% dehydration levels Gopinathan (1988). Other authors, 
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such as Sharma et al. (1986), found a significant decrease in cognitive performance at 1 and 3% 

dehydration levels in three different conditions: thermoneutral (37 °C, 50 % RH ), hot dry (45 

°C, 30 % RH), and hot humid (39 ° C, 60 % RH).  

Based on the least significant differences, individual cognitive differences were present, 

although it is difficult to conclude that there was a pattern in the relationship to the environment 

or the clothing (loose or regular firefighter gear). The short duration workload at 55% VO2max 

apparently did not elicit enough thermal stress to impact cognition.    

Due to the high sweat production rate, dehydration could reach dangerous levels if 

rehydration is restricted. If we were to calculate the sweat production per hour under the 33 °C 

condition, participants who wore regular fit firefighting clothing produced 2.2 L of sweat and 1.9 

L when loose fit firefighting clothing was worn. Under the 21 °C environment, the sweat 

production was less (1.5 L for loose-fit and 1.6 L for regular fit). Without rehydration breaks, 

firefighters' cognition and rescue performance could be expected to decline after one hour.  

 Simons and Saxby (2008) measured cognitive responses in three different environments. 

Their results identified faster reaction time with a low accuracy when skin temperature was high 

and rectal temperature was low. In our study, the skin and rectal temperatures increased directly 

proportional with time, and our results were similar to Simons and Saxby (2008) in that some 

participants made faster, but inaccurate, decisions. For example, under the 33°C environment, 

regarding reaction time, a change in score of two points or more was considered to be a 

"responder" by our criteria for loose fit conditions. A change in score of two points or more was 

considered a responder for regular fit, and two points for the control. For the reaction time 

cognitive test, according to least significant difference, three participants were considered 

responders for loose fit and regular fit conditions, and five participants were responders for the 
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control condition. A change in score of two points for the loose fit condition, four points for the 

regular fit condition, and three points for control condition were considered responders for the 

reaction time cognitive response in 21 °C environment. The least significant difference identified 

three responders for loose fit, four responders for regular fit, and three responders for the control 

condition under 21 °C environment.     

Least significant difference analyses indicated that a change in score of two points or 

more was considered to be a responder by our criteria for the MATH test under the 21 °C 

environment for the control condition and an one point change in score for the regular and the 

loose fit firefighter gear conditions. Under the 21°C condition, there were three responders 

identified for the control condition, six for regular fit and seven for loose fit conditions.  In 

addition, under the 33 °C environment, participants who registered a change in score of one point 

or more for the control trial were considered responders. Also, responders were considered 

participants whose change in score was four points or higher for loose fit and one point or higher 

for regular fit conditions. The total number of responders for the MATH test under the 33 °C 

environment was nine for the control condition, two for loose fit and seven for regular fit 

conditions.  

Lastly, a change in score of two points or more was considered to be a "responder" by our 

criteria for the loose fit condition, two points for the regular fit condition, and three points for the 

control condition for the MEM test in the 21 °C environment. There were four responders for 

loose fit conditions, five responders for regular fit conditions, and five responders for the control 

group. For the 33 °C environment, participants were considered responders if there were changes 

in scores of two points or greater under loose fit, four points or greater for regular fit, and two 

points or greater for the control trial. The least significant difference analyses identified seven 
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responders for loose fit conditions, four responders for regular fit conditions, and six responders 

for the control condition under the 33 °C environment for the MEM cognitive test.  

According to O’Neal and Bishop (2009), the most appropriate and reliable cognitive test 

to detect cognition impairment was the MATH test, because an increase in performance in 

mathematics is less likely to occur from changes in strategies.  Furthermore, the skills on solving 

problems are already learned and not improved in a short period of time.  These findings support 

the results of O'Neal and Bishop (2009). In their study, there were no significant differences in 

responses to simple cognitive tests after 90 minutes of work at 30 °C, while participants were 

wearing jeans and t-shirt.  

 

Menthol 

Previous research found a faster increase in rectal temperature with menthol application 

when participants wore firefighter gear (Lee et al., 2012), shorts and t-shirt (Kounalakis et al., 

2010), and shorts and long-sleeve shirt (Gillis et al., 2010). Although the menthol application 

lowers the thermal sensation (Kounalakis et al., 2010; Gillis et al., 2010), the possibility of 

menthol’s stimulating effect on vasoconstriction could limit the cooling mechanism through 

sweat evaporation and sweat production rate.   

The core temperature was not significantly different between menthol and control in the 

present study, where a menthol solution with 10% concentration was applied on the skin. 

However, when shorts and a long sleeve shirt were worn, Gillis et al. (2010) found a 

significantly higher (0.2 °C) difference pre vs. post in rectal temperature when a menthol 

concentration of 20% was used compared to 55% menthol concentration and control trials. In 

addition, when shorts and t-shirt were worn in a 24 °C and 46% RH environment, Kounalakis et 
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al. (2010) found a significantly higher rate of rise in rectal temperature between menthol and 

control treatments. Our results showed that on average after 30 min, a rectal temperature of 38.0 

°C was reached sooner during the control trials. These findings contradict the results by 

Kounalakis et al. (2010), who reported that rectal temperature reached 38.0 °C sooner than 30 

minutes under the menthol trials. However, our results showed that after 60 minutes of exercise, 

a rectal temperature of 38.0 °C was reached sooner when menthol was applied. Our findings do 

not support the model by Tajino et al. (2007) that a menthol application solution of 10% menthol 

increases heat gain up until 30 minutes but not after that point. Also, Lee et al. (2012) found a 

higher increase in rectal temperature after 30 minutes of exercise in a 25 °C environment when a 

menthol solution of 0.08% L-menthol was applied to the whole body and participants wore 

firefighter gear, compared to control. The delay in increase of rectal temperature for the present 

study could be associated with increased vasoconstriction during the first 30 minutes of exercise 

due to menthol application, and followed by vasodilatation during the second 30 minutes of 

exercise.  

We were unable to detect any significant differences in HR between the menthol and 

control treatments. However, Lee et al. (2012) found lower HR, lower HRmax, and less change in 

HR for 0.8% menthol compared with placebo. Our findings were in line with the research done 

by Gillis et al. (2010), where a 0.05% menthol application had no effect on HR. Also, research 

conducted by Kounalakis et al. (2010), who applied a solution of 4.6 g menthol per 100 ml water 

over the whole body, found no effect on HR. 

Menthol treatment failed to present any time of comfort to participants during the 

exercise trials. These findings support the results by Gills et al. (2010), who found no significant 

difference in thermal comfort when menthol of 0.2% or 0.05% was applied in a 30 °C, 70% RH 



 

51 
 

environment after 45 minutes of exercise. Also, Lee et al. (2012) found thermal comfort higher 

in 28 °C and 50% RH for control treatment when compared to menthol while participants were 

wearing firefighter protective gear.  
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CHAPTER 6 

CONCLUSION 

 

Conclusion regarding firefighter gear fit  

One of the benefits of the present study is that it could be applied to military, firefighters, 

and workers who wear uniforms to perform labor in temperate (e.g., 21 °C) and hot (e.g., 33 °C) 

environments. It can be concluded that firefighter gear fit made no difference on 

thermoregulation in part because the limited time (30 min) spent in the heat chamber for each 

trial. Further research should focus on the effect of firefighter gear fit for a longer period of time. 

At this time, the present study does not indicate a need to alter the firefighter gear fit.  

Conclusion regarding cognition 

Cognitive tests showed no significant difference pre/post within a trial in temperate/hot 

environments with or without the firefighter gear. One conclusion is that exercising for 30 

minutes at 55% of VO2max was not taxing enough to observe a significant decrease in mental 

performance. This suggests that there is little risk for cognitive impairment for any workers 

required to perform physical jobs in the heat at 55% or lower of their VO2max for 30 minutes or 

fewer. Further research is needed to identify the mental performance threshold of firefighters 

following repeated firefighting exposures.  
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Conclusion menthol 

Menthol treatment showed no improvements in the physiological responses of the 

firefighters. Further studies are needed in order to identify the menthol threshold that impacts 

thermoregulation at high temperatures while wearing semi-permeable suits (i.e., firefighting or 

military chemical). Moreover, the menthol concentration, the environmental temperature, and the 

timing of when menthol is applied to the skin are all factors that need to be taken into 

consideration when assessing the effect of menthol on skin; therefore, further investigation is 

needed.  
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APPENDIX A 
 
Questionnaire Ergonomics: 

Clothing fit and donning of the suit 

1. How does the suit fit?                                                         too small / good / too large 

2. How is the length of the trousers?                                       too short / good / too large 

3. How is the length of the sleeves?                                         too short /good / too large 

4. How well can you bend forward?                                         badly / acceptable/ good 

Would you like to comment on that? 

_____________________________________________________________________________________ 

5. How is the donning of the suit?                                            difficult / acceptable / easy 

6. How is the freedom of movement in the suit?                        bad / acceptable / good 

If any limitation is present, could you describe this.   

_____________________________________________________________________________________ 

7. How well could you lift your legs?                                        badly / acceptable / good 

8. How well could you lift your arms?                                       badly /acceptable /good 

9. Do you find this suit baggy?                                                 very much so / fairly / not at all 

10. Did you get caught with the suit somewhere?                      never / sometimes / often 

11. How is the fit of the suit while wearing SCBA?                   badly / reasonable / good 

 Any comments on this? 

_____________________________________________________________________________________ 

G. Haverty, R. Heus (2004). A test battery related to ergonomics of protective clothing.  
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APPENDIX B  
 
Thermal Sensation 
 
0.0     Unbearably Cold 
0.5  
1.0     Very Cold 
1.5  
2.0     Cold 
2.5  
3.0     Cool 
3.5  
4.0     Comfortable 
4.5  
5.0     Warm 
5.5  
6.0     Hot 
6.5  
7.0     Very Hot 
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CLOTHING HUMIDITY SENSATION 

 

 

No Sensation   Slightly Damp     Moderately Damp     Wet 

_______________________________________________ 

0      1       2       3       4        5       6       7       8       9      10  

 

 

CLOTHING COMFORT SENSATION 

 

Very Comf. Slightly Comf.    Neutral    Slightly Uncomf.   Very Uncomf. 

_______________________________________________ 

0      1      2       3       4        5       6       7       8       9       10  


