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Executive Summary 

 “A day like this for me is not so difficult on the body. It’s more the head, the stress of 

fighting for position, to avoid crashes or splits in the bunch. We’re going so fast, and 

everything happens much quicker than you can imagine.”  

 

British rider Simon Yates eloquently described the decisions and attention required to 

compete in a cycling endurance race. Many sporting events take place in hot and humid 

conditions (i.e. Tour de France 2019; FIFA Brazil 2014; Tokyo Olympics 2020) which 

could potentially pose many problems.  It is well established that prolonged exercise in 

the heat can lead to decrements in, not only, exercise performance but also the cognitive 

function referred to by Simon Yates. Prior to the current program of research, substantial 

evidence existed regarding optimal cooling strategies to maximise exercise performance 

in the heat. Little consideration, however, had been given to the effect of cooling 

strategies on psychological factors such as cognitive function and mood state. Cognitive 

function refers to a range of mental processes that enable the ability to perceive and react, 

process and understand, store and retrieve information, make decisions and produce 

appropriate responses. Neuroimaging has identified an overlapping network of brain 

regions where activity is modulated by cognition and mood. Negative mood states are 

associated with prolonged heat stress and have been correlated with poorer attention, 

memory and executive control. The majority of sports require numerous cognitive 

abilities, with prime cognitive performance important for both athletes, to gain a 

competitive edge over opponents, and referees, to make correct judgment calls and handle 

disciplinary actions appropriately.  

 

Increased core temperature (Tcore) and brain temperature (Tbrain) beyond normal 

physiological range during prolonged exercise in hot and humid conditions can negatively 
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impact cognitive function, mood and exercise performance. Ice ingestion is a cost 

effective and practical internal precooling strategy (applied pre-exercise), which has been 

shown to improve exercise performance. The effect of ice ingestion on cognitive function 

during exercise in the heat, however, requires investigation. The formative work to the 

present thesis explored the effect of precooling via crushed ice ingestion on endurance 

performance and four-choice reaction time (4-CRT) in the heat. Participants ingested 

either 7 g×kg-1 of water (CON) or crushed ice (ICE) prior to completing an 800 kJ cycle 

time trial (CTT) in hot and humid conditions. Although ICE significantly decreased Tcore 

and improved exercise performance compared to CON in the heat, 4-CRT performance 

improved for both conditions, and while there were no significant differences between 

conditions, a moderate effect size was present at 800 kJ with ICE CRT getting faster than 

CON.  It was concluded that any potential reduction in 4-CRT performance was not 

revealed due to the simple nature of the cognitive task. Task complexity may play a key 

role in cognitive outcomes during heat stress as cognitive performance will deteriorate 

when the amount of resources is insufficient to deal with the cumulative effect of exercise, 

thermal stress and cognitive task. A longer protocol may also be required whereby 

exercise intensity is fixed as it is difficult to separate the influences of ice ingestion from 

the differences arising from altered work-rate and metabolic heat production.  

 

Subsequently, the first study of this thesis aimed to determine if precooling via crushed 

ice ingestion reduced internal head temperature and Tcore during a steady state cycle in 

the heat and whether it has an effect on eight-choice reaction time (8-CRT). Along with 

Tcore, an increase in Tbrain has been reported as a limiting factor for cognitive function 

during exercise in the heat. Currently, the ability to measure Tbrain with a safe, non-

invasive method during exercise in the heat is unavailable. In this thesis, therefore, 

forehead skin temperature (Thead) was used as a measure of facial temperature and an 
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indirect index of internal head temperature. It was hypothesised that Thead and Tcore would 

be lower following crushed ice ingestion compared to control, leading to an improvement 

in 8-CRT during steady state cycling in the heat. Ten males commenced a 30 min 

precooling period, ingesting either 7 g·kg-1 of crushed ice (ICE) or thermoneutral water 

(CON) prior to cycling 60 min at 55 % VO2peak in a climate chamber set to hot, humid 

conditions (~35 °C, 60 % Relative Humidity). The 8-CRT task was completed upon 

arrival and after the precooling period in the thermoneutral temperature lab and then at 

15 min intervals while cycling in the heat. Work rate was controlled between conditions 

to allow a greater emphasis to be placed on CRT performance. Crushed ice ingestion 

significantly reduced Thead and Tcore compared to control but did not provide additional 

improvement in CRT during moderate exercise in the heat. The CRT performance may 

not have been impaired in the current study due to the short term, moderate intensity 

exercise protocol, which may not have increased Thead and Tcore to a detrimental 

temperature. It has been reported that heat stress negatively affects cognitive function, 

with deleterious effects found above a Tcore of 38.5 °C. Further investigation is required 

to determine whether the lower internal head temperature and Tcore with ice ingestion is 

beneficial for a range of cognitive tasks during exercise induced hyperthermia (Tcore > 

38.5 °C).  

 

This led to the second study, which examined the effect of crushed ice ingestion on 

cognitive function after 90 min of steady state running in the heat, when Tcore was greater 

than 38.5 °C. Functions involving decision making, working memory and executive 

control are important during many sporting situations and were, therefore, explored in 

Study 2. Given the effectiveness of ice ingestion to reduce Tcore and Thead, found in Study 

1, it was hypothesised that precooling with ice ingestion would improve cognitive 

performance in comparison to water ingestion during exercise in the heat. Eleven active 
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males ingested either 7 g∙kg-1 of crushed ice (ICE) or thermoneutral water (CON) in 30 

min prior to running 90 min on a treadmill at a velocity equivalent to 65 % VO2peak in hot 

and humid conditions. Participants completed three cognitive tasks to investigate decision 

making (8-CRT), working memory (Serial Sevens, S7) and executive control (Colour 

Multisource Interference Task, cMSIT) upon arrival, after precooling and post the 90 min 

run when Tcore was above 38.5 °C. Precooling via ICE enhanced cognitive accuracy in 

decision making and working memory tasks compared to CON upon entry to the heat. 

This suggests that cognitive performance can deteriorate even before physiological 

parameters are impaired due to feelings of discomfort, reported by a higher perceived 

thermal sensation. The reduction in thermal sensation with ice ingestion due to lower Tcore 

and Thead may allow for an athlete to place more attention on the primary cognitive task 

rather than on the discomfort of the heat, which can be advantageous at the start of a 

sporting event. Furthermore, after 90 min of running, Tcore and Thead were not different 

between conditions but cognitive benefits were evident with ice ingestion for decision 

making and working memory tasks which raised the question as to the mechanisms that 

lead to cognitive improvement. It is possible that the reduction in Tcore and Thead earlier in 

the run acted as a thermal buffer, creating a lag in deleterious effects of cognitive 

performance in the heat. Alternatively, cooling has been suggested to mask the true state 

of the body and thus may delay the point at which cognitive decrements occur. Whether 

the perception of feeling cooler in the heat is sufficient for cognitive improvement should 

be further investigated. 

 

One means to elucidate the question of whether the perception of feeling cooler is 

sufficient to improve cognitive function would be through the use of menthol. Menthol 

swilling is an internal perceptual midcooling strategy (applied intermittently during 

exercise) that does not physically impact body temperature, rather it imparts feelings of 
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coolness. Menthol acts on highly sensitive cold receptors called transient receptor 

potential melastatin 8 (TRPM8) in the mucosal surface. As such, menthol swilling has 

previously reported to reduce perceived thermal sensation and exertion, which leads to 

improved exercise performance in the heat. The effect of intermittent menthol swilling 

on cognitive function has not been investigated. The improved thermal sensation and 

exertion associated with menthol swilling may be beneficial for cognitive maintenance in 

hot, humid conditions. Therefore, the third study compared the use of intermittent 

menthol swilling (water ingestion + menthol swilling; MENTH) to mixed cooling 

(crushed ice ingestion + menthol swilling; MIX) and a control condition (water ingestion 

+ placebo swilling; CON) on cognitive function, total mood disturbance (TMD) and time 

to fatigue (TTF) in the heat. It was hypothesised that cognitive function, TMD and TTF 

would be improved in MIX and MENTH compared to CON. Twelve male long-distance 

runners ingested either 7 g∙kg-1 of crushed ice or water in 30 min prior to running 3 x 30 

min on a treadmill at 65 % VO2peak in hot and humid conditions, followed by a TTF run 

at 100 % VO2peak. Intermittent swilling during exercise occurred with 25 mL of either a 

menthol solution or placebo. Cognitive tasks were completed upon arrival and at 30 min 

intervals while standing. An abbreviated Profile of Mood State (aPOMS) questionnaire 

was utilised to assess TMD at arrival and post TTF. It was found that MIX lessened the 

decline of cognitive function compared to CON at 90 min of running and post TTF. 

Furthermore, MIX reduced TMD compared to MENTH and CON, in particular, measures 

of tension, depression and confusion. Menthol alone (MENTH) was not beneficial nor 

detrimental to cognitive function and had no significant effect on perceived thermal 

sensation, exertion or thirst. Therefore, the interplay between physical and perceptual 

responses with crushed ice ingestion may improve the quality of cognitive work and 

lessen mood disturbance in the heat, as supported by Study 2. Both MIX and MENTH 

increased TTF duration compared to CON, with no further benefits with MIX. This 
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finding suggests the importance of psychological factors for the improvement in TTF in 

the late stages of exercise and, therefore, menthol swilling may be beneficial for athletes 

trying to maintain exercise performance when fatigued. 

 

In summary, the collective studies of this thesis provide evidence to support the use of 

precooling with crushed ice ingestion for improving cognitive function and mood state 

during prolonged exercise in hot and humid conditions. Such improvements can be 

advantageous for both athletes and referees in numerous sporting situations taking place 

in a hot environment. Although menthol swilling alone was not beneficial nor detrimental 

for cognitive function tasks, intermittent menthol swilling improved exercise 

performance, with no further benefit evident with the mixed method. The ability to 

increase TTF after prolonged exercise in the heat provides athletes with a competitive 

edge over the opposition, allowing them to physically push harder for longer when fatigue 

levels are high. By combining ice ingestion and menthol swilling the greatest 

improvement in sporting performance in the heat may be achieved, enhancing both 

cognitive function and exercise performance.  
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1.0 Background 

The regulation of homeostasis is vital to ensure optimal cellular function and is achieved 

by maintaining a fine balance between heat production and heat loss through the process 

of thermoregulation (Mekjavic & Eiken, 2006). The mechanisms that regulate 

thermoregulatory functioning are impaired during prolonged exercise in excessive heat 

and humidity, despite near-maximal stimulation of the body’s autonomic heat loss 

responses (Flouris & Schlader, 2015; Schmit, Hausswirth, Le, & Duffield, 2017). As 

such, evaporation from the skin is reduced and competition of blood flow between 

working muscles, skin and other tissues is increased, leading to increased core 

temperature (Tcore; Gonzalez-Alonso, Crandall, & Johnson, 2008; Wendt, Loon, & 

Lichtenbelt, 2007). Furthermore, elevated cerebral oxygen consumption along with a 

reduction in cerebral blood flow can hamper the removal of metabolic heat from the brain 

and therefore increase brain temperature (Tbrain; Nybo & Nielsen, 2001; Nybo, Secher, & 

Nielsen, 2002). Increased Tcore and Tbrain during exercise in the heat has previously shown 

to impair exercise performance (Epstein, Keren, Moisseiev, Gasko, & Yachin, 1980; 

Gaoua, Racinais, Grantham, & El Massioui, 2011; Simmons, Mündel, & Jones, 2008), 

cognitive function (Hocking, Silberstein, Man, Stough, & Roberts, 2001) and mood state 

(Holland et al., 1985; Zhang et al., 2014), which can negatively impact sporting 

performance outcomes.  

 

Cognition involves all intellectual processes by which one becomes aware of, perceives 

or comprehends ideas, and can be influenced by mood state due to an overlapping 

network of brain regions (Phan et al., 2002). Although a large focus of research has been 

placed on physical performance in the heat, sporting situations involve goal-directed 

actions and outcome-based consequences which requires the ability to maintain effective 
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cognitive function. Therefore, whether internal cooling is beneficial for cognitive 

function during exercise in the heat is the focus of the current thesis.  

 

Crushed ice ingestion is a thermal precooling method that effectively reduces Tcore, 

leading to an improvement in exercise performance in the heat (Brearley, 2012; Ihsan, 

Landers, Brearley, & Peeling, 2010). Evidence also suggests that ice ingestion reduces 

Tbrain due to the close proximity of the mouth to the brain and by decreasing the 

temperature of arterial blood that supplies the brain (Onitsuka et al., 2018; Siegel & 

Laursen, 2012). This may be beneficial as an increased Tbrain can result in reduced brain 

activity, resulting in a reduced state of arousal (Nielsen, Hyldig, Bidstrup, Gonzalez-

Alonso, & Christoffersen, 2001). Although there is scope for benefit, research regarding 

the effect of crushed ice ingestion on cognitive function is very limited. The formative 

work to the present thesis (Saldaris, Landers, & Lay, 2019) found precooling with 7 g.kg-

1 crushed ice ingestion significantly reduced Tcore coinciding with improved cycle time 

trial performance. However, the effect of ice ingestion on decision making (4-choice 

reaction time) remained equivocal. It was suggested that tasks of increased complexity 

may be more so affected than tasks requiring little cognitive effort. Due to the reduced 

Tcore and Tbrain seen post ice ingestion in previous literature, the cooling strategy may lead 

to an improvement in complex cognitive tasks during prolonged exercise in the heat. 

 

As an alternative to thermal cooling, perceptual cooling is an emerging area in sport 

performance, whereby the cooling strategy aims to reduce perceived thermal sensation 

and perceived effort without a reduction in Tcore, Tbrain or skin temperature (Tskin). Menthol 

is a non-thermal cooling method that can be applied internally or externally; however, 

greater benefits in exercise performance have been observed with internal application (i.e. 

intermittent menthol swilling; Mundel & Jones, 2010; Stevens et al., 2016), compared to 
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external menthol strategies (Barwood, Corbett, Thomas, & Twentyman, 2015; Barwood, 

Corbett, White, & James, 2012). Swilling menthol enhances cold sensations in the mouth 

and nose as well as modulates taste-receptor activity which has been shown to impact 

perceived thermal sensation, exertion and thirst satiation (Eccles, 2000; Riera, Trong, 

Sinnapah, & Hue, 2014). Furthermore, the activation of cold receptors in the nose and 

mouth is similar to taking in a breath of fresh air, which can increase levels of alertness 

or cortical activation (Eccles, 2000). The effect of menthol swilling on cognitive function 

and mood state has not been investigated; however, due to the perceptual improvements 

reported it may be of beneficial use in numerous situations. 

 

1.1 Statement of the Problem 

Despite the predominance of research on physical performance in the heat, many 

activities also require high levels of cognitive functioning for optimal performance and 

injury prevention. Prolonged periods of exercise in the heat can impair cognitive function 

as a result of physiological and perceptual changes. Demanding, long duration exercise 

under high heat stress may consequently reduce an athlete or umpire’s ability to perform 

at optimal standards. For an athlete, the capability to cope in the heat and maintain 

cognitive performance can be a determining factor for the outcome of the sporting event 

(Abernethy, 1991). As crushed ice ingestion and menthol swilling have different 

mechanisms of action (thermal vs. non-thermal), it would be beneficial to compare and 

combine the cooling strategies to determine the effectiveness of internal strategies 

towards cognitive function during exercise performance in the heat.  

 

1.2 Thesis Aims and Hypotheses  

The aim of the thesis was to determine the effect of internal cooling strategies on 

cognitive function during exercise in hot and humid conditions. After establishing a gap 
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in the literature and identifying the problem (Chapter 1), the extensive literature review 

(Chapter 2) highlights existing research on ice ingestion and menthol application during 

exercise in hot and humid conditions. Following this, three original investigations 

(Chapters 3-5) were undertaken with various individual aims that combined to fulfil the 

original aim of this thesis.  

 

Chapter 3: Internal precooling decreases forehead and core temperature but does 

not alter choice reaction time during steady state exercise in hot, humid conditions 

Aim: 

• Investigate whether internal precooling with crushed ice ingestion can effectively 

reduce internal head temperature and Tcore during exercise in the heat. 

• Determine the effect of precooling with ice ingestion on four-choice reaction time 

performance during exercise in the heat. 

Hypothesis:  

• Crushed ice ingestion would reduce Thead and Tcore compared to water ingestion, 

leading to an improvement in choice reaction time during steady state exercise in the 

heat.  

 

Chapter 4: Enhanced decision making and working memory during exercise in the 

heat with crushed ice ingestion 

Aim:  

• Examine the effect of a reduced Tcore and internal head temperature with ice ingestion 

on decision making, working memory and executive control during a 90 min run in 

hot, humid conditions.  

Hypothesis:  

• Precooling via ice ingestion would improve cognitive performance in comparison to 
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water ingestion during exercise in the heat.  

 

Chapter 5: Physical and perceptual cooling: Improving cognitive function, mood 

disturbance and time to fatigue in the heat 

Aim:  

• Compare non-thermal midcooling (menthol swilling) to mixed cooling (crushed ice 

ingestion + menthol swilling) and control to determine the impact on physical and 

perceptual responses during a steady state run in the heat 

• Determine the differences between physical and perceptual cooling on cognitive 

function, mood state and time to fatigue performance  

Hypothesis:  

• Both perceptual cooling and combined cooling would lead to improved cognitive 

function, total mood disturbance and time to fatigue compared to control, with greater 

benefits seen with combined cooling. 

 

1.3 Contributions of this Research  

Precooling via crushed ice ingestion is a highly practical and cost-effective thermal 

cooling method that is effective in reducing Tcore, leading to improvements in endurance 

performance. Alternatively, intermittent menthol swilling offers a practical non-thermal 

cooling strategy which has also shown to improve exercise performance in the heat. The 

effect of these contrasting cooling strategies on cognitive function and mood deterioration 

during exercise in the heat has not been investigated. The following research allows for 

direct comparisons to be made between conditions due to the use of fixed workload 

protocols. The findings of this thesis may provide athletes and umpires with the optimal 

option leading to improvements in cognitive function during prolonged periods of 

exercise in hot and humid conditions. This thesis will compare and combine internal 
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thermal and non-thermal cooling methods to determine the important mechanisms that 

lead to cognitive improvement during exercise in the heat, which are unclear in the current 

literature. 
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CHAPTER TWO 
Literature Review 

Improving cognitive function, mood state and exercise performance in hot 

and humid conditions: A review of internal physical and perceptual cooling 

strategies 
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2.0 Introduction 

Prolonged exercise in hot and humid conditions can impair thermoregulatory processes, 

leading to reductions in cognitive function, mood state and exercise performance (Epstein 

et al., 1980; Kunstetter et al., 2014; Zhang et al., 2014). Such performance measures are 

important for both athletes and referees during sporting events. Internal or external 

cooling modalities can be applied with the focus of alleviating the detrimental effects of 

heat (Kay, Taaffee, & Marino, 1999). Practitioners and athletes are increasingly pursuing 

the use of internal cooling methods, such as crushed ice ingestion, due to the more 

practical and cost-effective nature of these strategies. Crushed ice ingestion is a 

precooling strategy (applied pre-exercise) with the aim of physical reductions in core 

temperature (Tcore; Ihsan et al., 2010) and brain temperature (Tbrain; Onitsuka et al., 2018; 

Vanden Hoek et al., 2004). Recently, non-thermal perceptual cooling strategies, such as 

menthol swilling, are also increasing in popularity. Menthol swilling is a midcooling 

method (applied intermittently during exercise) that does not affect body temperature, 

however, leads to feelings of coolness and freshness through the effect of cold receptors 

in the mucosal surface (Eccles, 2000). This chapter will present the effects of prolonged 

exercise in the heat on physiological and perceptual mechanisms and, in turn, cognitive 

function, mood state and exercise performance. Furthermore, the current literature on the 

impact of internal cooling strategies on such performance measures will be explored.  

 

2.1 Physiological Responses in Hot, Humid Conditions 

2.1.1 Core Temperature  

The human body regulates a state of homeostasis in different environmental conditions 

by maintaining equilibrium between heat loss and production (Johnson, Minson, & 

Kellogg, 2014). The thermoregulatory system aims to maintain a constant Tcore during 

exercise by dissipating any internal heat not required for the generation of mechanical 
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power (Gonzalez-Alonso et al., 2008). This is achieved through the processes of heat loss: 

conduction, convection, radiation and evaporation. During cellular respiration, heat 

produced in active muscles is transferred by conduction and convection to the blood and 

surrounding tissues (Kenny & Jay, 2013). At the skin surface, heat must be transferred 

via evaporation to the environment to limit heat storage and increases in Tcore (Kenny & 

Jay, 2013).  

 

During exercise in hot conditions, sweating from the skin surface via increased 

vasodilation is the greatest avenue of heat loss. However, with high ambient temperature 

and water vapour pressure, the potential for evaporation of sweat is reduced  (Kenny & 

Jay, 2013). As a result, a hot and humid environment limits cooling, causing the body to 

store excessive heat, increasing Tcore (Marino, 2002). Nielsen (1996) reported that the rate 

of rise in Tcore is increased dramatically when the ambient temperature is greater than 35 

°C and relative humidity is greater than 60 %. Furthermore, with exercise in the heat, 

there is an increased demand for blood flow between the active muscles and skin 

(Gonzalez-Alonso et al., 2008). This leads to an associated increase in competition for 

available cardiac output, resulting in greater cardiovascular strain, as cardiovascular 

demands of the body exceed the limits that can be supplied by the blood (Rowell, 1974). 

Reduced muscle blood flow can limit the intensity and duration of exercise, while reduced 

skin blood flow limits the disposal of heat from the body, resulting in elevated Tcore.  

 

As exercise in the heat continues, and exercise intensity is maintained, Tcore gradually 

increases beyond an optimal range, which is known as exercise induced hyperthermia. 

Hyperthermia can impair the physiological capacity for exercise, cognitive performance, 

and potentially lead to heat injury (i.e. heat exhaustion and heat stroke; Cheung & 

Sleivert, 2004). The point when Tcore reaches 39.5-40 °C is known as a critical Tcore and 
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results in a dramatic decrease in exercise intensity as the central nervous system takes 

over to regain homeostatic control (Gonzalez-Alonso, Teller et al., 1999). However, the 

critical Tcore can be influenced by other factors such as motivation, fitness level, cooling 

strategies and acclimation. It has also been suggested that power output and cognitive 

function are impaired prior to the critical Tcore. Marino, Lambert, & Noakes (2004) 

reported an anticipatory response is present, where exercise performance is reduced to 

ensure Tcore does not reach a critical temperature.  

 

2.1.2 Brain Temperature and Cerebral Blood Flow 

A rise in Tcore can increase arterial blood temperature that supplies the brain, leading to 

progressive cerebral heat accumulation (Kiyatkin, 2011). In addition to direct increases 

in brain Tbrain, exercise induced hyperthermia may also instigate hyperventilation in 

humans, through both an increase in tidal volume and respiratory frequency. A direct 

result of this thermal hyperventilation is a decrease in the arterial partial pressure of 

carbon dioxide in the blood which, in turn, can cause vasoconstriction and a reduction in 

cerebral blood flow (CBF; Tsuji et al., 2019). Nybo et al. (2002) reported an 18 % 

decrease in CBF with exercise in heat (Tcore = 39.5 °C) compared to a normothermic 

environment (Tcore = 37.9 °C). Along with reduced CBF, exercise in the heat is also 

associated with increased rate of cerebral heat production. Nybo, Secher and Nielsen 

(2002) found that after cycling at 50 % VO2peak for 45 min, cerebral heat removal via the 

jugular venous blood was lower during hyperthermia (water impermeable suit composed 

of rain clothes and rubber gloves; 0.36 J×g−1×min−1) than thermoneutral conditions (20 °C; 

0.50  J×g-1×min−1), combined with a 7 % higher heat production in the brain, causing heat 

to be stored in the brain at a rate of 0.20 J×g−1×min−1. Hyperthermia may also reduce blood 

flow to the brain due to increased demand of blood flow for heat dissipation from the 

head. As such, concurrent with a plateau or reduction in blood flow to the internal carotid 
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artery (ICA), an increase in external carotid artery (ECA) blood flow leading to the facial 

and neck skin blood vessels has been reported during heavy exercise (Sato, Ogoh, 

Hirasawa, Oue, & Sadamoto, 2011). 

 

Brain activity as a result of increased Tcore and Tbrain during exercise in the heat can result 

in reduced high frequency brain waves (b) and increased low frequency brain waves (a), 

which is similar to activity during sleep, reflecting a reduced state of arousal (Nielsen et 

al., 2001). As such, changes in behaviour that accompany severe hyperthermia include 

confusion, loss of coordination, and fainting (Cheung & Sleivert, 2004).  

 

2.1.3 Sweating and Dehydration  

Dehydration occurs when you lose more fluid than you take in and, therefore, your body 

does not have enough water and other fluids to carry out its normal functions. There is an 

increased risk of dehydration when excising in a hot environment with a large amount of 

water being lost through the production of sweat (Hamouti, Del Coso, Ortega, & Mora-

Rodriguez, 2011). However, as an elevated Tcore has a greater impact on the rate of fatigue 

compared with that of dehydration (Gonzalez-Alonso, Calbet, & Nielsen, 1999), sweat 

rate will continue to increase during exercise in the heat as the body attempts to remove 

the excess heat being generated (Pahnke et al., 2010).  

 

Mild dehydration (~1.1 % loss body mass) has shown to decrease positive mood state and 

exercise performance, however not negatively impact cognitive function (movement 

time; reaction time; information processing speed) compared with a hydrated condition 

(Sittlington, Magee, & Simpson, 2017). However, deterioration of cognitive function 

after heat-induced dehydration has been observed at a level greater than 2 % (Cian, 

Barraud, Melin, & Raphel, 2001; Gopinathan, Pichan, & Sharma, 1988). Therefore, 
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dehydration with hyperthermia has been found to have adverse effects on the brain with 

existing studies suggesting that severe dehydration results in more severe 

neurophysiological changes.  

 

2.2 Perceptual Responses During Exercise in the Heat 

Rather than physiological effects of hyperthermia being the sole limitation for behaviour 

in the heat, psychological input stemming from the perception of thermal sensation and 

effort can also play a modulatory role. 

 

2.2.1 Thermal Sensation 

Historically, thermal sensation is a perceptual rating of the relative intensity of 

environmental temperature (Flouris & Schlader, 2015) and, therefore, has been used as a 

scale of subjective cold or warmth. An increasing thermal sensation rating is a measure 

of higher perceived warmth, and a reduction is a result of colder sensations, where 

extreme hot or cold sensations can result in discomfort. Maw, Boutcher and Taylor (1993) 

found exercise in the heat at a constant workload resulted in greater thermal strain than a 

thermoneutral environment. As air temperature is the primary determinant of skin 

temperature (Tskin) and the thermal gradient for convective heat transfer, it strongly 

influences thermal sensation. The mechanism by which warm temperature is sensed is 

largely dependent on a temperature-specific family of transient receptor potential (TRP) 

ion channels in the skin. The TRP channels are involved in behavioural thermoregulation, 

thus Tskin serves to initiate behaviour prior to activation of autonomic responses, which 

are more metabolically demanding. Via TRP channel activation, thermal stimuli activate 

peripheral warm-specific thermoreceptors which project to the superficial dorsal horn of 

the spinal cord or the medullary nucleus of the solitary tract (Craig, 2011). In turn, the 

output neurons of these regions project to the hypothalamus and the brainstem conveying 
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the afferent activity relating to the thermal status of the body (Craig, 2011). Therefore, 

upon the activation of peripheral thermoreceptors, a conscious change in subjective 

thermal perception occurs. Perception of warmth is also strongly influenced by the 

temperature of the face and head. During heat exposure, local facial warming has been 

reported to result in the most uncomfortable temperature sensation and facial cooling the 

most comfortable compared with other body segments (Nakamura et al., 2008). 

 

2.2.2 Perceived Exertion  

The rate of perceived exertion (RPE) scale (Borg, 1982) represents an overall conscious 

awareness of the internal physiological state and sensations generated during physical 

activity. Borg (1982) suggested that RPE is the single best indicator of an individual’s 

physical strain during exercise and the ultimate modulator of behaviour during self-paced 

exercise in the heat. Well-trained cyclists can exercise for several hours in cool 

environments at 50-75 % VO2max with a constant RPE rating. However, during cycling at 

a similar intensity in a hot environment, RPE increased in parallel with a rising Tcore and 

heart rate, with participants reporting feeling heavy in their legs and very warm in the 

head when they reached the point of exhaustion (Nybo & Nielsen, 2001). Along with 

increased Tcore and cardiovascular strain, altered brain activity with an increased Tbrain has 

been associated with changes in the rating of perceived exertion (Nielsen et al., 2001). 

Signals arising in the hypothalamus with high Tbrain could lead to a change in frontal 

cortex activity, reflected in the decline in β activity, which could possibly underlie an 

important physiological mechanism of fatigue in hyperthermic participants (Nielsen et 

al., 2001). Furthermore, it has been proposed that an anticipatory regulation process, 

influenced by rates of heat storage, provide feedback to the brain. An increased perceived 

exertion would prevent excessive heat production in hot conditions and ensure that a 

critical Tcore is not reached during voluntary exercise (Marino, Lambert, & Noakes, 2004). 
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It has also been stated in the literature that non-physiological factors that can influence 

RPE ratings. Experimental evidence exists suggesting that conscious psychological 

manipulations like motivational self-talk, placebo and competition can increase time to 

exhaustion. For example, experiments by Blanchfield, Hardy and Marcora (2014) 

reported that subliminal visual cues (happy vs. sad faces) could alter perception of effort 

and improve endurance performance.  

 

2.3 Cognitive Function During Exercise in the Heat 

2.3.1 Overview of Cognitive Function 

Cognitive function refers to a range of mental processes that, in essence, are the ability to 

perceive and react, process and understand, store and retrieve information, make 

decisions and produce appropriate responses (Purves, 2008). The frontal lobe functions 

in close association with other regions of the brain for cognitive tasks (Buchbaum, 2004) 

and, thus, changes in the activity of the frontal area with an increased Tcore and Tbrain 

during exercise in the heat may negatively impact cognitive performance. Decision 

making, working memory and executive control are important cognitive abilities present 

in many sporting situations and are, therefore, the focus of this thesis.  

 

2.3.1.1 Decision Making 

Decision making is the action or process of choosing between possible solutions. Athletes 

and umpires are required to maintain an alert and vigilant state in order to make correct, 

rapid responses in a complex and quickly changing environment (Houssein, Lopes, & 

Fagnoni, 2016; Vestberg, Gustafson, Maurex, Ingvar, & Petrovic, 2012), where optimal 

decisions can significantly impact scoring outcomes (Abernethy, 1991). Reaction time is 

the time required for perception, evaluation and initiation of a response to a stimulus. 

Single reaction time is the response to a singular stimulus whereas choice reaction time 
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(CRT) is the reaction to multiple stimuli. Hick's law (1952) states that reaction time 

increases with an increasing number of stimuli, which is supported by Mowbray (1960) 

reporting consistent increases in reaction time with an increase in the number of 

alternatives. Choice reaction time has demonstrated to be a useful variable to infer 

changes in mental processing and decision making performance, with Heirani, 

VaziniTaher, Soori, & Rahmani (2012) reporting a relationship between choice reaction 

time and expertise in athletes. Overall, athletes with perceptual motor advantages such as 

faster reaction times are potentially more equipped for participation in high levels of sport 

performance. 

 

2.3.1.2 Working Memory 

Working memory describes a subset of processes involved in the active storage, 

maintenance, and manipulation of information to be retrieved within a brief interval in 

order to bring together goal-directed behaviours (Furley & Memmert, 2010). The feeling 

of being overwhelmed by new information is due to limitations of working memory. 

Therefore, a larger working memory capacity affords athletes and umpires a greater 

ability to control attention whilst inhibiting distracting information (Furley & Memmert, 

2010). This is supported by Conway, Cowan, & Bunting (2001) who reported that a larger 

working memory capacity enabled participants to actively maintain relevant information 

and block out irrelevant cues in a dichotic listening task. As such, Bijleveld & Veling 

(2014) indicated that tennis performance during decisive moments can be predicted from 

tasks that tap into working memory functioning. An example of a cognitive task that has 

been utilised as a measure of working memory is the Serial Sevens task, which involves 

continual subtraction as quickly and as accurately as possible (Camfield et al., 2013).  
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2.3.1.3 Executive Control 

Executive control has been described as the global cognitive control operator and 

therefore involves the ability to carry out goal-directed behaviour using complex mental 

processes and cognitive abilities (Vestberg et al., 2012). This enables us to plan and juggle 

multiple tasks successfully (Sun et al., 2012) and regulate thought and action, especially 

in non-routine situations (Friedman et al., 2008). Vestberg et al. (2012) suggested that 

results in executive control tasks are a predictor of successful ball sport players. The study 

used standardised neuropsychological assessment tools assessing soccer player general 

executive control to compare high division players, lower division players and a 

standardised norm group. The result showed the high division players outperformed the 

low division players in executive control tasks. Furthermore, a significant correlation was 

present between the result from the executive control task and the numbers of goals and 

assists the players had scored two seasons later. The colour multi-source interference task 

is a cognitive task that has been utilised to infer changes in executive control (Wenzel, 

Kubiak, & Conner, 2014). The task involves multiple sources of distracting factors, 

requiring greater attentional processes for task inhibition.  

  

2.3.2 Cognitive Function during Heat Stress  

Altered physiological and perceptual responses with exercise in the heat can lead to 

reduced cognitive performance. The effect of various heat exposures on alertness and 

complex cognitive tasks during exercise were examined by Epstein et al. (1980), finding 

that percentage of errors rose gradually with the rise in heat load (21, 30 & 35 °C). Even 

highly motivated subjects were affected by high heat exposure, especially when assigned 

to complex cognitive tasks that require a high state of vigilance, cooperation, and 

coordination (Epstein et al., 1980). As such, it is suggested that a rising body temperature, 

competition of resources and task complexity are contributing factors to changes in 



 

 44 

cognitive function. 

 

2.3.2.1 Temperature Threshold 

Increases in Tcore below 38.5 °C have reported to incur faster responses on both simple 

reaction time, choice reaction time and complex cognitive tasks, which suggests that a 

small rise in Tcore induces a systematic improvement in the capacity to focus and respond 

to a stimulus (Bandelow et al., 2010; Lee et al., 2014). The possibility of an initial 

cognitive improvement has been attributed to faster neural conduction speed 

(Tomporowski, 2003) and an arousal effect (Provins, 1966b). As such heat exposure of 

less than 60 min often produces an increase in nerve conduction speed which may 

improve cognitive task performance (Hancock & Vasmatzidis, 2003). 

 

In contrast, prolonged heat exposure, often characterised as greater than 60 minutes, is 

associated with reduced cognitive performance (Ramsey & Kwon, 1992). At a higher 

Tcore, heat strain can overload the ability for cognitive capacities to deal with both heat 

stress and the cognitive task, making performance maintenance difficult. Prolonged heat 

stress negatively affects cognitive function (working memory, information retention and 

information processing), with deleterious effects reported above a Tcore of 38.5 °C 

(Hocking et al., 2001). At this threshold, Hocking et al. (2001) reported marked 

differences in the electrical responses of the brain. Steady-State Visual Evoked Potential 

recordings of the brain showed an increase in amplitude and a decrease in latency, 

suggesting an increase in the utilisation of neural resources or effort by participants to 

maintain the same level of performance as under thermally neutral conditions (Hocking 

et al., 2001). As such, Gaoua et al. (2011) reported that when Tcore increased to 38.7 °C 

the beneficial effect of heat exposure on reaction time was no longer evident. 

Furthermore, an elevation of Tbrain has been shown to elicit fatigue through the 
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impairment of central arousal. Nielsen et al. (2001) reported that during exercise in the 

heat (40 °C), a shift in EEG patterns occurred in the prefrontal area, which is thought to 

reflect a reduced state of arousal. 

 

Collectively, the aforementioned findings of Tcore suggest the existence of an inverted U-

shaped response of cognitive performance. In particular, a Tcore of 38.5 °C may constitute 

the ‘threshold’ where cognitive improvement ceases and, beyond which, heat-related 

detrimental cognitive effects accumulate (Hocking et al., 2001). Thus, an inverted U-

shaped relationship emerges between the level of hyperthermia and cognitive 

performance, which may reflect the difficulty for the brain to deal with accumulating 

stressors (i.e. cognitive demand and increasing heat strain). While the upwards part of the 

curve may be explained through exercise, faster neural firing and arousal, the downwards 

component reflects the detrimental effects of a rising Tcore and Tbrain, leading to the 

inability to maintain cognitive performance.  

 

2.3.2.2 Cognitive Theories of Attention 

Classic and contemporary theories of attention assume that attention has a limited 

capacity, which can compromise cognitive performance when there is competition for 

resources (Lambourne & Tomporowski, 2010). The theory of a cognitive reserve has been 

proposed, whereby subjects have at their disposal a certain amount of neural resources 

that can be allocated to the performance of tasks and activities. These neural resources 

are readily available to compensate for increasing demand in cognitive performance due 

to external heat stress. However, when this reserve is overloaded, behavioural changes or 

performance decrements will become evident (Hocking et al., 2001). 

 

The multiple resource theory suggests that the performance of cognitive tasks and 
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activities will deteriorate when the amount of resources are insufficient to deal with the 

cognitive task, exercise and thermal stress, such that performance will be maintained until 

the resources are overloaded (Wickens, 1981). Similarly, Kahneman’s attentional 

resource capacity theory proposes thermal stress and exercise act to drain attentional 

resources, thereby leaving less to perform a task (Kahneman, 1973). As such easier 

cognitive tasks may be less affected than complex tasks that require greater cognitive 

effort.   

 

2.3.2.3 Task Complexity  

Task complexity plays a key role in cognitive outcomes during heat stress. Cognitive 

processes that require a relatively large amount of cognitive effort are negatively affected 

by heat stress prior to simple tasks that require little cognitive effort. Piil et al. (2017) 

reported that hyperthermia resulted in the impairment of tasks relying on motor accuracy, 

with the negative effect aggravated if complexity of the task is increased. Sun et al. (2012) 

reported that passively increasing Tcore to 38.4 °C did not significantly change alerting or 

orienting tasks compared to the thermoneutral environment but executive control 

performance significantly decreased. Racinais, Gaoua and Grantham (2008) found that 

after a 10-15 min walk (3-5 m×h-1) and 45 min rest in the heat (50 °C, 60 % RH), cerebral 

perturbations were confirmed by significant decrements in working and visual memory, 

however the lower cognitive demanding tasks (visual search, two-choice reaction time 

and rapid information processing) were not affected. The decrements in executive control, 

working memory and visual memory capacity suggests the existence of frontal lobe 

activity impairments. This is supported by Periard et al. (2013) who reported that 

prefrontal cortex oxygen saturation is ~10 % lower at exhaustion in an environmental 

temperature of 40 °C compared to 18 °C, which may contribute to the global reduction in 

cognitive function. When Tcore continues to increase (> 39 °C), the sparing effect of less 
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complex cognitive tasks seems to dissipate. Bandelow et al. (2010) found that when Tcore 

reached 40 °C a global, non-specific slowing effect appeared consistent for response 

speed, regardless of task complexity. Such cognitive deterioration suggests the existence 

of a maximal capacity, beyond which cognitive performance level cannot be maintained.  

 

2.3.3 Mood Disturbances in the Heat  

Although exercise alone can enhance positive mood, the addition of heat stress has 

consistently shown to have a negative impact on mood state. Hot conditions with high 

levels of humidity have been shown to lower scores on concentration while increasing 

reports of sleepiness (Howarth & Hoffmann, 1984). Holland et al. (1985) found that a 

rise in Tcore to 38.97 °C resulted in increased irritability as self-assessed by the 

participants. In support, Zhang et al. (2014) reported mood ratings of alertness, hedonic 

tone and tension significantly deteriorated during firefighting in the heat. Furthermore, 

increased aggression and outbreaks of violence have been reported in heatwaves, which 

may directly be due to the effects of high Tcore, Tbrain and discomfort of the heat (Baron & 

Lawton, 1972; Holland et al., 1985).  

 

Neuroimaging has identified an overlapping network of brain regions where activity is 

modulated by mood and cognition, therefore changes in mood have reported to impact 

cognitive function (Phan et al., 2002). Negative mood states have been correlated with 

poorer attention, memory and executive control, all of which have been associated with 

frontal activity (Chepenik, Cornew, & Farah, 2007; Levin, Heller, Mohanty, Herrington, 

& Miller, 2007; Pessoa, 2008). As such, studies of induced sad mood in healthy 

participants have also found abnormally low activation of the frontal area (Levin et al., 

2007). Mood state may, therefore, be an impacting factor on cognitive function during 

exercise in the heat, and by extension exercise performance.  
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2.4 Exercise Performance in the Heat 

It is well established that hyperthermia negatively affects the ability to sustain prolonged 

physical efforts (Kunstetter et al., 2014). A decrease in VO2max by 27 % has been reported 

in hot conditions (35) compared to thermoneutral conditions (18), resulting in a more 

variable pacing pattern (Periard & Racinais, 2016). Exercise intensity is reduced as a 

protective mechanism in order to prevent cell damage in hot conditions (Marino, 2002). 

Peiffer and Abbiss (2011) reported a significant reduction in power output of a 40 km 

cycle time trial (CTT) during 32 °C compared with 17 °C, 22 °C and 27 °C. Similarly, 

Tatterson et al. (2000) reported that mean power output (MPO) decreased 6.5 % in 32 °C 

(323 W; 60 % RH) compared with 23 °C (345 W, 60 % RH). By down-regulating exercise 

intensity, body heat content can be diminished and the attainment of homeostasis 

achieved (Siegel et al., 2010). Furthermore, Tatterson et al. (2000) reported that 

participants fatigued at a similar Tcore (39.1 °C) between conditions, suggesting the 

capacity to continue to exercise at a workload in the heat is limited by the attainment of 

a critical Tcore. In regards to repeated sprints in the heat, Mohr et al. (2012) concluded that 

heat stress lowers the average work rate and high intensity efforts in a Football game. 

Total game distance declined by 7 % and high intensity running by 26 % in the heat 

compared to temperate ambient temperature. 

 

High values of Tbrain and Tcore during constant exercise in the heat have been associated 

with reduced exercise performance (Walters, Ryan, Tate, & Mason, 2000). Exercise 

induced hyperthermia also affects brain wave activity, such that there is a reduction in 

high frequency brain waves. There is evidence that thermal strain—an elevation of body 

and specifically brain temperature—directly may elicit fatigue by impairing central 

arousal, increase RPE rating and, therefore, the voluntary activation of muscle (Cheung 

& Sleivert, 2004; Nielsen et al., 2001). In turn, increase in Tcore and Tbrain may affect not 
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only the physiological capacity for exercise, but also the athlete’s perception of heat stress 

or motivation. Perception of thermal stress may influence exercise capacity by 

modulating voluntary work output. Tucker et al. (2006) had trained cyclists exercise at a 

constant RPE (16 on a 6-20 scale) at 15, 25, and 35 °C environmental temperatures. The 

rate of decline in power output was significantly greater in 35 °C, which the authors 

attributed to an anticipatory and voluntary down-regulation of effort in order to reduce 

the rate of overall heat storage to levels achieved in the cooler environments. 

 

2.5 Precooling 

2.5.1 Overview 

As elevated Tcore has shown to be a major cause of fatigue, precooling has become an 

increasingly popular strategy to combat performance decrements in the heat by reducing 

pre-exercise Tcore (Cheung & Sleivert, 2004). Precooling enables athletes to exercise at 

higher intensities for longer durations with the aim to slow endogenous heat 

accumulation. Therefore, less blood flow is required for heat dissipation, resulting in an 

increased central blood volume, increased stroke volume and an associated reduction in 

heart rate (Quod, Martin, & Laursen, 2006). Lowering the starting Tcore allows a greater 

heat storage capacity and more work to be completed before a limiting Tcore is reached.  

 

Several cooling techniques are often utilised to alleviate the detrimental effects of heat 

stress and are classified as external or internal methods. External cooling involves the 

application of a cooling medium to the skin (i.e. cold water immersion; ice vest). The 

cooled skin may subsequently cool the cutaneous circulating blood and delay the rise in 

Tcore during exercise in the heat (Kay, Taaffee, & Marino, 1999). Internal precooling 

involves ingesting a medium capable of cooling (i.e. cold water; crushed ice), resulting 

in a decrease in Tcore. Cold water or ice ingestion has shown to not only hydrate the body 
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but directly reduce Tcore without decreasing muscle temperature. Therefore, internal 

cooling methods are less likely to result in impaired muscle metabolism compared to 

external cooling methods (Peiffer, Abbiss, Nosaka, Peake, & Laursen, 2009). 

Furthermore, practitioners and athletes are increasingly pursuing the use of internal 

cooling methods, due to the more practical and cost-effective nature of these strategies.  

 

2.5.2 Cold Water Ingestion  

Beverage consumption has been reported to benefit physiological, perceptual and 

performance outcomes during endurance activities in the heat compared to fluid 

abstinence (Coyle, 2004). Furthermore, cold fluid consumption can directly lower Tcore 

in comparison to beverages served at Tcore (~37 °C) as a result of the heat transfer between 

the beverage and the gastrointestinal tract. Lee, Shirreffs and Maughan, (2008) precooled 

via ingestion of 900 mL of cold water (4 °C) or warm water (37 °C) over a 30 min period 

preceding submaximal exercise in the heat, finding that cold beverage ingestion reduced 

Tcore by 0.5 °C as well as benefited perceptual ratings and endurance capacity by 23 %. 

Similarly, Byrne et al. (2011) explored the ingestion of 3 x 300 mL of either flavoured 

cold fluid (2 °C) or control fluid (37 °C) prior to 30 min of self-paced cycling. A greater 

decrease in rectal temperature was observed with the ingestion of cold fluid (0.4 °C) 

compared to the control condition (0.2 °C) and distance cycled was greater after the 

ingestion of cold fluid (19.26 km) than after control fluid (18.72 km). Cian et al. (2001) 

investigated the effects of heat exposure, dehydration and fluid ingestion (temperature 

unspecified) on cognitive performance, with no benefit reported for cognitive variables 

(long term memory, perceptive discrimination, reaction time, short term memory, 

unstable tracking), fatigue or mood.  

 

While cold beverage administered during exercise may help an athlete feel cooler, it does 
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not necessarily result in a net cooling effect (Jay, Morris, & Jay, 2018). Therefore, while 

preferable over warm fluids, the small benefit for a relatively large volume of fluid 

suggests that cold fluids cannot be independently relied upon to substantially improve 

heat storage capacity in hot and humid conditions. Furthermore, benefits in cognitive 

function with cold water ingestion during exercise in the heat has not been evident. 

Recently research has therefore placed a focus on precooling via crushed ice ingestion, 

which requires the ingestion of a lower water volume with a greater reduction in Tcore.  

 

2.5.3 Crushed Ice Ingestion 

Precooling via crushed ice ingestion may be a more effective strategy than cold water 

ingestion due to the additional energy that is required to change solid ice to liquid water, 

which is known as the enthalpy of fusion. Based on the enthalpy of fusion, ice requires a 

significantly greater amount of heat absorption for phase change to water, leading to a 

greater reduction in Tcore compared to cold water ingestion (Merrick, Jutte, & Smith, 

2003; Siegel et al., 2010). The potential heat storage accumulated by 1 L of ice requires 

~334 kJ to melt and, once in a liquid form, the heat storage capacity emulates that of a 

cold ingested beverage. Hence, the potential heat storage with 1 L of crushed ice is ~489 

kJ to melt and warm to 37 °C, compared to ~155 kJ for cold water (0 °C) to reach 37 °C 

(Brearley, 2012). Crushed ice ingestion has shown to lower Tcore between 0.6-1.1 °C 

(Brade et al., 2014; Ihsan et al., 2010; Saldaris, Landers, & Lay, 2019; Zimmermann, 

Landers, Wallman, & Saldaris, 2017). A significantly lower Tcore with ice ingestion is 

detected by thermoreceptors present in the stomach and small intestine (Villanova, 

Azpiroz, & Malagelada, 1997), which may stimulate areas in the frontal cortex pertaining 

to motivation and central drive (Siegel & Laursen, 2012).  

 

There is emerging evidence that ice slushy (ice + water mixture) ingestion can lower 
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Tbrain. Vanden Hoek et al. (2004) found that after central catheter infusion of a saline ice 

slushy (50 mL·kg-1) in swine, Tbrain was significantly reduced by 5.3 °C. In humans, 

Onitsuka et al. (2018) utilised proton magnetic resonance spectroscopy to illustrate that 

ice slushy ingestion reduced Tbrain by 0.4 °C. The reduction in Tbrain is attributed to the ice 

water ingested resulting in an inflow of cooled carotid blood as well as conductive cooling 

of the facial skin and brain due to the close proximity to the mouth (Siegel & Laursen, 

2012). Currently, the ability to directly measure Tbrain with a non-invasive method during 

exercise in the heat is unavailable, therefore forehead skin temperature (Thead) has 

previously been used as a measure of facial temperature and an indirect index of internal 

head temperature. Similar to Onitsuka et al. (2018), Onitsuka, Zheng and Hasegawa 

(2015) reported that ice slushy ingestion significantly reduced Thead by 0.4 °C; therefore, 

may be a suitable indirect measure to infer changes in internal head temperature as well 

as facial temperature. To our knowledge no study has investigated the effect of crushed 

ice ingestion (ice only) on Thead immediately after and during exercise in the heat; 

however, there may be greater potential for cooling internal head temperature compared 

to an ice and water mixture due to the greater phase change potential. 

 

2.5.4 Cognitive Function and Mood 

Crushed ice ingestion has been shown to reduce Tcore and possibly Tbrain, as well as impact 

thermoreceptors in the stomach and small intestine, which may lead to improvements in 

cognitive function during exercise in hot and humid conditions. To our knowledge 

Saldaris, Landers and Lay (2019) is the only study available which directly investigates 

the effect of precooling with crushed ice ingestion on cognitive function. A four-choice 

reaction time (4-CRT) task was completed before, during and post an 800 kJ cycle time 

trial in hot and humid conditions. It was reported that 4-CRT performance significantly 

improved in both conditions (ice and thermoneutral water ingestion) despite Tcore 
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reaching 38.8	°C	at	the	end	of	the	cycle. Although no significant differences occurred in 

4-CRT between conditions, a moderate effect at 800 kJ suggested that ice ingestion CRT 

was becoming faster than thermoneutral water (Saldaris, Landers, & Lay, 2019). 

Therefore, it remains equivocal whether ice ingestion is beneficial for decision making 

during exercise in the heat and further research is required to investigate the effect on a 

range of cognitive tasks.  

 

The importance of a lower pre-exercise Tcore for the maintenance of cognitive 

performance is evident in previous research. Clarke et al. (2017) reported that 60 min of 

cold water immersion significantly decreased Tskin compared to control (seated in room 

temperature lab) at 0 min of exercise, however Tcore until 30 min of exercise, leading to 

improved visual discrimination (go-no/go task) accuracy. Furthermore, Simmons, Saxby, 

McGlone & Jones (2008) reported that a significant reduction in only Tskin with head and 

neck cooling resulted in no effect on cognitive performance (simple reaction time, 

vigilance, choice reaction time, rapid visual information processing). Similarly, Ando et 

al. (2015) found temporal neck cooling did not attenuate the detrimental effects on 

cognitive function during strenuous exercise in a hot environment. As crushed ice 

ingestion is an internal precooling method that can significantly reduce pre-exercise Tcore 

and likely internal head temperature, it may be a more effective strategy to impact 

cognitive function during physical activity in the heat.  

 

Negative mood disturbances are commonly reported during prolonged exercise in the 

heat; however, there is little literature available on possible strategies for improvement. 

As mood disturbances may directly result from high Tbrain as well as negative heat 

perception (Holland et al., 1985), crushed ice ingestion may be a beneficial cooling 

strategy due to significant reductions in Tcore, thermal sensation and possibly Tbrain. 
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Furthermore, ice ingestion stimulates thermoreceptors in oral and abdominal regions 

(Siegel & Laursen, 2012) that activate the reward/pleasure centres of the brain, leading 

to an increase in central drive and motivation (Guest et al., 2007), which may alleviate 

negative mood states and enhance cognitive function during exercise in the heat. 

 

2.5.5 Exercise Performance 

Internal precooling via crushed ice ingestion is a cost-effective, easily applied method to 

improve exercise performance in the heat, in particular endurance performance and time 

to fatigue (Ross, Abbiss, Laursen, Martin, & Burke, 2013; Siegel, Mate, Watson, Nosaka, 

& Laursen, 2012), but minimal effects have been reported on intermittent sprint 

performance (Brade et al., 2014; Zimmermann & Landers, 2015). Siegel et al. (2010) 

found that 7.5 g∙kg-1 ice ingestion (-1 °C) increased running time to exhaustion by 

approximately 10 min (~20 %) when compared with cold water consumption (4 °C). 

Furthermore, Ihsan et al. (2010) found ingesting 6.8 g∙kg-1 crushed ice (1 °C) pre-exercise 

improved 40 km CTT performance by 6.5 % compared to thermoneutral water (26.8 °C), 

with ice ingestion reducing Tcore by 1.1 °C and remaining lower than control until 200 kJ 

of cycling. The improved exercise performance with ice ingestion has been attributed to 

the reduction in Tcore prior to exercise, which allows for a greater heat storage capacity 

during exercise.  

 

Benefits in exercise performance when precooling with ice ingestion are often reported 

in the later stages of exercise. Saldaris, Landers and Lay (2019) reported that precooling 

via 7 g×kg-1 crushed ice ingestion (-0.3 °C) led to 7.3 % greater MPO compared to 

thermoneutral water (21.1 °C) in the second half of an 800 kJ cycle time trial. In support 

of this, Yeo et al. (2012) found that crushed ice ingestion (-1.4 °C) improved pace in the 

final 2 km of a 10 km time trial compared to ambient temperature drink (30.9 °C). 



 

 55 

Furthermore, Ihsan et al. (2010) reported ice ingestion was significantly faster than 

thermoneutral water ingestion during the last third of a 1200 kJ CTT. The improved 

exercise performance later in exercise may be attributed to the lower Tcore with ice 

ingestion creating a greater heat sink, allowing for a better margin for metabolic heat load 

without compromising cardiovascular dynamics (Duffield & Marino, 2007). 

 

2.6 Menthol 

2.6.1 Overview  

So far, the physical precooling method crushed ice ingestion has been explored, however 

perceptual cooling methods are becoming increasingly popular during exercise in the 

heat. Menthol is a non-thermal cooling method that imparts feelings of coolness and 

freshness without having an impact on body temperature (Eccles, 2000). Menthol is a 

compound of plant origin (Mentha) that specifically stimulates cold receptors when 

applied to the skin and mucosal surfaces. A range of menthol applications have been 

utilised as precooling or midcooling methods, including internal strategies (i.e. menthol 

swilling, inhalation or ingestion of a menthol beverage) and external application to the 

skin via gel or spray.  

 

For external menthol application, the perceived cooling sensation of the skin is not caused 

by evaporation of menthol or vasodilation, but is due to a specific action on sensory nerve 

endings (Watson, Hems, Roswell, & Spring, 1978). However, external menthol 

application has shown to promote perturbed sweat rate and vasoconstriction of blood 

vessels when applied to large areas of the body (Gillis, House, & Tipton, 2010), which 

may not be beneficial for endurance exercise performance in the heat (Barwood et al., 

2015, 2012). Furthermore, skin irritations can persist with external menthol application 

due to the action of menthol on nerve fibres, which may contribute to findings against the 
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use of external menthol strategies (Gillis et al., 2010). In contrast, internal application of 

menthol may be beneficial for exercise performance as a result of the perceptual 

adjustments associated with the cooling strategy. The effect of intermittent menthol 

swilling during exercise in the heat on cognitive performance and mood state has not yet 

been investigated; however, there seems to be scope for benefit. 

 

2.6.2 Internal Menthol Application and Menthol Swilling 

It has been demonstrated that exercise performance can be modified through interventions 

acting exclusively on the central nervous system (Stevens & Best, 2017). Menthol 

swilling involves briefly exposing the oral cavity to a stimulus with the intention to induce 

afferent feedback to the brainstem, which may reduce perception of fatigue (Burke & 

Maughan, 2015). When administered orally, menthol has been reported to enhance cold 

sensations in the mouth imparting feelings of coolness via perceptual adjustments 

(Eccles, 2000; Riera et al., 2014).  

 

2.6.2.1 Perceptual Ratings 

Improved thermal sensation and perceived exertion are common responses with 

intermittent menthol swilling. When menthol is applied to the mucosal surface, it elicits 

sensations of coolness attributed to the stimulation of highly sensitive cold receptors 

called transient receptor potential melastatin 8 (TRPM8), located on the cell membrane 

of sensory neurons of the mouth and nose (Mckemy, Neuhausser, & Julius, 2002). When 

provided orally, menthol can exert its sensation of cooling by making subsequent stimuli 

(inspired air, water consumed) feel cool (Green, 1985). The activation of cold receptors 

by menthol is similar to the sensation of taking a breath of fresh air, leading to an 

increased level of alertness or cortical activation (Eccles, 2000), which may be beneficial 

for cognitive function and exercise performance in the heat. Also, due to the perception 
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of coolness and freshness, menthol has shown to have a positive impact on perceived 

exertion and thermal sensation in the heat (Flood, Waldron, & Jeffries, 2017; Jeffries, 

Goldsmith, & Waldron, 2018; Mundel & Jones, 2010; Stevens & Best, 2017). 

 

Perceived airflow is affected by stimulating the major palatine nerve of the mouth and 

trigeminal nerve supply to the nose, which can be directly influenced by oral 

administration of menthol (Eccles, 2003; Eccles, Jaward, & Morris, 1990; Watson et al., 

1978). A menthol lozenge has shown to cause a subjective sensation of improved airflow 

without actual changes in airway resistance. Furthermore, Eccles, Jaward and Morris 

(1990) demonstrated that menthol inhalation caused a subjective nasal decongestant 

effect without any objective decongestant action. Therefore, menthol swilling may reduce 

the magnitude of respiratory discomfort in the heat, which may lead to improve perceived 

thermal sensations and effort. Menthol swilling may also activate a network of taste and 

reward responsive regions of brain, with this activity correlating with pleasant, rewarding 

and motivating subjective states (Guest et al., 2007). Alternatively, Jeffries et al. (2018) 

has suggested that menthol swilling may act as a novel distractor, reallocating attention 

from the stressful thermal and physiological cues. 

 

2.6.2.2 Satiation of Thirst 

Thirst can be defined as the specific, central and motivational state of readiness to 

consume water. Hydration of the oral cavity is a factor involved in the satiety of thirst 

(Eccles, 2000). Cold water is generally preferred over tepid water as a thirst quencher 

despite the fact that equal volumes have the same effect on plasma osmolarity (Brunstrom 

& Macrae, 1997). The increased satiety of thirst associated with cold water is mediated 

by sensory cold receptors, which are also influenced by menthol. As such, menthol 

mimics the cool stimulus associated with cold water, and thus may satiate thirst (Eccles, 
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2000). Satiating thirst may reduce the likelihood of gastrointestinal distress associated 

with ingesting large volumes of liquid during exercise, particularly when running 

(Lambert et al., 2008). 

 

Thirst sensation may also be an impacting factor for cognitive function in the heat. 

Edmonds, Crombie, Gardner, & Smith (2013) reported that perceived thirst rating 

affected reaction speed, indicating that low thirst showed similar reaction times, whether 

or not water was ingested during the trial. Moreover, ratings of ‘tiredness’ and being 

‘tense’ were higher if individuals were thirsty compared with those who were less thirsty. 

Hence, the potential for dehydration to impair cognition appears small and primarily 

related to the attenuation of the central processing resources regarding sensation of thirst 

(Edmonds et al., 2013). As menthol swilling has been proposed to reduce thirst 

perception, it may be beneficial for cognitive function during exercise in hot conditions. 

 

2.6.3 Cognitive function and Mood 

Literature regarding the effect of menthol on cognitive function and mood is very limited. 

Due to the effect menthol has on sensory cold receptors and taste, it may ultimately 

influence arousal and alertness. Therefore, menthol swilling may be a beneficial strategy 

for maintaining cognitive function and mood during exercise in the heat, when individuals 

experience low arousal and high fatigue levels. However, Zhang et al. (2014) have not 

supported the use of menthol for cognitive improvements, examining the effects of a 

menthol lozenge (10 mg menthol, 6 mg benzocaine) on cognition and mood during 

simulated firefighting in the heat. Mood ratings (i.e. alertness, hedonic tone, tension) 

significantly deteriorated over time, but there were no differences between menthol and 

placebo (6 mg benzocaine) conditions. The menthol lozenge did not have an ergogenic 

benefit on cognitive function, in particular tasks measuring simple reaction time, short 
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term memory, sustained attention and retrieval memory. However, it is important to note 

that the menthol lozenge was administered 20 min prior to exercise in the heat, while 

cognitive tasks and mood assessment were completed post exercise. Perhaps if menthol 

was administered via mouth swilling at intermittent intervals during exercise, and 

therefore closer to the completion of the cognitive tasks, an arousal effect may still be 

present, which may lead to improved cognitive function and mood.  

 

2.6.4 Exercise Performance 

The perceptual benefits associated with menthol swilling have previously been reported 

to improve exercise performance. Mundel and Jones (2010) reported that swilling 25 mL 

menthol every 10 min (at a concentration of 0.01 %) resulted in a 9 % longer cycle at 65 

% peak aerobic output in a 34 °C environment compared to placebo. Swilling with 

menthol resulted in reduced central (cardiopulmonary) ratings of perceived exertion by 

15 %; however, no differences between trials were observed for heart rate, oxygen uptake, 

carbon dioxide production, blood concentrations of glucose, lactate or sweat rate (Mundel 

& Jones, 2010). Stevens et al. (2016) similarly found that 5 km running time trial in the 

heat (33 °C, 46 % RH) was significantly improved with swilling menthol (0.01 %) every 

1 km (25.3 min) compared with no intervention (control; 26.0 min). Menthol swilling 

significantly decreased perceived thermal sensation (between 4 and 5 km) and, therefore, 

it was suggested that the change in perception of thermal sensation may be associated 

with improved endurance running performance in the heat (Stevens et al., 2016). As such, 

there is evidence to suggest that exercise capacity in the heat can be improved by altering 

perceptual processes, rather than just physiological. 

 

Jeffries, Goldsmith and Waldron (2018) investigated the effect of menthol swilling (0.01 

%) and ice slushy ingestion (1.25 g×kg-1), administered at the latter stage of exercise, on 



 

 60 

time to exhaustion in the heat (35 °C, 40 % RH). From the point of administration, 

exercise time was extended by 1 % (placebo, 15 s), 6 % (menthol, 82 s) and 7 % (ice, 108 

s), relative to baseline performance, with no difference between menthol swilling and ice 

slushy ingestion. Measures of Tcore, Tskin and heart rate did not differ between conditions. 

Ratings of thermal sensation did not differ significantly between conditions but 

demonstrated a large effect size, suggesting that thermal sensation may have been reduced 

with both ice ingestion and menthol swilling compared to placebo. These results from 

Jeffries et al. (2018) indicate that both thermal cooling and perceptual cooling oral stimuli 

may influence exhaustive exercise in the heat. 

 

Recently Best et al. (2018) developed a menthol solution utilising a greater concentration 

of menthol (0.1 %). In order to increase menthol concentration without clumping, 

menthol crystals were dissolved in ethanol to produce a 5 % menthol solution. Ethanol 

was used as a solvent to ensure thorough dilution of menthol throughout the solution, 

avoiding a film forming or any clumping of partially dissolved menthol crystals. The 

ethanol-menthol solution was then diluted, with a concentration of 0.1 % recommended 

by the authors based on subjective perception of smell, taste, freshness, mouth feel and 

irritation. Although a study with the updated swilling solution has not yet been conducted, 

a greater concentration of menthol may lead to larger benefits in exercise performance 

and cognitive function. 

 

2.7 Summary 

Cognitive function and exercise performance are impaired in a hot environment due to 

the negative impact of heat stress on physiological and perceptual mechanisms within the 

body. Precooling and midcooling aim to reduce the negative impact of heat stress, which 

may lead to an improvement in cognitive function, mood state and exercise performance 
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in the heat. It has been well established that ice ingestion, which is a thermal cooling 

method, can significantly reduce Tcore. Alternatively, intermittent menthol swilling is a 

non-thermal cooling method that has shown to improve exercise performance through 

perceived reductions in thermal sensation and effort, without physical reductions in body 

temperature. A gap is present and further research is warranted into the effect of ice 

ingestion and menthol swilling on cognitive function in hot and humid conditions. If ice 

ingestion, menthol swilling or a combination can provide improvements in cognition 

during prolonged exercise in the heat, it may provide athletes and umpires with an option 

to enhance performance standards. As it is difficult to separate the physical and perceptual 

influences of ice ingestion and menthol swilling from the differences arising from altered 

work-rates and metabolic heat production, further research is required to assess the effects 

of cooling during fixed rate exercise.  
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CHAPTER THREE 
Internal precooling decreases forehead and core 

temperature but does not alter choice reaction time 

during steady state exercise in hot, humid conditions 
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3.0 Abstract 

This study aimed to determine if precooling via crushed ice ingestion reduces forehead 

skin temperature (Thead) and core temperature (Tcore) during exercise in the heat and 

whether it has an effect on choice reaction time (CRT). Ten males commenced a 30 min 

precooling period, ingesting either 7 g kg-1 of crushed ice (ICE) or room temperature 

water (CON) prior to cycling 60 min at 55 % V̇O2peak in hot, humid conditions (35.0 ± 

0.3 °C, 50.2 ± 2.1 % Relative Humidity). The CRT task was completed upon arrival and 

after the precooling period in the lab, then at 15 min intervals during exercise in the heat. 

Precooling reduced Thead and Tcore to a greater degree in ICE (Thead: −0.8 ± 0.31 °C; Tcore: 

-0.9 ± 0.3 °C) compared with CON (Thead:  -0.2 ± 0.3 °C; Tcore: -0.2 ± 0.2 °C) (p ≤ 0.001). 

Choice reaction time performance improved throughout the cycle for both conditions (p 

≤ 0.05). Ice ingestion lowered thermal sensation (p = 0.003) and skin temperature (d = 

0.88; Tskin), while heart rate, ratings of perceived exertion and thirst were similar between 

conditions (p > 0.05). Precooling effectively reduced Thead and Tcore but did not provide 

additional improvement in CRT during moderate exercise in the heat. Further 

investigation is required to determine whether the lower central and peripheral 

temperature after ice ingestion is beneficial for tasks of greater cognitive effort. 

 

Keywords: Crushed ice ingestion, decision making, cognitive function, thermoregulation 
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3.1 Introduction 

The equilibrium between heat production and heat loss in the human brain can be 

impaired during exercise in the heat as a result of elevated cerebral oxygen consumption 

along with a reduction in cerebral blood flow (Nybo and Nielsen, 2001; Nybo et al., 

2002). This can hamper the removal of metabolic heat from the brain and therefore 

increase brain temperature (Tbrain; Nybo and Nielsen, 2001; Nybo et al., 2002), resulting 

in deleterious effects in cognitive performance (Hocking et al., 2001).  

 

In further detail, after cycling at 50% V̇O2peak cerebral heat removal via the jugular venous 

blood is lower during hyperthermia (0.36 ± 0.09 J g-1 min-1) than during the thermo-

neutral trial (0.50 ± 0.10 J g-1 min-1), combined with a 7 % higher heat production in the 

brain, causing heat to be stored in the brain at a rate of 0.20 ± 0.06 J g-1 min-1, while there 

was no storage of heat in the brain during the same period of time in the thermo-neutral 

trial (Nybo et al., 2002). Along with increasing Tbrain, exercise in hot, humid conditions 

can lead to an increase in core temperature (Tcore), as a result of reduced heat dissipation 

(Wendt et al., 2007) and increased competition of blood flow (Gonzalez-Alonso et al., 

2008), which may also produce transient cognitive deficits (Epstein et al., 1980; Gaoua 

et al., 2011; Simmons et al., 2008).  

 

Crushed ice ingestion is an internal precooling method that has commonly reported to 

effectively reduce Tcore (Brearley, 2012; Ihsan et al., 2010), leading to an improvement in 

exercise performance in the heat (Ihsan et al., 2010; Zimmermann et al., 2015). The effect 

of crushed ice ingestion on decision making has not been investigated, however the 

importance of a lower pre-exercise Tcore for cognitive function during exercise in the heat 

is evident in previous research. Clarke et al. (2017) reported that 60 min of cold-water 

immersion resulted in a significant decrease in Tcore compared to control until 30 min of 
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exercise, leading to improved visual discrimination (go-no/go task) accuracy. Simmons 

et al. (2008) noted the importance of cooling Tcore in comparison to Tskin for cognitive 

performance in the heat, finding that a significant reduction in only Tskin with head and 

neck cooling resulted in no effect on cognitive performance (simple reaction time, 

vigilance, choice reaction time, rapid visual information processing). As crushed ice 

ingestion is an internal precooling method that can significantly reduce pre-exercise Tcore 

it may be a beneficial mechanism for affecting decision making during exercise in the 

heat.  

 

Furthermore, emerging evidence reports that along with Tcore, crushed ice ingestion can 

also lower Tbrain, which may be beneficial for cognitive performance in the heat. Vanden 

Hoek et al. (2004) found that after central catheter infusions of a saline ice slushy (50 mL 

kg-1) in swine, Tbrain was significantly reduced by 5.3 °C. In humans, Onitsuka et al. 

(2018) utilised proton magnetic resonance spectroscopy to show that ice slushy ingestion 

reduced Tbrain by 0.4 °C. The reduction in Tbrain is attributed to the ice ingested resulting 

in an inflow of cooled carotid blood as well as conductive cooling of the facial skin and 

brain due to the close proximity of the mouth to brain (Siegel and Laursen, 2012). 

Currently, the ability to measure Tbrain via a non-invasive method during exercise in the 

heat is unavailable, therefore forehead skin temperature (Thead) has previously been used 

as a measure of facial temperature and an indirect index of Tbrain, in particular the frontal 

lobe (Onitsuka et al., 2015; Racinais et al., 2008). The frontal lobe is located under the 

frontal bone, near the forehead and is involved in cognitive functions such as decision 

making (Buchbaum, 2004). Although Thead is a skin temperature measure located on the 

forehead, crushed ice ingestion is an internal precooling method that is orally ingested, 

thus cooling from the inside out. Similar to Onitsuka et al. (2018), Onitsuka et al. (2015) 

reported that ice slushy ingestion significantly reduced Thead by 0.4 °C and therefore may 
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be a suitable indirect measure to infer changes in internal head temperature as well as 

facial temperature.  

 

To date, no study has investigated the effect of crushed ice ingestion on Thead and decision 

making during exercise in hot conditions despite it being a popular precooling method to 

reduce Tcore during exercise in the heat (Brearley, 2012; Ihsan et al., 2010). Previously 

CRT has demonstrated to be a useful variable to infer changes in mental processing 

(Serwah and Marino, 2006). Furthermore, Kazama et al. (2012) reported that cycling at 

50 % maximum power output with hyperthermia (wearing a water-perfused suit set at 47 

°C) resulted in the impairment of reaction time.  

 

The aim of this study was to investigate whether the internal precooling method of 

crushed ice ingestion can effectively lower forehead skin temperature (Thead), used as an 

indirect index of internal head temperature and facial temperature, during exercise in the 

heat. It was hypothesised that Thead and Tcore would be lower following crushed ice 

ingestion compared to control, leading to an improvement in CRT during steady state 

exercise in the heat. 

 

3.2 Materials and Methods 

3.2.1 Participants  

Ten healthy active males (age 23.1 ± 2.4 y; height 177.3 ± 8.2 cm; body mass 73.46 ± 

8.50 kg; VO2peak 48.5 ± 3.6 mL∙kg∙min-1, total fat-mass: 11.04 ± 7.12 kg, lean body mass: 

59.14 ± 5.22 kg) were recruited for the study. Ethical approval was granted by the Human 

Research Ethics Office at The University of Western Australia. Informed written consent 

was attained from all participants prior to their involvement in the study. The study was 

conducted during winter to minimise heat acclimatisation of participants. 
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3.2.2 Experimental Procedure  

Participants visited the laboratory on 3 separate occasions. In the first session participants 

completed a graded exercise test (GXT) on a bike attached to a wind trainer ergometer 

(LeMond, HOIST Fitness, Poway, California, USA), in the laboratory (~22 °C, 52 % 

relative humidity; RH). The test started at an initial power output of 100 W, which 

increased by 30 W every 3 min. The test concluded when either: the participant 

voluntarily stopped or when the required power output could not be maintained for 20 s. 

The VO2peak was defined as the sum of the highest 4 consecutive 15 s VO2 values reached 

during the incremental test (expressed as mL·kg-1·min-1). Cycling in the subsequent 

experimental trials was completed at the power output equivalent to 55 % of VO2peak. 

Participants familiarised themselves with the CRT task (described below) while seated 

on the bike before and after the GXT, at rest and while cycling. After a minimum of 3 

days following the GXT, participants completed 2 experimental trials performed a week 

apart, at the same time of day.  

 

Participants completed a 24 h food, fluid, exercise and sleep diary prior to the first testing 

session and replicated this prior to the second trial. They were asked to abstain from 

strenuous exercise, caffeine and alcohol 24 h prior to each trial as well as any other 

supplements within a month prior to testing.  

 

A radiotelemetry capsule (CorTemp, HQ Inc., Palmetto, FL, USA) was ingested 8 h prior 

to experimental testing (Byrne and Lim, 2007). Upon arrival a urine sample was attained 

and urinary specific gravity (USG) measured to ensure the participant was euhydrated 

(USG < 1.025). Nude body mass was measured and recorded followed by a heart rate 

monitor (HR; Polar RS400, Finland) being fitted. Skin thermistors (Skin Sensor SST-1, 

Physitemp Instruments Inc, Clifton, NJ, USA) were fixed to the left posterior 
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gastrocnemius (at level of largest circumference), anterior forearm (medial point between 

head of the radius and the styloid process at the wrist) and sternum (medial point between 

suprasternal notch and xiphoid process) for the measurement of Tskin. A fourth skin 

thermistor was fixed to the middle of the forehead to record Thead. The measurement of 

Tskin and Thead occurred continuously throughout the precooling period and steady state 

cycle via a computerised program (DASYLab Light, Version 11, National Instruments, 

Ireland Resources Ltd.). The following formula was used to calculate Tskin (Burton, 

1935): Tskin = 0.5 (Tsternum) + 0.14 (Tforearm) + 0.36 (Tcalf) 

 

Participants completed the CRT task before commencing a 30 min precooling period 

where they remained seated at room temperature (21.7 ± 1.1 °C, 51.8 ± 8.0 % RH) and 

consumed 7 g kg-1 of crushed ice (ICE; 0 °C) or tap water (CON; 22 °C). Following the 

precooling period participants completed the CRT task, then entered the climate chamber 

(35.0 ± 0.3 °C, 50.2 ± 2.1 % RH) and completed 1 h of cycling at a power output of 55 

% of their VO2peak. The cycle was completed using the same bicycle and LeMond trainer 

ergometer as the familiarisation session, which was calibrated prior to use and connected 

to a customised computer program Cyclemax (version 7.4 School of Sport Science, 

Exercise and Health, University of Western Australia, Perth, WA).  

 

The CRT task was completed at 15 min intervals while cycling. Rating of perceived 

exertion (RPE) was measured using the Borg scale (6: very, very light to 20: maximal 

exertion; Borg, 1982), while a nine- point scale was used to measure perceived thermal 

sensation (RPTS; 4: very hot to −4: very cold; Roberts, 1959) and perceived thirst (1: not 

thirsty at all to 9: very, very thirsty; Maresh et al., 2001). Thermal sensation was recorded 

at the start and end of precooling. Perceived thirst, RPE and RPTS were recorded 
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throughout the cycle. At the 30 min time point of exercise 100 mL of tap water (22 °C) 

was ingested after the CRT task was completed.  

 

Following the steady state cycle in the heat, participants towel dried and body mass was 

measured again to determine whole body sweat loss (pre – post body mass + fluid 

ingested). 

 

3.2.3 Cognitive Task  

An 8-CRT task (Chronoscope, The University of Western Australia, School of Human 

Sciences, Perth, Australia) was used in this study as a measure of decision making speed 

(Teichner and Krebs, 1974). The cognitive task as described by Camfield et al. (2013) 

was completed upon arrival, after the precooling period in the lab, at the start of the steady 

state cycle in the heat and at 15 min intervals throughout. The CRT task was placed on a 

height adjustable table in front of the bicycle allowing participants to complete the task 

while cycling.  

 

The task had eight lights arranged in a semi-circular configuration with a response button 

adjacent to each light. Participants were required to keep the home button (situated in the 

centre of the panel) depressed until a target light appeared. When the target light appeared, 

participants were required to release the home button as quickly as possible and press the 

response button adjacent to the stimulus light. The task measures reaction time and 

movement time from total CRT. Reaction time was defined as the time from stimulus 

onset to the release of the home button and movement time as the time from release of 

the home button to the depression of the stimulus button. The CRT data was analysed 

using the mean reaction time and movement time of 15 trials completed at each collection 

time point. 
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3.2.4 Statistical Analysis  

A repeated measures design was used and applied in a counter-balanced order. Analysis 

was completed on the software program IBM SPSS statistics version 22 with statistical 

significance determined by an alpha level of p ≤ 0.05. A two-way repeated measures 

analysis of variance (ANOVA) was used to compare differences between performance 

outcomes of the two interventions used (CON vs. ICE) and identify where within group 

differences occur. When a significant main effect in the ANOVA was found, post-hoc 

pairwise comparisons were performed using Benjamini Hochberg correction. Analysis of 

all variables was also performed using Cohen’s d effect sizes with 90 % confidence 

intervals (CI), whereby ≥ 0.8 was categorised as a large effect, 0.79 – 0.50 was a moderate 

effect and 0.49 – 0.20 was a small effect with only moderate to large effect sizes reported 

(Cohen, 1988). All data generated or analysed during this study are included in this 

published article. 

 

3.3 Results  

3.3.1 Participant Characteristics  

Urine specific gravity (CON 1.019 ± 0.008 g mL-1; ICE 1.020 ± 0.007 g∙mL-1), pre body 

mass (CON 73.4 ± 7.8 kg; ICE 73.5 ± 7.8 kg) and post body mass (CON 73.0 ± 7.9 kg; 

ICE 73.1 ± 7.8 kg) and sweat loss (CON 1.0 ± 0.2 kg; ICE 1.0 ± 0.1 kg) were similar 

between conditions (p > 0.05). 

 

3.3.2 Temperature  

Figure 3.1 illustrates Thead during the precooling period and cycle in the heat. Following 

precooling, Thead was significantly lower in ICE (-0.8 ± 0.3 °C) compared to CON (-0.2 

± 0.3 °C) (p ≤ 0.001; d = 2.00, 1.03 – 2.80 90 % CI). From 20 min of precooling until 20 

min of the steady state cycle, Thead was significantly lower in ICE compared to CON (p ≤ 
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0.05) also represented by large effect sizes (d ≥ 0.8). A moderate effect size was present 

between conditions at 25 min (d = 0.55, 0.22–1.27 90 % CI), after which conditions were 

not different (p > 0.05; d ≤ 0.49).  

 

 

 

Figure 3.1: Mean (± SD) forehead temperature throughout the pre-cooling period (PC) 

and steady state cycle (n = 10).  

* Significantly different from ICE (p ≤ 0.05) 

# Large effect size between conditions (d = ≥ 0.8)  

+ Moderate effect size between conditions (d = 0.50-0.79) 

 

 

Figure 3.2 illustrates Tcore and Tskin temperature between conditions. From 20 min into 

the precooling period until the end of the steady state cycle, Tcore was lower in ICE 

compared with CON (p ≤ 0.05). At the conclusion of precooling the reduction in Tcore 

was greater in ICE (-0.9 ± 0.3 °C) compared to CON (-0.2 ± 0.2 °C) (p ≤ 0.001; d = 2.75, 

1.63–3.63 90 % CI).  
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A non-significant large effect size in Tskin was found between conditions at the end of 

precooling (d = 0.88, 0.08 – 1.61 90 % CI). At the end of precooling a large effect size 

was present between ICE and CON for Tsternum (d = 0.95, 0.01–1.83 90 % CI), a moderate 

effect size for Tforearm (d = 0.54, 0.38–1.41 90 % CI) and no effect size for Tcalf (d = 0.12). 

A non-significant moderate effect size was present for Tskin at the start of the steady state 

exercise (d = 0.5, 0.27–1.22 90 % CI), after which there was no difference between 

conditions for Tskin (p > 0.05; d < 0.5). 

 

3.3.3 CRT 

Reaction time and movement time are shown in Figure. 3. A significant improvement 

was seen in reaction time (p < 0.001) and movement time (p = 0.010) over the cycle in 

the heat in both conditions, but there was no interaction effect or effect sizes present 

between conditions (reaction time: p = 0.625; movement time: p = 0.830). Follow up tests 

using Benjamini Hochberg showed reaction time was significantly faster from 15 min 

onwards in comparison to the start of the cycle (0 min) and at the end of the cycle (60 

min) in comparison to arrival (-35 min; Figure 3). Although a global time effect was seen 

in movement time, no significant differences were present between time points using 

Benjamini Hochberg correction. 
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Figure 3.2: Mean (± SD) core temperature and skin temperature throughout the pre-

cooling period (PC) and steady state cycle (n = 10).  

* Significantly different from ICE (p ≤ 0.05)  

# Large effect size between conditions (d = ≥ 0.8)  

+ Moderate effect size between conditions (d = 0.50-0.79) 
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Figure 3.3: Mean (± SD) choice reaction time and movement time throughout the 

precooling period (PC) and steady state cycle (n = 10). 

* Significantly different from start of cycle (0 min; p ≤ 0.05) 

# Significantly different from arrival (-35 min; p ≤ 0.05) 

 

 

3.3.4 Heart Rate and Perceptual Ratings  

A significant increase in HR (p < 0.001), RPE (p < 0.001) and perceived thirst (p < 0.001) 

occurred for both conditions during the cycle (p ≤ 0.05), however there were no 

differences between CON and ICE (HR = 0.646; RPE = 0.80; Thirst = 0.756; see Table 

1). Thermal sensation was lower following precooling (p = 0.003) in the ICE condition 

(see Table 1). 
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Table 3.1: Mean (± SD) heart rate (HR), Rate of Perceived Thermal Sensation (RPTS), 

Rating of Perceived Exertion (RPE) and Perceived Thirst.  

Time (min) 
Variable -40 -10 0 15 30 45 60 
HR (beats�min-
1) 

       

CON 61 ± 10 60 ± 10 105 ± 15 127 ± 13 136 ± 15 140 ± 17 145 ± 17 
ICE 64 ± 9 59 ± 12 105 ± 9 123 ± 12 133 ± 11 140 ± 14 144 ± 11 

RPTS        
CON -1 ± 1 -1 ± 1 1 ± 1 2 ± 1 2 ± 1 2 ± 1 2 ± 1 
ICE -1 ± 0 -3 ± 1* 1 ± 1 2 ± 1 2 ± 1 2 ± 1 2 ± 1 

RPE        
CON   10 ± 1 11 ± 1 12 ± 1 13 ± 2 14 ± 2 
ICE   9 ± 1 11 ± 1 12 ± 1 13 ± 1 13 ± 1 

Thirst        
CON   3 ± 2 4 ± 2 5 ± 2 4 ± 2 5 ± 1 
ICE   2 ± 1 4 ± 1 4 ± 1 4 ± 2 5 ± 2 

* Significantly different from CON (p ≤ 0.05) 

 

 

3.4 Discussion  

The aim of this study was to determine if crushed ice ingestion lowered Thead during 

exercise in the heat. Secondly, whether a reduction in Thead and Tcore affected CRT during 

moderate intensity exercise in hot, humid conditions. The present study is the first to 

reveal that crushed ice ingestion is an effective precooling strategy that reduces Thead (-

0.8 °C), remaining lower than control from 20 min of precooling until 20 min of the cycle.  

 

Siegel and Laursen (2012) suggest that ice ingestion can lower Tbrain and facial 

temperature, measured in the current study using Thead, as a result of conductive cooling 

due to the close proximity of the mouth to brain (Siegel and Laursen, 2012). A lower 

Tbrain is beneficial during exercise in hot, humid conditions as heat dissipation from the 

brain can be reduced due to a combination of excessive heat production and insufficient 

heat loss in addition to compromised cerebral blood outflow (Nybo and Nielsen, 2001; 

Nybo et al., 2002). In the current study, there was a reduction in internal head temperature 
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following ice ingestion, which may lead to improved tolerance to hyperthermia (Burger 

and Fuhrman, 1964; Kiyatkin, 2010; Nybo et al., 2002). Furthermore, cooling the 

forehead and cheeks is beneficial as the increase in skin blood flow during exercise in the 

heat is greater in the facial area compared to other body sites, thus, cooling the facial area 

with ice ingestion may reduce the burden placed on heat dissipation in the head and help 

attenuate the increase in Tbrain (Kondo et al., 1998). Along with the reduction of Thead, the 

conductive nature of crushed ice ingestion is further supported in the current study by the 

large effect size reduction in Tskin post precooling and moderate effect size reduction at 

the start of the cycle for ICE compared to CON. Furthermore, post precooling a large 

effect size was present between conditions for Tsternum whereas there was no effect size 

for Tcalf. The greater reduction in temperature of Tsternum and Thead supports the notion that 

areas closer to the region of ingested ice, may result in greater decreases in temperature 

due to increased ability for conductive cooling.  

 

The reduction in Thead after ingesting a cold substance is supported by Onitsuka et al. 

(2015, 2018), however a greater decline is seen in the current study with 7 g kg-1 crushed 

ice (-0.8 °C; crushed ice only) ingested in 30 min compared to 7.5 g kg-1 ice slushy (-0.4 

°C; water + ice drink) ingested in 15 min. This suggests that crushed ice ingestion may 

reduce Thead to a greater degree than an ice slushy. Crushed ice may therefore be a more 

effective alternative than an ice slushy for reducing Thead possibly due to the greater 

potential for conductive cooling of the head. Crushed ice may sit in the mouth for a longer 

period of time compared to drinking a slushy due to the greater phase change from solid 

ice to liquid water that is required, therefore the importance of conductive cooling of 

crushed ice in reducing Thead is further evident. Furthermore, a longer precooling period 

of 30 min compared to 15 min may allow a greater opportunity for heat transfer to occur. 

The phase change of crushed ice also results in a significant reduction in Tcore (compared 
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to control) as it requires a larger transfer of heat energy from ice to water (enthalpy of 

fusion; Merrick et al., 2003). As crushed ice ingestion reduces both Thead and Tcore it may 

be a more effective cooling method than other forms such as head cooling or ice vests, 

attenuating both peripheral and central temperature during exercise in the heat. 

 

The present study found that ice ingestion was not beneficial or detrimental to the CRT 

task during 60 min of moderate exercise in the heat as CRT improved regardless of 

condition, despite a higher Thead and Tcore in control. Faster reaction times have previously 

been observed in hot environments for lower cognitive demanding tasks (Razmjou, 1996; 

Simmons et al., 2008), suggesting that the effect of heat stress on cognitive performance 

may be task dependent. The effect of hyperthermia appears to be amplified if the 

complexity of the motor task increases and further decrements are observed with 

increasing task conditioning complexity (Piil et al., 2017). Thus, tasks requiring high 

attentional load are more so affected by exercise in the heat than simpler tasks requiring 

automatic processing (Hancock and Vasmatzidis, 2003). This is supported by Racinais et 

al. (2008) whom found passive hyperthermia caused significant decrements in memory 

tests (working memory and visual recognition memory) in hot conditions but not in 

simple tests (attention). Furthermore, the significant time effect seen in the current study 

for reaction time and movement time could be a result of either faster neural conduction 

speed (Tomporowski, 2003), an arousal effect (Provins, 1966) or merely due to 

participants adopting an impulsive and risky response disposition (Colquhoun and 

Goldman, 1972; Syndicus et al., 2018). Previous research has also suggested that 

cognitive tasks may only be impaired at a Tcore greater than 38.5 °C (Gaoua et al., 2011; 

Wilkinson et al., 1964). Hocking et al. (2001) suggests that under thermally straining 

conditions (35 °C) with a Tcore greater than 38.5 °C brain electrical recordings increase in 

amplitude and a decrease in latency in the frontal and occipito-parietal regions indicating 
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a greater utilisation of the neural resources to maintain the same cognitive performance 

as thermally neutral conditions. However, due to the short term, moderate intensity 

exercise, Thead and Tcore may not have increased to levels where CRT is impaired which 

is a limitation to the study. Alternatively, the improvement in CRT may be showcasing 

the fact that the brain may be more resilient to the heat than previously thought and is 

able to cope with the change in environment (Robertson and Marino, 2017; Trangmar et 

al., 2014), which may be a possible explanation for why impairment of CRT was not seen 

in the current study. However, as crushed ice ingestion effectively reduced Thead until 20 

min of exercise and Tcore until the end, it is possible to speculate that ice ingestion may 

be beneficial for more demanding cognitive tasks, such as tasks that emphasise memory 

and executive function, where Tcore is increased beyond 38.5 °C.  

 

A limitation of this study was that Thead was used as an indirect index of internal head 

temperature, as a direct non-invasive measure of the brain is not available for use on 

humans during exercise in the heat. Forehead skin temperature is an external measure, 

however crushed ice ingestion is an internal cooling method, which resulted in a decrease 

in Thead and Tcore. As ice ingestion cools from the inside out and through conduction, 

evidence exists of a relationship between Thead and changes in internal head temperature, 

as supported by Onitsuka et al. (2015, 2018). A measure of Tbrain is available via magnetic 

resonance spectroscopy, however such measurement cannot be utilised during exercise 

as it requires a participant to remain in supine position. Tympanic temperature determined 

via the method of Nielsen and Jessen (1992) had noted to cause some level of discomfort 

and pain, which may act as a cognitive distractor requiring some attentional resources 

and, there- fore, introduce an extraneous variable impacting on cognitive performance. 

Onitsuka et al. (2015) utilised Thead as an indirect measurement of Tbrain and later Onitsuka 

et al. (2018) used magnetic resonance spectroscopy to find that both methods recorded a 
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reduction of 0.4 °C after ice slushy ingestion. Furthermore, in the current study, ice 

ingestion resulted in Tcore remaining lower than control throughout the whole protocol but 

Thead was not different between conditions after 25 min. Gastro-intestinal temperature is 

an internal index for Tcore, thus the measure is not affected by heat release on the skin. 

However, Thead is an external measurement placed on the facial area, which is important 

for heat dissipation due to increased blood flow to this area during exercise in the heat 

(Kondo et al., 1998). As Thead could be affected by heat release from the skin, crushed ice 

ingestion may actually have greater potential of cooling the head during exercise than 

Thead suggests. 

 

3.5 Conclusions 

Crushed ice ingestion significantly reduced Thead until 20 min of exercise and Tcore during 

the entire cycle in the heat in comparison to control, thus may be a more effective cooling 

method due to the attenuation of both peripheral and central temperature. As a result, this 

study can contribute to the development of effective body cooling strategies for cognitive 

function and exercise performance in the heat. Further investigation is warranted to 

determine whether the lower Thead and Tcore seen with ice ingestion during exercise in the 

heat is beneficial for cognitive tasks that require greater cognitive effort, such as tasks 

that emphasise executive function and working memory. Furthermore, ice ingestion is an 

acceptable intervention to apply to most populations thus there is potential for future 

studies to investigate the application of ice ingestion to populations other than healthy 

young men – such as children who have a lower ability to thermo-regulate as well as 

occupations in the heat that require thermo-protective clothing. 
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CHAPTER FOUR 
Enhanced decision making and working memory 

during exercise in the heat with crushed ice ingestion 
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4.0 Abstract 

Purpose: This study examined the effects of precooling via crushed ice ingestion on 

cognitive function during exercise in the heat. Methods: Eleven active males ingested 

either 7 g∙kg-1 of crushed ice (ICE) or thermoneutral water (CON) in 30 min prior to 

running 90 min on a treadmill at a velocity equivalent to 65% VO2peak in hot and humid 

conditions (35.0±0.5 °C, 53.1±3.9 % relative humidity). Participants completed 3 

cognitive tasks to investigate decision making (8-Choice Reaction Time, CRT), working 

memory (Serial Sevens, S7) and executive control (Colour Multisource Interference 

Task, cMSIT) upon arrival, after precooling and after running. Results: Precooling 

significantly decreased pre-exercise core (Tcore) and forehead skin temperature in ICE 

compared with CON, respectively (Tcore: -0.8±0.4 °C, -0.2±0.1 °C; Thead: -0.5±0.4 °C, 

0.2±0.8 °C) (p ≤ 0.05). Post run, ICE significantly reduced errors compared to CON for 

CRT (p ≤ 0.05; d = 0.90, 0.13-1.60 90% CI) and S7 (p ≤ 0.05; d = 1.05, 0.26-1.75 90% 

CI). Thermal sensation was lower after precooling with ICE (p ≤ 0.05) but no significant 

differences were recorded between conditions for cMSIT errors, skin temperature, heart 

rate, ratings of perceived exertion or perceived thirst (p > 0.05). Conclusions: Precooling 

via ICE maintained cognitive accuracy in decision making and working memory during 

exercise in the heat. Thus ICE may have the potential to improve sporting performance 

by resisting deleterious effects of exercise in a hot and humid environment on cognitive 

function.  

 

Keywords: Precooling, cognitive function, core temperature, forehead temperature 
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4.1 Introduction  

Cognitive function is the performance of objective tasks that require conscious mental 

effort and is an emerging area in sport performance. Functions involving decision making, 

working memory and executive control are important during many sporting situations, 

therefore explored in the current study. In terms of decision making, athletes and umpires 

are required to maintain an alert and vigilant state in order to make correct, rapid 

responses in a complex and quickly changing environment, where optimal decisions can 

significantly impact scoring outcomes (Houssein et al., 2016; Vestberg et al., 2012). 

Working memory describes a subset of processes involved in the active storage, 

maintenance, and manipulation of information to be retrieved within a brief interval in 

order to bring together goal-directed behaviours (Furley & Memmert, 2010). A larger 

working memory capacity affords athletes and umpires a greater ability to control 

attention whilst inhibiting distracting information (e.g., excessive crowd noise, 

performance pressure and heat stress) (Furley & Memmert, 2010). Executive control 

includes the mental processes that enable us to plan and simultaneously juggle multiple 

tasks successfully (Sun et al., 2012). Executive control regulates thought and action, 

especially in non-routine situations (Friedman et al., 2008). It is generally reported that, 

like physiological performance, heat stress negatively affects cognitive function, with 

deleterious effects reported above a core temperature (Tcore) of 38.5 °C (Hocking et al., 

2001). Furthermore, heat removal from the brain is impaired due to lower cerebral blood 

flow and increased heat production during prolonged exercise in the heat (Lars Nybo, 

Secher, et al., 2002), resulting in reduced cognitive performance (Hocking et al., 2001). 

Combined, increasing Tcore and brain temperature (Tbrain) could be key factors leading to 

impaired cognitive performance during exercise in the heat.  
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Precooling is a method that reduces Tcore prior to exercise in the heat. Crushed ice 

ingestion is an internal precooling method which has been shown to improve exercise 

performance in hot and humid conditions (Ihsan et al., 2010; Siegel & Laursen, 2012), 

with this improvement primarily attributed to the significant reduction in pre-exercise 

Tcore (Ihsan et al., 2010; Saldaris et al., 2019; Zimmermann et al., 2017). As an elevated 

Tcore is also linked to decrements in cognitive function (Simmons et al., 2008), reducing 

Tcore via ice ingestion prior to exercise in the heat may enhance cognitive function. 

 

Along with a lower Tcore, ice ingestion may improve cognitive performance during 

exercise in the heat by reducing Tbrain. Vanden Hoek et al. (2004) compared central 

catheter infusions of a saline ice slushy (50 mL∙kg-1) to an equal volume of chilled saline 

in swine, finding that ice slushy significantly reduced Tbrain by 5.3 °C. In humans, 

Onitsuka et al. (2018) utilised proton magnetic resonance spectroscopy to report that ice 

slushy ingestion reduced Tbrain by 0.4 °C.  As a non-invasive measure of Tbrain is 

unavailable during exercise in the heat, forehead skin temperature (Thead) has been utilized 

as an indirect measure of internal head temperature and facial temperature (Onitsuka et 

al., 2015; Saldaris et al., 2019), reporting a reduction of 0.8 °C with crushed ice ingestion 

(Saldaris et al., 2019). Although Thead is a skin temperature measure located on the 

forehead, ice ingestion is an internal cooling method, thus cooling from the inside out 

(Saldaris et al., 2019). 

 

At this stage exercise performance has improved with ice ingestion in males however the 

effects on cognitive function are unclear. Females however have not shown the same 

improvement as males in exercise performance with ice ingestion. Therefore, this study 

aimed to examine the effect of crushed ice ingestion on male decision making, working 

memory and executive control during exercise in hot, humid conditions. Given the 
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effectiveness of ice ingestion on Tcore and Thead, it was hypothesised that ice ingestion 

would maintain cognitive performance in comparison to control during exercise in the 

heat. 

 

4.2 Methods 

4.2.1 Participants 

Eleven active males (age: 25±4 y; height: 179.8±7.6 cm; body-mass: 78.9±10.8 kg; total 

fat-mass: 12.5±4.4 kg, lean body-mass: 62.9±7.8 kg and VO2peak: 63.6±4.4 mL·kg-1·min-

1) participated in the study. Ethical approval was granted by the Human Research Ethics 

Office at the University of Western Australia (RA/4/1/8273). Informed written consent 

was obtained from all participants before their involvement in the study. The study was 

conducted during the winter months to minimise possible heat acclimatisation of 

participants.  

 

4.2.2 Preliminary Procedures 

The study used a repeated-measures design, applied in a randomised order, involving 3 

separate sessions: preliminary session and two experimental trials, each held one week 

apart. During the 24 h period before all sessions participants avoided strenuous exercise, 

alcohol and caffeine. Upon arrival to the preliminary session participant height, body-

mass, and body composition (dual-energy X-ray absorptiometry scan; LG–Luna Prodigy, 

GE Medical Systems, Waukesha, WI) were measured. Participants then completed a 

graded exercise test (GXT) on a treadmill (h/p/cosmos sports & medical gmbh, quasar 

med 3p, Nussdorf-Traunstein, Germany) in the laboratory (~22 °C) to determine VO2peak. 

This consisted of running at an initial speed of 8 km·h-1 for 3 min with increments of 2 

km·h-1 until a speed of 12 km·h-1 was reached. A 1 min rest period occurred between 

stages. Thereafter, the speed was increased in increments of 1 km·h-1 until exhaustion.  
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The VO2peak was defined as the sum of the highest four consecutive 15 s VO2 values 

reached during the GXT. Running speed of the subsequent experimental trials was 

completed at a velocity equivalent to 65 % of VO2peak. Participants were familiarised with 

the three cognitive tasks (described below) a total of 5 times throughout the preliminary 

session. 

 

4.2.3 Experimental Procedures 

Before the first experimental session, participants kept a food, activity and sleep diary for 

24 h then replicated this prior to the second trial. Eight hours before each experimental 

trial, participants ingested a radiotelemetry pill (CorTemp, HQ Inc., Palmetto, FL) to 

enable measurement of Tcore throughout the protocol by detecting surrounding 

temperature and emitting a radio signal to a hand-held recorder. Upon arrival to the 

laboratory, a midstream urine sample was collected in a sterile container and 1 mL placed 

on the plate of a refractometer (TE-RM10SG, 1.000–1.070, Test Equip, Dandenong, 

Australia) for analysis of urinary specific gravity (USG), measured to ensure the 

participant was euhydrated (USG < 1.025). Nude body-mass was then recorded using a 

digital platform scale (Model ED3300; Sauter Multi-Range, Ebingen, West Germany). 

Tympanic temperature (Ttymp) was meausured using Braun, Thermoscan PC 20, San 

Diego, CA, USA and a heart-rate monitor (Polar RS400, Finland) was fitted. Skin 

thermistors (Skin Sensor SST-1, Physitemp Instruments Inc, Clifton, NJ, USA) were 

taped to the middle of the right gastrocnemius, forearm, sternum and forehead for the 

measurement of Tskin and Thead. These measures occurred continuously throughout the 

precooling period and run via a computerised program (DASYLab Light, Version 11, 

National Instruments, Ireland Resources Ltd., Norton, MA, USA). Mean body 

temperature (Tbody) was calculated as per Colin, Timbal, Houdas, Boutelier, & Guieu 

(1971):  
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During precooling : Tbody = 0.66 (Tcore) + 0.34 (Tskin)   

During exercise: Tbody = 0.79 (Tcore) + 0.21 (Tskin)  

Where: Tskin = 0.5 (Tsternum) + 0.14 (Tforearm) + 0.36 (Tcalf)  

 

Participants completed the three cognitive tasks before commencing the 30 min 

precooling period whereby they remained seated in the laboratory (22.2 ± 1.6 °C, 48.7 ± 

8.8 % relative humidity; RH) and ingested 7 g∙kg-1 of either crushed ice (ICE) or 

thermoneutral water (CON). Participants entered the climate chamber set to 35.0 ± 0.5 

°C, 53.1 ± 3.9 % RH, and completed the cognitive tasks before running 90 min on a 

treadmill at 65 % VO2peak. Participants consumed 100 mL of water (22 °C) every 30 min. 

Cognitive tasks were performed after 90 min of running where Tcore exceeded 38.5 °C. 

Rating of perceived thermal sensation (RPTS; 4: very hot to -4: very cold; Roberts, 1959) 

was recorded at the start and end of precooling. Rating of perceived exertion (RPE; 6: 

very, very light to 20: maximal exertion; Borg, 1982) RPTS and perceived thirst (1: not 

thirsty at all to 9: very, very thirsty; Maresh et al., 2001) were recorded at 30 min intervals 

throughout the run. Following the run participants towel dried and nude body-mass was 

remeasured to estimate sweat loss (pre body-mass - post body-mass + fluid ingested). 

 

4.2.4 Cognitive Tasks 

Cognitive tasks were completed in the lab upon arrival, in the heat chamber post-

precooling and again in the heat after 90 min of running, at which Tcore was above 38.5 

°C. The cognitive tasks were completed while standing at rest on a laptop (Apple 

Macbook Pro; 13", Cupertino, CA, USA). Three computerised cognitive tasks (~2 min 

each; Inquisit 4 Lab, Millisecond Software, Seattle, USA) were completed in a 

randomised order between participants.  
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Choice reaction time (Saldaris et al., 2019) - An 8 choice reaction time task was used to 

measure decision making by reporting accuracy (percent incorrect) and latency (reaction 

time). Participants were required to press the corresponding key when one of the eight 

options changed from white to red on the display.  

 

Serial Sevens (Hayman, 1942) - A continuous subtracting task utilised as a measure of 

working memory, with accuracy (percent incorrect) and number of responses reported. 

Participants were given a randomly generated 3 digit number between 900-999 and asked 

to subtract 7 as often as possible within a 2 minute period. Participants entered their 

solution by selecting digit buttons 0-9 with the mouse with correct solutions based on the 

last entered number (whether or not that response was correct).  

 

The colour multi-source interference task (Wenzel et al., 2014) - A measure of executive 

control, with accuracy (percent incorrect) and latency (reaction time) reported. 

Participants were presented stimuli consisting of 3 digits (i.e. 1, 2 or 3 or 1 digit and 2 

X's; control) printed in black, green or red, with differences in size of the target (small vs. 

large) and colour congruency (colour-congruent vs. colour-incongruent) as distracting 

factors.  Multiple sources of interference are used to distract participants, requiring greater 

attentional processes for task inhibition. Participants were asked to press a response 

button (1, 2, 3) to report which digit was the different number. 

 

4.2.5 Statistical Analysis  

Analysis was performed using Statistical Package for the Social Sciences (IBM Corp. 

Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM 

Corp) with statistical significance determined by an alpha level of p ≤ 0.05. Two-way, 

repeated measures analysis of variance (ANOVA) was used to assess differences in 
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variables between trials (CON vs. ICE). Where appropriate a paired sample t test was 

then used to identify any changes. Analysis of all variables was also performed using 

Cohen’s d effect sizes with 90% confidence intervals (CI) whereby > 0.8 was categorised 

as a large effect, 0.5–0.79 was a moderate effect and 0.49 or lower was a small effect 

(Cohen, 1988). Only moderate and large effects are reported.  

 

4.3 Results 

Five practice trials of all cognitive tasks were completed throughout the preliminary 

session with CRT and cMSIT errors not different between trial 4 and 5; and S7 errors not 

different between trial 3 to 5 (p > 0.05; d < 0.50). 

 

All cognitive tasks were similar between conditions upon arrival to the experimental 

sessions (p > 0.05; d < 0.50). The coefficient of variation between arrival ICE and CON 

were 3.1 % (CRT), 3.72 % (S7) and 2.8 % (cMSIT). From 10 min into the precooling 

period until 30 min into the run, Tcore and Tbody were lower in ICE compared with CON 

(p ≤ 0.05; Figure 1). The reduction in Tcore at the conclusion of precooling was greater in 

ICE (-0.8 ± 0.4 °C) compared with CON (-0.2 ± 0.1 °C) (p ≤ 0.05; d = 1.75, 0.87-2.50 90 

% CI). There were no significant differences between conditions for Tsk (p > 0.05). 

 

Following 30 min of precooling, Thead was significantly lower in ICE (-0.5 ± 0.4 °C; p ≤ 

0.05) but not CON (+0.3 ± 0.7 °C; p > 0.05; d = 1.13, 0.33-1.83 90% CI). From 10 min 

of precooling until 15 min of exercise in the heat, Thead was lower in ICE compared to 

CON (p ≤ 0.05; Figure 2). Tympanic temperature was significantly lower in ICE 

compared to CON from 20 min of precooling until start of exercise (p ≤ 0.05; Figure 2). 

Following precooling, Ttymp significantly decreased in ICE (-0.8 ± 0.3 °C; p ≤ 0.05) but 

not CON (-0.2 ± 0.4 °C; p > 0.05; d = 2.16, 1.21-2.94 90 % CI).  
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Figure 4.1: Mean (± SD) core temperature, skin temperature and body temperature 

throughout the pre-cooling period (PC) and steady state run (n = 11). 

* Significantly different from ICE (p ≤ 0.05) 
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Figure 4.2: Mean (± SD) forehead temperature and tympanic temperature throughout the 

pre-cooling period (PC) and steady state run (n = 11). 

* Significantly different from ICE (p ≤ 0.05) 
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fewer errors with ICE compared to CON (CON 12.6 ± 5.8, ICE 8.2 ± 3.8 p ≤ 0.05; d = 

0.90, 0.13-1.60 90 % CI; Figure 3a). A time effect was present for CRT latency (p ≤ 0.05) 

with reaction time faster at 90 min, however this was not based on condition (p > 0.05; 

Figure 3b). 

 

Serial 7 percentage errors increased in CON compared to ICE  (p ≤ 0.05) with a significant 

difference between conditions prior to running (CON 6.7 ± 5.2, ICE 1.5 ± 3.0 p ≤ 0.05; d 

= 1.22, 0.42-1.94 90 % CI) and after 90 min of running in the heat (CON 9.3 ± 9.4, ICE 

2.0 ± 3.0 p ≤ 0.05; d = 1.05, 0.26-1.75 90 % CI; Figure 3c). A time effect was present for 

number of responses for the S7 task (p ≤ 0.05) with greater amount of responses at 90 

min, however this was not based on condition (p > 0.05; Figure 3d). 

 

No significant differences were seen in cMSIT accuracy over the protocol (p > 0.05; 

Figure 3e). Latency improved throughout the protocol (p ≤ 0.05), with this not based on 

condition (p > 0.05; Figure 3f).   

 

Thermal sensation was lower at the end of precooling (p ≤ 0.05; Table 1), however no 

differences were found for heart rate, RPE or perceived thirst (p > 0.05; Table 1).  

 

Pre body-mass (CON 79.5 ± 11.0 kg; ICE 79.5 ± 11.1 kg), post body-mass (CON 77.3 ± 

11.0 kg; ICE 77.5 ± 11.3 kg), sweat loss (CON 2.7 ± 0.7 kg; ICE 2.6 ± 0.6) and USG 

(CON 1.013 ± 0.008 g∙mL-1; ICE 1.016 ± 0.009 g∙mL-1), were similar between conditions 

(p > 0.05).  
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Figure 4.3: Mean (± SD) 8-Choice Reaction Time (CRT) accuracy (a) and latency (b), 

Serial Seven (S7) accuracy (c) and response rate (d), and Colour Multi-Source 

Interference Task (cMSIT) accuracy (e) and latency (f) at arrival, start and end of run (n 

= 11). 

* Significantly different from ICE (p ≤ 0.05)  

+ Moderate effect size from ICE (d = 0.50-0.79) 

# Significant time effect (p ≤ 0.05) 
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Table 4.1: Mean (± SD) heart rate (HR), Rate of Perceived Thermal Sensation (RPTS), 

Rating of Perceived Exertion (RPE) and Perceived Thirst during precooling (PC) and 

throughout the run (n = 11).  

 
* Significantly different from CON (p ≤ 0.05) 
 

 

4.4 Discussion 

The aim of this study was to investigate the effect of precooling via ICE on decision 

making, working memory and executive control during exercise in the heat. The key 

findings of the present study were: ingesting 7g∙kg-1 crushed ice significantly reduced 

Tcore, Thead, Tbody and RPTS. Secondly ICE was beneficial for decision making (CRT) and 

working memory (S7) compared to CON upon entry to the heat (post precooling) and 

after 90 min of exercise in the heat, but was not beneficial or detrimental for executive 

control (cMSIT).  The significant reduction in Tcore (-0.8 °C) and Thead (-0.5 °C) for ICE 

is similar to that seen in previous research (Ihsan et al., 2010; Saldaris et al., 2019; 

Zimmermann et al., 2017). 

 

 Time (min)  
Variable Start PC End PC 0 30 60 90 
HR(beats�min-1)       

CON 57 ± 12 59 ± 12 110 ± 12 141 ± 12 151 ± 11 160 ± 13 

ICE 60 ± 10 59 ± 13 110 ± 15 141 ± 13 151 ± 12 158 ± 14 
RPTS       

CON 0 ± 1 -1 ± 1 2 ± 1 3 ±1 3 ± 1 3 ± 1 
ICE -1 ± 1 -3 ± 1* 1 ± 1 2 ± 1 3 ± 1 3 ±1 

RPE       
CON   9 ± 1 12 ± 1 13 ± 3 15 ± 3 
ICE   9 ± 1 12 ± 1 13 ± 2 15 ± 3 

Thirst       
CON   2 ± 1 3 ± 2 5 ± 2 6 ± 2 
ICE   1 ± 1 3 ± 1 5 ± 2 7 ± 2 
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Precooling via ICE increased the quality of cognitive work in the heat, revealed by 

improved accuracy whilst maintaining a fast reaction time (decision making) or response 

rate (working memory). Benefits in decision making and working memory were evident 

with ICE at both the start and end of the 90 min run. Upon entry to the heat, a moderate 

effect size was present between groups for decision making accuracy and a significant 

difference for working memory accuracy with more errors in CON than ICE. Participants 

in ICE had significantly lower Tcore, Thead and RPTS, which may have been beneficial for 

cognitive performance upon entry to the heat. Similarly, Epstein, Keren, Moisseiev, 

Gasko, & Yachin (1980) reported that psychomotor performance can deteriorate even 

before physiological parameters are impaired due to feelings of discomfort, reported by 

a higher RPTS. The discomfort of the heat may cause a shift in attention from the primary 

task (Teichner, 1958), therefore increasing errors in decision making and working 

memory for CON. However, ICE reduced Tcore, Thead and RPTS indicating participants 

felt significantly cooler when entering the climate chamber, allowing for the maintenance 

of decision making and working memory. The reduction in thermal sensation due to lower 

Tcore and Thead may allow for an athlete to place more attention on the primary cognitive 

task rather than on the discomfort of the heat, which can be advantageous at the start of a 

sporting event. Ice ingestion did not significantly reduce Tskin yet benefits in decision 

making and working memory were seen with ICE compared to CON at the start and end 

of the run. This finding supports Simmons et al. (2008) which reported that Tskin may not 

be an important factor for cognitive performance.  

 

After 90 min of running in the heat, a significant difference between conditions was 

present in decision making and working memory accuracy, with deterioration in CON 

and maintenance in ICE. After precooling, significant reductions were present in Tcore and 

Thead for ICE compared to CON. However, such temperatures were not different between 
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conditions after 90 min of exercise although cognitive benefits were evident. A similar 

finding was reported by Clarke et al. (2017) where a moderate effect was present between 

cold water immersion and control in a go/no go task after 90 min of exercise in the heat 

even though Tcore was not different between conditions after 30 min. It is possible that the 

reduction in Tcore and Thead earlier in the run acted as a buffer, creating a lag in deleterious 

effects of cognitive performance in the heat. Similar to cognitive performance, and in 

support of this finding, ice ingestion has previously reported to improve exercise 

performance via greater power output in the later stages of exercise compared to control 

(Ihsan et al., 2010). Improved exercise performance and cognitive function in the later 

stages of exercise in the heat may be attributed to the reduction in central and peripheral 

temperature earlier in exercise causing a lag in deterioration of performance. 

 

Furthermore, ICE may resist deleterious effects of decision making and working memory 

after 90 min of exercise in the heat as a result of stimulation of the frontal cortex through 

thermoreceptors in the stomach and small intestine (Siegel & Laursen, 2012). The frontal 

lobe is an area of the brain that participates in aspects of memory, attention, decision 

making, motivation, motor control, central drive and impulse control (Furley & 

Memmert, 2010; Siegel & Laursen, 2012). Simultaneously, crushed ice ingestion has the 

ability to significantly reduce Thead by 0.5 °C, where Thead has been utilised as an indirect 

index of internal head temperature (Onitsuka et al., 2015; Saldaris et al., 2019). Similar 

to Thead, ice ingestion reduced Ttymp by 0.8 °C at the end of the precooling period and 

therefore may be used in conjunction with Thead as an indirect measure of internal head 

temperature. The reduced Thead and Ttymp may be attributed to conductive cooling of the 

ingested ice due to the close proximity of the area as well as an inflow of cooled carotid 

blood (Onitsuka et al., 2015; Saldaris et al., 2019; Siegel & Laursen, 2012). Reducing 

Thead and Ttymp may be beneficial to decision making and working memory as it may delay 
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the need for heat release which can be inadequate during prolonged exercise in the heat 

(Nybo et al., 2002). 

 

Contrary to decision making and working memory, the executive control task was not 

affected by exercise in the heat and ICE was not beneficial or detrimental to performance. 

It is unclear why executive control was not affected after Tcore exceeded 38.5 °C, therefore 

requires further investigation. Kakos, Ciesla, Dunlosky, Glickman, & Gunstad (2013) 

reported a similar result where executive control did not decline after 120 min of cycling 

in the heat, partly attributing the result to motor function simplicity. The cMSIT may 

require a simpler motor response in comparison to the other two cognitive tasks utilised 

in the study. Alternatively, as executive control is comprised by many cognitive abilities, 

each may be affected by environmental and physiological stressors differently, while they 

may also represent varying degrees of complexity (Lambourne & Tomporowski, 2010). 

 

After 90 min of exercise, Tcore and Thead were not different between conditions however 

improvements in decision making and working memory were evident. This leads us to 

question other mechanistic insights behind the improvement of decision making and 

working memory with ICE, such as thermal sensation. After precooling with ICE RPTS 

was lower compared to CON, therefore participants began the run in the heat feeling 

cooler. It has been suggested that cooling masks the true state of the body (Tyler & 

Sunderland, 2011), thus may delay the point at which cognitive decrements occur. As a 

result, thermal perception of the heat may be an important factor contributing to cognitive 

function and should be further investigated. Future research should compare cooling 

methods which are predominately designed to impact thermal state (Tcore and Thead; 

crushed ice ingestion) or thermal sensation (i.e. menthol). Menthol mouth swilling is an 

internal non thermal cooling method that does not impact Tcore however imparts the 
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perception of coolness and freshness by targeting the olfactory and gustatory systems 

(Eccles, 2003). Furthermore, underlying psychological processes with cooling should be 

explored, such as the impact of ice ingestion on mood during exercise in the heat, with 

disturbances seen in alertness, hedonic tone and tension reported (Zhang et al., 2014). 

 

4.5 Practical Applications 

When athletes are exposed to hot and humid conditions practitioners should consider 

precooling with crushed ice ingestion to reduce Tcore, Thead and thermal sensation, leading 

to improvements in decision making and working memory compared to control upon 

entry to the heat and after 90 min of running. The current study utilised Thead as an indirect 

measure of changes in internal head temperature as a non-invasive measure of Tbrain is 

unavailable during exercise in the heat and has previously be used by Onitsuka et al. 

(2015) and Saldaris et al. (2019). Although Thead is a skin temperature measure located 

on the forehead, ice ingestion is an internal cooling method, thus cooling from the inside 

out (Saldaris et al., 2019). 

 

4.6 Conclusions 

This study found that without precooling (CON) the distraction and discomfort upon 

entry to the heat can have deleterious effects on cognitive function prior to exercise, with 

improvements seen with ICE. Furthermore, after 90 min of running in the heat ICE 

increased the quality of decision making and working memory accuracy compared to 

control, while retaining a fast reaction time and response rate during exercise in the heat. 

Such findings suggest ice ingestion has the potential to improve sporting performance in 

the heat by maintaining the athlete’s attention resources even when Tcore is above the 

cognitive threshold. 
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CHAPTER FIVE 
Physical and perceptual cooling: Improving cognitive 

function, mood disturbance and time to fatigue in the 

heat 
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5.0 Abstract 

This study investigated the effects of menthol swilling and crushed ice ingestion on 

cognitive function, total mood disturbance (TMD), and time to fatigue (TTF). Twelve 

male long-distance runners completed three counterbalanced running trials (3 × 30 

minutes at 65 % VO2peak and a TTF run at 100 % VO2peak) in hot, humid conditions (35.3 

± 0.3 °C, 59.2 ± 2.5 % relative humidity). Trials consisted of precooling with crushed ice 

ingestion and mid-cooling by menthol swilling (MIX), precooling with water ingestion 

and midcooling by menthol swilling (MENTH), and control (CON). Swilling with either 

25 mL of menthol solution or placebo occurred upon entry to the heat, at 15-minute 

intervals during the run and prior to the TTF run. Core temperature, forehead skin 

temperature, tympanic temperature, perceived thermal sensation, and TMD were 

significantly lower with MIX compared with MENTH and CON (p < 0.05). Thirst was 

satiated in MIX compared with CON; however, MENTH did not have a significant effect. 

After 90 minutes of running and post-TTF run, fewer errors occurred in the executive 

control task (p < 0.05), as well as decision- making and working memory (p > 0.05; d = 

0.5-0.79) between MIX and CON; however, MENTH had no effect compared with CON. 

The TTF run was significantly longer with MENTH (34.38 %; p = 0.02) and MIX (39.06 

%; p = 0.001) compared with CON, with no difference between MENTH and MIX (p = 

0.618). The physical reduction in core and internal head temperature seen with crushed 

ice ingestion may lead to improvements in cognitive function; however, both MENTH 

and MIX were sufficient for improving exercise performance. 

 

Keywords: Precooling, midcooling, cognition, exercise, hot conditions 
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5.1 Introduction 

Competition at an elite level requires athletes to perform optimally in extreme 

environmental conditions. Exercise in hot and humid conditions impose thermoregulatory 

challenges that impair cognitive function, mood state and exercise performance (Hocking 

et al., 2001; Holland et al., 1985; Nybo, Rasmussen, & Sawka, 2014). Cognitive function 

is important in the majority of sporting situations, in particular decision making, working 

memory and executive control (Furley & Memmert, 2010; Houssein et al., 2016; 

Vestberg et al., 2012). As such, athletes and umpires are required to maintain an alert 

state in order to make rapid responses in complex environments, inhibit distracting 

information and simultaneously juggle multiple tasks successfully. Deleterious effects of 

prolonged heat stress (> 60 min) on cognitive function are generally reported above a 

core temperature (Tcore) of 38.5 °C (Hocking et al., 2001). Furthermore, extended periods 

in the heat can result in increased irritability, tension and aggression as well as 

deterioration of hedonic tone (Holland et al., 1985; Zhang et al., 2014). As neuroimaging 

has identified an overlapping network of brain regions whereby activity is modulated by 

mood and cognition (Phan et al., 2002), negative mood states have shown to result in 

reductions in cognitive function (Chepenik et al., 2007; Levin et al., 2007). Negative 

mood changes may directly be due to the effects of high temperature on the brain as well 

as feelings of discomfort in the heat (Holland et al., 1985).  

 

Physiological and perceptual demands associated with exercise in the heat may be 

attenuated by precooling and midcooling interventions. Crushed ice ingestion is a 

precooling method with the primary objective to reduce core temperature (Tcore; Ihsan et 

al., 2010; Saldaris, Landers, & Lay, 2019a; Saldaris et al., 2019) and brain temperature 

(Onitsuka et al., 2018; Vanden Hoek et al., 2004), leading to increased capacity for heat 

storage (Zimmermann et al., 2017), reduced thermal sensation (Saldaris, Landers, & Lay, 
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2019b) and the stimulation of thermoreceptors which influence areas of central drive in 

the brain (Siegel & Laursen, 2012; Villanova et al., 1997). Crushed ice ingestion has 

previously been shown to enhance cognitive function even after the temperature threshold 

is reached (38.5 °C; Saldaris, Landers, & Lay, 2019b). Saldaris, Landers & Lay (2019b) 

reported that precooling via 7 g∙kg-1 crushed ice ingestion improved decision making and 

working memory accuracy after a 90 min run at 65 % VO2peak in hot and humid 

conditions. By assessing the effects of cooling during prolonged fixed rate exercise, work 

rate and metabolic heat production is controlled which allows direct comparisons between 

conditions. Although improvements were seen in cognitive function with ice ingestion, 

physiological markers were not different from water ingestion after 30 min of running. 

Cognitive improvement was attributed to lower Tcore and internal head temperature, 

measured via forehead skin temperature (Thead) and tympanic temperature (Ttymp), in the 

earlier stages of exercise. Creating a heat sink may act as a thermal buffer by increasing 

the quality of cognitive work in the heat, determined by fewer errors. The measures of 

Thead and Ttymp have been utilised as indirect measures of internal head temperature, as a 

direct, non-invasive method during exercise in the heat is not currently available (Childs, 

Harrison, & Hodkinson, 1999; Meiners & Dabbs, 1977; Saldaris, Landers, & Lay, 2019b; 

Saldaris et al., 2019). Saldaris, Landers & Lay (2019b) also suggested that the 

enhancement of cognitive function with ice ingestion may have also been due to improved 

perceptual and psychological effects of cooling in the heat, however this theory requires 

further investigation. 

 

Menthol swilling is a perceptual midcooling strategy (applied during exercise) whereby 

the mucosal surface is briefly exposed to a menthol solution, imparting feelings of 

coolness and freshness without affecting Tcore (Eccles, 2000; Eccles, Du-plessis, 

Dommels, & Wilkinson, 2013). Such sensations with menthol are attributed to the action 
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of highly sensitive cold receptors called transient receptor potential melastatin 8 

(TRPM8), which are located on the cell membrane of sensory neurons of the mouth and 

nose (Mckemy et al., 2002). Therefore, menthol swilling has previously been reported to 

reduce perceived thermal sensation, exertion and thirst (Eccles, 2000; Flood et al., 2017; 

Mundel & Jones, 2010; Stevens et al., 2016), leading to improved exercise performance 

in the heat (Flood et al., 2017; Jeffries et al., 2018; Mundel & Jones, 2010; Schlader, 

Simmons, Stannard, & Mündel, 2011; Stevens et al., 2016). Along with reduced 

perceptual ratings, it is suggested that the cool sensation associated with menthol swilling 

can influence arousal and alertness levels (Eccles, 2000) and, therefore, has the potential 

to be used as a stimulus to maintain cognitive performance for athletes competing hot and 

humid conditions.  

 

Precooling via crushed ice ingestion has previously been shown to improve cognitive 

function (Saldaris, Landers, & Lay, 2019b) and exercise performance (Ihsan et al., 2010; 

Saldaris, Landers, & Lay, 2019a) in the heat. Building on these findings, the current study 

examined the effect of combining precooling with crushed ice ingestion and midcooling 

by menthol swilling (MIX), precooling with water ingestion and midcooling by menthol 

swilling (MENTH) and control (precooling with water ingestion and midcooling by 

placebo swilling; CON) on cognitive performance, mood state and time to fatigue (TTF). 

It was hypothesised that MIX and MENTH would lead to improvements in cognitive 

function, total mood disturbance (TMD) and TTF compared to CON during exercise in 

the heat, with MIX revealing greater benefits than MENTH.  

 

5.2 Materials and Methods 

5.2.1 Participants 

Twelve male long distance runners (age: 25.3 ± 4.2 y; height: 178.5 ± 6.0 cm; body mass:  
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74.6 ± 9.4 kg; total fat-mass: 10.3 ± 2.6 kg, lean body mass: 61.1 ± 7.3 kg and VO2peak: 

61.3 ± 4.3 mL·kg-1·min-1; velocity VO2peak: 17 ± 1 km·hr-1) participated in the study. 

Ethical approval was granted by the Human Research Ethics Office at the University of 

Western Australia. Informed written consent was obtained from all participants before 

their involvement in the study. The study was conducted during the autumn/winter 

months to minimise possible heat acclimatisation of participants.  

 

5.2.2 Preliminary Procedures 

During the 24 h period before all sessions participants avoided strenuous exercise, alcohol 

and caffeine. Upon arrival participant height, body mass, and body composition (dual-

energy X-ray absorptiometry scan; LG–Luna Prodigy, GE Medical Systems, Waukesha, 

WI) were measured. Participants then completed a graded exercise test (GXT) on a 

treadmill (h/p/cosmos sports & medical gmbh, quasar med 3p, Nussdorf-Traunstein, 

Germany) in the laboratory (21.5 ± 1.4 °C, 50.5 ± 5.8 % relative humidity; RH) to 

determine VO2peak. This consisted of running at an initial speed of 8 km·h-1 for 3 min with 

increments of 2 km·h-1 until a speed of 12 km·h-1 was reached. Thereafter, the speed was 

increased in increments of 1 km·h-1 until exhaustion. A 1 min rest period occurred 

between stages. The VO2peak was defined as the sum of the highest 4 consecutive 15 s 

VO2 values reached during the incremental test (expressed as mL·kg-1·min-1). Running 

speed of the subsequent experimental trials were completed at the speed equivalent to 65 

% of VO2peak. Heart rate and rating of perceived exertion (Borg, 1982) were also 

monitored throughout the GXT (Polar Electro Oy Professorintie, Kempele, Finland). 

Participants were familiarised with the three cognitive tasks (described below) 5 times 

throughout the preliminary session, which has shown to be sufficient practice to reduce a 

learning effect (Saldaris, Landers, & Lay, 2019b).  
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5.2.3 Experimental Procedures 

Before the first experimental session, participants kept a food, activity and sleep diary for 

24 h then replicated this prior to the second trial. Eight hours before each experimental 

session, participants ingested a radiotelemetry pill (CorTemp, HQ Inc., Palmetto, FL) for 

the measurement of Tcore. Upon arrival to the laboratory, a midstream urine sample was 

collected in a sterile container and 1 mL placed on the plate of a refractometer (TE-

RM10SG, 1.000–1.070, Test Equip, Dandenong, Australia) to assess pre-exercise 

hydration status. Nude body mass was then recorded using a digital platform scale (Model 

ED3300; Sauter Multi-Range, Ebingen, West Germany) to the nearest 0.01 kg, after 

which a heart-rate monitor (Polar RS400, Finland) was fitted. Skin thermistors (Skin 

Sensor SST-1, Physitemp Instruments Inc, Clifton, NJ, USA) were fixed to the sternum, 

right mid-anterior forearm and right mid-posterior gastrocnemius and forehead for the 

measurement of Tskin and Thead. Measures of Tskin and Thead occurred continuously 

throughout the precooling period and steady state run via a computerised program 

(DASYLab Light, Version 11, National Instruments, Ireland Resources Ltd.).  

The following formula was used to calculate Tskin (Burton, 1935): 

Tskin = 0.5 (Tsternum) + 0.14 (Tforearm) + 0.36 (Tcalf)  

Mean body temperature (Tbody) was calculated as per Colin et al. (1971): 

During precooling: Tbody = 0.66 (Tcore) + 0.34 (Tskin)   

During exercise: Tbody = 0.79 (Tcore) + 0.21 (Tskin)  

 

Tympanic temperature (Ttymp) was measured via Braun Pro 4000 (ThermoScan, 

Kronberg, Germany), whereby the ear thermometer was inserted into the external 

auditory meatus, turned and directed towards the eye. The probe remained briefly (1–2 

seconds) in this position until the machine bleeped to signal a recording. Participants 

completed the three cognitive tasks as well as an abbreviated Profile of Mood State 
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Questionnaire (aPOMS; Grove & Prapavessis, 1992) while standing in a room 

temperature laboratory (21.6 ± 1.3 °C, 50.1 ± 6.6 % RH). For the aPOMS, participants 

were instructed to circle the number that best described how they felt at that moment on 

a scale from 0: not at all to 4: extremely. The TMD was calculated with the following 

formula: 

TMD = (Tension + Depression + Anger + Fatigue + Confusion) – (Vigour + 

Esteem Related Affect) 

 

Participants then commenced the precooling period whereby they remained seated in the 

laboratory and ingested 7 g∙kg-1 of either crushed ice (-0.3 ± 0.3 °C) or water (32.4 ± 0.9 

°C). Participants subsequently entered the climate chamber set to hot and humid 

conditions (35.3 ± 0.3 °C, 59.2 ± 2.5 % RH) and completed the cognitive tasks before 

running 3 x 30 min on a treadmill at 65 % VO2peak. Each 30 min block was separated by 

a rest period whereby participants completed the cognitive tasks and then consumed 100 

mL of water (33.2 ± 0.6 °C). Thus, the cognitive tasks were performed after 30, 60 and 

90 min of exercise. Following the completion of the 90 min run and cognitive tasks, a 1 

min period was provided for participants to ingest 100 mL of water and swill a solution 

prior to completing a TTF run at 100 % of VO2peak.  

 

Throughout the protocol measurements of rating of perceived exertion (RPE; 6: very, 

very light to 20: maximal exertion; Borg, 1982), perceived thermal sensation (RPTS; 4: 

very hot to -4: very cold; Roberts, 1959) and perceived thirst (ratings from 1: not thirsty 

at all to 9: very, very thirsty; Maresh et al., 2001) were recorded. The aPOMS 

questionnaire was completed post-TTF in the heat. Following this, participants’ towel 

dried and nude body mass was recorded to estimate sweat loss (pre-exercise body mass – 

post-exercise body mass + fluid ingested).   
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5.2.4 Cooling Procedures and Control 

Participants completed three conditions in a counterbalanced order. The cooling 

procedure for crushed ice + menthol (MIX) involved the ingestion of 7 g∙kg-1 of crushed 

ice (-0.3 ± 0.3 °C) separated into 3 equal parts over the 30 min precooling period, 

followed by intermittent swilling of a menthol solution upon entry to the heat, at the 15 

and 30 min point of each running block and prior to the TTF run. For water + menthol 

(MENTH), 7 g∙kg-1 of water was ingested during the precooling period (32.4 ± 0.9 °C), 

followed by the menthol procedure. For the control condition (CON), water was ingested 

during the precooling period (32.4 ± 1.0 °C) and water was swilled during exercise (33.6 

± 0.7 °C). The menthol solution was made from menthol crystals (Mentha Arvensis; New 

Directions, Sydney, Australia) dissolved in ethanol to produce a 5 % menthol solution 

(i.e., 50 g menthol per L of ethanol). Ethanol was used as a solvent to ensure thorough 

dilution of menthol throughout the solution, avoiding a film forming or any clumping of 

partially dissolved menthol crystals. The ethanol-menthol solution was then diluted in 

distilled water at a concentration of 0.1 %, which is the concentration recommended by 

Best et al. (2018) based on subjective perception of smell, taste, freshness, mouth feel and 

irritation. Participants swilled the menthol solution (25 ml; 33.4 ± 0.5 °C) for 5 seconds 

before spitting it into a bucket each time it was administered. 

 

5.2.5 Cognitive Tasks 

The cognitive tasks were initially completed in the lab upon arrival, then after precooling 

in the heat chamber (before the start of run), and after every 30 min of running. The 

cognitive tasks were completed with participants standing still and performed on a laptop 

(Apple Macbook Pro; 13", Cupertino, CA, USA) placed on a height-adjusted table. Three 

computerised cognitive tasks (~2 min each; Inquisit 4 Lab, Millisecond Software, Seattle, 

USA) were completed in a counterbalanced order between participants.  
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Choice reaction time (CRT) - An 8-CRT task was used to measure decision making by 

reporting accuracy (number of errors) and latency (reaction time). Participants were 

required to press the corresponding key when one of the eight options changed from white 

to red on the display.  

 

Serial Sevens (S7) - A continuous subtracting task utilised as a measure of working 

memory, with accuracy (number of errors) and number of responses reported. Participants 

were given a randomly generated 3 digit number between 900-999 and asked to subtract 

7 as often as possible within a 2 minute period. Participants entered their solution by 

selecting digit buttons 0-9 with the mouse with correct solutions based on the last entered 

number (whether or not that response was correct).  

 

The colour multi-source interference task (cMSIT) - A measure of executive control, with 

accuracy (number of errors) and latency (reaction time) reported. Participants were 

presented stimuli consisting of 3 digits (i.e. 1, 2 or 3 or 1 digit and 2 X's; control) printed 

in black, green or red, with differences in the target font size (small vs. large) and in 

colour congruency (colour-congruent vs. colour-incongruent) as distracting factors.  

Multiple sources of interference are used to distract participants, requiring greater 

attentional processes for task inhibition. Participants were asked to press a response 

button (1, 2, 3) to report which digit was the different number. 

 

5.2.6 Statistical Analysis 

The study used a repeated-measures design, applied in a counterbalanced order. The order 

of the cognitive tasks were counterbalanced between participants and controlled within. 

Analysis was performed using Statistical Package for the Social Sciences (IBM Corp. 

Released 2017. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM 
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Corp) with statistical significance determined by an alpha level of p ≤ 0.05. Repeated 

measures analysis of variance (ANOVA) was used to assess differences in variables 

between trials. Where appropriate a paired sample t test was then used to identify any 

changes. Analysis was also performed using Cohen’s d effect sizes with 90% confidence 

intervals (CI) whereby ≥ 0.8 was categorised as a large effect, 0.5–0.79 was a moderate 

effect and 0.49 or lower was a small effect (Cohen, 1988). Only moderate and large 

effects are reported.  

 

5.3 Results  

Measurements of Tcore, Tskin and Tbody are presented in Figure 1. For Tcore, a significant 

interaction effect was present between conditions (p < 0.0001) with MIX significantly 

lower than MENTH (20 min precooling to 40 min run) and CON (10 min precooling to 

40 min run) (p £ 0.05). The reduction in Tcore at the conclusion of precooling was greater 

in MIX (-0.7 ± 0.2 °C) compared with MENTH (-0.1 ± 0.2 °C) and CON (-0.1 ± 0.1 °C) 

(p < 0.0001). There was no significant difference between conditions for Tsk (p = 0.222). 

For Tbody, a significant interaction effect was present between conditions (p < 0.0001) 

with MIX significantly lower than MENTH (20 min precooling to 30 min run) and CON 

(10 min precooling to 20 min run).  

 

Measurements of Thead and Ttymp are presented in Figure 2. For Thead, a significant 

interaction effect was present between conditions (p < 0.0001). The reduction in Thead at 

the conclusion of precooling was significantly lower in MIX (-0.8 ± 0.3 °C) compared to 

MENTH (+0.3 ± 0.4 °C) and CON (+0.4 ± 0.3 °C) (p < 0.0001). The Thead during MIX 

remained lower than MENTH and CON from 10 min PC to 20 min of the run (p £ 0.05). 

For Ttymp, a significant interaction effect was present between conditions (p < 0.0001). 

After precooling, Ttymp significantly decreased in MIX (-0.8 ± 0.3 °C) compared to 
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MENTH (0.0 ± 0.3 °C) and CON (+0.1 ± 0.3 °C) (p £ 0.0001). For Ttymp, MIX remained 

lower than MENTH and CON from 20 min PC to 10 min of the run (p £ 0.05). 

 

Figure 3 illustrates cognitive performance. For cMSIT accuracy, an interaction was 

present with CON errors increasing over time compared to MIX (p < 0.0001). After 110 

min (CON 9.00 ± 3.84, MIX 6.08 ± 2.07, p = 0.011, d = 0.95, 0.21-1.62 90% CI) and 

TTF (CON 8.50 ± 4.54, MIX 5.33 ± 3.26, p = 0.011, d = 0.80, 0.08-1.47 90% CI), a 

significant difference between conditions was present, with significantly fewer errors 

with MIX compared to CON. An interaction effect or effect size was not present between 

MENTH cMSIT compared to MIX (p = 0.955; d < 0.5), and, although a global interaction 

effect was present between MENTH and CON (p = 0.016), no significant differences 

occurred at individual time points. A time effect was present for all conditions for cMSIT 

latency (p = 0.018), where responses were made more quickly, but this was not based on 

condition (p = 0.611).  

 

For CRT accuracy, a time effect was present between all conditions indicating more errors 

were made over time (p = 0.001). For CON and MIX, a non-significant (p = 0.186) 

moderate effect size was present after 110 min (CON 10.33 ± 5.35, MIX 8.00 ± 3.44 d = 

0.52, 0.18-1.18 90% CI) and TTF (CON 12.08 ± 6.53, MIX 9.17 ± 3.43 d = 0.56, 0.14-

1.22 90% CI). The MENTH CRT accuracy was not significantly different to MIX (p = 

0.660) or CON (p = 0.733). No significant differences were present between all conditions 

for CRT latency (p = 0.761) and a time effect was not present (p = 0.100).  

 

For S7 accuracy, the interaction between CON and MIX was not significant (p = 0.689), 

but a moderate effect size was present between MIX and CON after 110 min (CON 7.19 

± 7.57, MIX 4.11 ± 3.40 d = 0.52, 0.18-1.19 90% CI) and TTF (CON 7.25 ± 6.44, MIX 
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4.41 ± 4.76 d = 0.50, 0.20-1.17 90% CI). The S7 task during MENTH was not different 

to MIX (p = 0.939) or CON (p = 0.910). For S7 response rate, a significant time effect 

was present between conditions (p < 0.0001) however this was not based on condition (p 

= 0.123). 

 

A significant interaction effect was present between trials for the TTF run (p = 0.003). 

Post hoc tests found that MENTH (p = 0.020) and MIX (p = 0.001) TTF duration were 

significantly longer than CON, respectively 34.38 % and 39.06 % (Figure 4). No 

significant difference was present for TTF between MENTH and MIX (p = 0.618; Figure 

4). 

 

For TMD, a significant time effect (p < 0.0001) and interaction effect (p = 0.004) was 

present between groups. The TMD was not different between conditions upon arrival (p 

= 0.987). Post-TTF MIX (3.58 ± 6.57) had a significantly lower TMD than both CON 

(13.5 ± 10.15; p = 0.008) and MENTH (11.83 ± 5.98; p = 0.002), but CON and MENTH 

were not different (p = 0.489). Follow-up tests found that TMD post-TTF with MIX 

significantly improved measures of tension, depression and confusion compared to CON 

and MENTH (p £ 0.05), but was not significantly different for anger, fatigue, esteem and 

vigor (p > 0.05).  
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Figure 5.1: Mean (± SD) core temperature, skin temperature and body temperature 

throughout the precooling period (PC), steady state run and post time to fatigue (TTF). 

Grey shading denotes running. 

* CON significantly different from MIX (p ≤ 0.05)  

+ MENTH significantly different from MIX (p ≤ 0.05)  
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Figure 5.2: Mean (± SD) forehead temperature and tympanic temperature throughout 

the precooling period (PC), steady state run and post time to fatigue (TTF). Grey 

shading denotes running. 

* CON significantly different from MIX (p ≤ 0.05) 

+ MENTH significantly different from MIX (p ≤ 0.05) 
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Figure 5.3: Mean (± SD) Colour Multi-Source Interference Test (cMSIT) accuracy and 

latency, 8-Choice Reaction Time (CRT) accuracy and latency and Serial Seven (S7) 

accuracy and response rate. 

* CON significantly different from MIX (p ≤ 0.05)  

# Significant time effect compared to arrival and start run (p ≤ 0.05) 

+ Moderate effect size between CON and MIX (d = 0.50-0.79) 
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Figure 5.4: Mean (± SD) time to fatigue (TTF) performance.  

* Significantly different from CON (p ≤ 0.05) 
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remained lower than CON until 10 min of exercise (p ≤ 0.05). For perceived thirst, a 

significant interaction effect was present between MIX and CON (p < 0.0001), but a 

significant interaction was not present between MENTH and CON (p = 0.089) or MIX (p 

= 0.088). No significant differences were present between conditions for RPE (p = 0.099) 

or HR (p = 0.374).  
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Table 5.1: Mean (± SD) heart rate (HR), Rating of Perceived Thermal Sensation (RPTS), Perceived Thirst and Rating of Perceived 

Exertion (RPE) during precooling (PC), throughout the steady state run, pre-time to fatigue (TTF) and post-TTF. 

* Significantly different from CON (p ≤ 0.05) 

+ Significantly different from MIX (p ≤ 0.05) 

     Time (min) 

   Run 1 Run 2 Run 3   

Variable Start PC End PC Start Run 10 20 30 40 50 60 70 80 90 100 End Run Pre-TTF Post TTF 

HR(beats.min-1)                 

CON 63 ± 7 61 ± 8 116 ± 16 136 ± 11 143 ± 11 150 ± 10 125 ± 11 149 ± 9 155 ± 10 159 ± 10 139 ± 9 158 ± 10 162 ± 11 168 ± 10 127 ± 21 173 + 15 

MENTH 66 ± 8   64 ± 10 114 ± 11 138 ± 11 144 ± 12 153 ± 12 128 ± 9 154 ± 12 159 ± 13 163 ± 12 140 ± 10 160 ± 11 165 ± 9 168 ± 9 130 ± 21 176 ± 10 

MIX 63 ± 7 62 ± 9 108 ± 15 131 ± 12 143 ±12 150 ± 13 125 ± 14 152 ± 13 159 ± 12 162 ± 13 135 ± 15 158 ± 10 163 ± 10 167 ± 9 132 ± 16 174 ± 10 

RPTS                 

CON -0.3 ± 1.1 -0.4 ± 1.0+ 1.4 ± 0.7+ 2.0 ± 0.6+ 2.1 ± 0.7 2.3 ± 0.8 1.5 ± 0.9 2.3 ± 1.0 2.5 ± 0.9 2.8 ± 0.9 2.3 ± 0.9 2.8 ± 0.8 3.0 ± 0.8 3.4 ± 0.7 2.4 ± 1.2 3.2 ± 0.9 

MENTH -0.3 ± 0.9 -0.4 ± 0.8+ 1.3 ± 0.6 1.8 ± 0.7 2.0 ± 0.5 2.4 ± 0.8 1.7 ± 1.1 2.5 ± 0.8 2.7 ± 0.7 2.9 ± 0.7 2.2 ± 1.1 2.8 ± 0.9 3.2 ± 0.7 3.3 ± 0.8 2.3 ± 1.2 3.0 ± 0.7 

MIX -0.2 ± 1.1 -2.6 ± 0.9 0.8 ± 0.9 1.5 ± 0.7 2.0 ± 0.7 2.3 ± 0.8 1.4 ± 0.8 2.3 ± 0.7 2.6 ± 0.8 2.7 ± 0.8  2.1 ± 0.8 2.6 ± 0.8 2.9 ± 0.8 3.2 ± 0.6 2.3 ± 0.9 3.0 ± 0.6 

Thirst                 

CON 1.9 ± 0.9 1.3 ± 0.5 1.8 ± 0.8 2.2 ± 1.0 2.8 ± 1.5  3.2 ± 1.6  2.9 ± 1.3 3.4 ± 1.4 4.4 ± 1.9 4.8 ± 2.1 4.3 ± 2.1 5.5 ± 2.1 5.9 ± 2.4 6.6 ± 2.3 6.0 ±2.8 6.3 ± 2.9 

MENTH 1.7 ±1.2 1.1 ± 0.7 1.6 ± 0.7 2.2 ±1.2 2.4 ± 1.0 2.7 ± 1.1 2.3 ± 1.0  3.1 ± 1.2 3.8 ± 1.6 4.2 ± 1.9 3.5 ± 2.1 4.8 ± 2.3 5.7 ± 2.2 5.8 ± 2.6 5.3 ± 2.6 6.7 ± 2.5 

MIX 2.1 ± 1.3 1.2 ± 0.6 1.5 ± 0.8 1.8 ± 1.1 2.1 ± 1.2 2.4 ±1.0* 2.3 ± 1.1 3.5 ± 1.6 3.8 ± 1.9 3.6 ±1.9* 3.4 ± 1.4 4.3 ±2.1* 4.8 ± 2.1* 5.6 ± 2.2* 4.6 ± 2.6* 6.2 ± 2.2 

RPE                 

CON   10 ± 1 11 ± 2 12 ± 2 13 ± 2 11 ± 2 13 ± 2 13 ± 2 14 ± 3 13 ± 3 14 ± 2 15 ± 3 17 ± 3  19 ± 1 

MENTH   9 ± 1 11 ± 1 12 ± 1 13 ± 2 11 ± 2 13 ± 2 14 ± 2 15 ± 3 13 ± 3 15 ± 2 16 ± 2 17 ± 2  19 ± 0.6 

MIX   9 ± 1 11 ± 2 12 ± 2 13 ± 2 10 ± 1 13 ± 2 14 ± 2 15 ± 2 13 ± 2 14 ± 2 15 ± 2 16 ± 2  20 ± 1.0 
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No significant differences between conditions for sweat loss (CON 2.9 ± 0.7 kg, MENTH 

2.9 ± 0.7 kg, MIX 2.7 ± 0.6 kg; p = 0.084) and USG (CON 1.013 ± 0.007 g∙mL-1, MENTH 

1.011± 0.004 g∙mL-1, MIX 1.009 ± 0.004 g∙mL-1; p = 0.324) were recorded. 

 

5.4 Discussion 

This study found that MIX lessened the performance decline in cognitive function 

compared to CON and improved mood state in comparison to CON and MENTH in hot 

and humid conditions. Although MENTH was not beneficial nor detrimental to cognitive 

performance and mood, TTF duration improved with MENTH and MIX compared to 

CON. The reductions in Tcore (-0.7 °C), Thead (-0.8 °C) and Ttymp (-0.8 °C) with crushed 

ice ingestion are similar to that seen in previous studies (Saldaris, Landers, & Lay, 2019a; 

Saldaris, Landers, & Lay, 2019b; Saldaris et al., 2019; Zimmermann et al., 2017). 

 

A significant improvement was recorded in executive control (cMSIT) accuracy with 

MIX compared to CON at 110 min and post-TTF. Also, non-significant moderate 

improvements were found in decision making (CRT) and working memory (S7) accuracy 

between MIX and CON at 110 min and post-TTF. The beneficial effect of ice ingestion 

on cognitive function may be attributed to a lower Tcore, Thead, Ttymp and thermal sensation 

found earlier in exercise, as supported by Saldaris, Landers & Lay (2019b). The reduced 

Tcore and cerebral temperatures (Thead and Ttymp) in the early stages of exercise created a 

heat sink which may act as a thermal buffer, delaying the deleterious effects of exercise 

in the heat on cognitive function (Saldaris, Landers, & Lay, 2019b). Furthermore, ice 

ingestion has been reported to stimulate thermoreceptors in oral and abdominal regions 

(Siegel & Laursen, 2012; Villanova et al., 1997), which can stimulate the reward/pleasure 

centres in the frontal cortex of the brain, leading to an increase in central drive and 

motivation (Guest et al., 2007; Siegel & Laursen, 2012), which may benefit cognitive 
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function during exercise in heat stress.  

 

The MIX condition also satiated perceived thirst compared to CON throughout exercise 

when menthol swilling was applied. This can likely be attributed to the stimulation of 

sensory nerves on the tongue and oropharyngeal region with a combination of precooling 

with ice and midcooling with menthol, resulting in thirst inhibition even though the same 

amount of water was ingested as CON. Satiating thirst may reduce the likelihood of 

gastrointestinal distress associated with ingesting large volumes of liquid during exercise, 

particularly when running (Lambert et al., 2008). Furthermore, Edmonds et al. (2013) 

suggested that perceived thirst rating can be a factor that affects cognitive function, with 

higher thirst ratings reported to induce slower reaction times, tiredness and tense feelings, 

whether or not water was ingested during the trial. Although satiation of thirst may be 

beneficial, caution must be taken when administering crushed ice and menthol to athletes 

exercising in the heat, due to the potential development of dehydration. 

 

Total mood disturbance was reduced with MIX compared to MENTH and CON, in 

particular ratings of tension, depression, and confusion. Neuroimaging techniques have 

identified an overlap of brain regions in which activity is modulated by both mood and 

cognition (Phan et al., 2002), as such mood changes impact cognitive function (Chepenik 

et al., 2007; Levin et al., 2007). This is supported by the current study as MIX was 

beneficial to both cognition and mood, suggesting that there may be an interaction 

between the two factors. Negative mood disturbances are common in hot conditions  and 

have been associated with poorer cognitive function (Holland et al., 1985; Howarth & 

Hoffmann, 1984; Zhang et al., 2014), which is supported by the current study. Mood 

deterioration during exercise in the heat has been suggested to directly be due to the 

effects of high brain temperature and negative perception of the heat (Holland et al., 1985; 
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Zhang et al., 2014). As MIX led to reduced Thead, Ttymp and thermal sensation, it may 

explain why ice ingestion would be beneficial for mood state in the heat.  

 

Although not detrimental, MENTH did not have a beneficial effect on cognitive function 

or mood during exercise in the heat. Menthol is a non-thermal cooling method therefore 

does not have an impact on body temperature, however the current study also found it did 

not have an effect on perceived thermal sensation, exertion or thirst. In contradiction, 

previous studies have associated menthol swilling with improved perceptual ratings in 

the heat (Flood et al., 2017; Mundel & Jones, 2010; Stevens et al., 2016). The lack of 

impact of menthol swilling on perceptual ratings in the current study could be due to the 

swilling solution not being cooled (33.4 °C), which allowed for the investigation of the 

solution in a practical scenario where refrigeration was not available. It has previously 

been reported that swilling cold fluids (5 °C) is perceived as more pleasant when 

compared to a warm (50 °C) solution, with some of the same brain regions involved in 

detecting temperature and sensing pleasantness (Guest et al., 2007). As such, the 

importance of the menthol solution temperature may be evident for the activation of 

thermoreceptors in the mucosal surface, which may not be adequate with a thermally 

warmed menthol solution.  

 

Improvements were found in TTF with both MENTH and MIX compared to CON, with 

no further benefits seen in MIX. In the current study menthol was swilled intermittently 

throughout steady state exercise and prior to the TTF run. This finding supports previous 

studies where menthol swilling has shown to improve exercise performance in the heat 

(Flood et al., 2017; Jeffries et al., 2018; Mundel & Jones, 2010; Schlader et al., 2011; 

Stevens et al., 2016). Similar to the current study, Jeffries et al. (2018) found that swilling 

menthol in the latter stages of an exhaustive cycle improved TTF performance compared 
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to a placebo swill. Improved exercise performance with menthol swilling has previously 

been attributed to improved perceptual ratings in the heat (Flood et al., 2017; Mundel & 

Jones, 2010; Stevens et al., 2016), however, in the current study MENTH did not have an 

effect on perceived, thermal sensation, exertion or thirst ratings. Although perceptual 

improvements were not found with MENTH in the current study, a significantly longer 

TTF run was present which suggests that menthol swilling may induce psychological 

benefits beyond the subjective perceptions explored. For example, oral administration of 

menthol has been shown to cause a sensation of improved airflow without actual changes 

in airway resistance and is therefore commonly used as a decongestant (Eccles et al., 

1990). Furthermore, the sensations conferred to menthol swilling may act as a novel 

distractor from physiological and thermal stresses, resulting in a longer TTF run (Jeffries 

et al., 2018), however this theory requires further investigation. As such, it is feasible that 

the actions of menthol swilling may be more complex than previously postulated in sports 

performance literature. Although beneficial for exercise performance, menthol swilling 

should be applied with caution due to the potential danger of thermal mis-regulation 

during extended periods of exercise in the heat. 

 

5.5 Perspective 

As supported by Saldaris, Landers & Lay (2019b), the physical and perceptual responses 

with crushed ice ingestion may improve cognitive accuracy and, furthermore, lessen 

mood disturbance in the heat. Mechanisms of improvement with ice ingestion may be due 

to reduced Tcore, internal head temperature and thermal sensation in the earlier stages of 

exercise, which may act as a thermal buffer. Ice ingestion may also activate 

thermoreceptors responsible for the reward/pleasure centres of the brain (Siegel & 

Laursen, 2012), leading to an increase in central drive and motivation (Guest et al., 2007). 

The MIX condition also resulted in satiation of thirst which may have also influenced 
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improvements in cognitive function compared to CON. The maintenance of cognitive 

function and a positive mood in the heat is a matter of important consideration for safety 

and success in sporting situations. Although MENTH did not impact perceived thermal 

sensation, exertion or thirst, TTF was longer compared to CON and no further 

improvement was seen with the addition of precooling with crushed ice ingestion. This 

finding suggests the importance of psychological factors for the enhancement of exercise 

performance in the latter stages of a sporting event. Therefore, menthol swilling may be 

beneficial for athletes trying to maintain exercise performance when fatigued. It may be 

advantageous for future studies to include a precooling via ice ingestion only condition 

to further explore factors affecting exercise in the heat. Also, further research is warranted 

to investigate the psychological factors of menthol application, such as the distraction 

from stressful thermal and physiological cues, for the improvement of exercise 

performance in the heat. 
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Summary and Conclusions 
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6.0 Summary  

At the commencement of this PhD, it was well documented that hot and humid conditions 

negatively affected exercise performance (Peiffer & Abbiss, 2011; Tatterson et al., 2000), 

with cooling strategies such as crushed ice ingestion reporting to be beneficial (Ihsan et 

al., 2010; Siegel et al., 2010). Along with exercise performance, cognitive function was 

emerging as an important area in sport performance that, like physiological performance, 

can reduce with exercise induced hyperthermia (Maric et al., 2015). Exercise in hot and 

humid conditions can increase core temperature (Tcore) and brain temperature (Tbrain) 

beyond optimal limits as well as perceived thermal sensation and effort compared to 

thermoneutral conditions (Hocking et al., 2001; Walters et al., 2000). Precooling via 

crushed ice ingestion has shown to significantly decrease Tcore, Tbrain and thermal 

sensation (Onitsuka et al., 2018; Zimmermann et al., 2017). As a result, crushed ice 

ingestion has previously been shown to improve endurance exercise performance 

(Saldaris, Landers and Lay, 2019; Siegel et al., 2010). Importantly, evidence concerning 

the effect of ice ingestion on cognitive function during exercise remains limited.  

 

Prior to the current thesis, Saldaris, Landers and Lay (2019) found ice ingestion improved 

cycle time trial performance but did not have a significant effect on four-choice reaction 

time (cognitive performance improved both with and without precooling). Therefore, it 

was concluded that the cognitive task may not have been of sufficient complexity to 

mediate a decline in cognitive performance during the short-term heat exposure. 

Cognitive task complexity plays a role in cognitive outcomes, with tasks requiring greater 

cognitive effort affected prior to simple tasks (Piil et al., 2017). In our study (Saldaris, 

Landers and Lay, 2019), a moderate effect size was present at the end of the cycle time 

trial, suggesting that decision making was getting faster when precooled with ice 



 

 154 

ingestion compared to water ingestion and, as such, a longer exercise protocol may be 

required.  

 

Precooling with crushed ice ingestion has continually shown to be beneficial for exercise 

performance in hot and humid conditions. However, there is a gap in the literature 

regarding the effect of crushed ice ingestion on cognitive function during exercise in the 

heat. If ice ingestion successfully mitigates the negative effect of the heat on cognition, 

this cooling method would be advantageous for multiple components of sporting 

performance. Therefore, this thesis aimed to investigate the effect of internal cooling on 

cognitive function in the heat. Three studies further investigated this central aim. 

 

The first study in this thesis (Chapter 3) examined the effect of precooling via crushed 

ice ingestion on forehead skin temperature (Thead) and core temperature (Tcore) during 

exercise in the heat and whether it had an effect on four-choice reaction time (CRT). A 

non-invasive measure of Tbrain during exercise in the heat is not currently available. 

Therefore, Thead was utilised as an indirect index of internal head temperature, as utilised 

by Onitsuka, Zheng and Hasegawa (2015) and supported by Onitsuka et al. (2018). 

Crushed ice ingestion is an internal precooling method that cools from the inside out and 

because Thead is an external skin temperature measure located on the forehead, it 

quantifies the net effect of conductive cooling via ice ingestion. The Thead measure would, 

however, not be suitable for use during external cooling strategies that come into contact 

with the skin thermistor (i.e. face spray, cooling helmet). Study 1 demonstrated that 7 

g·kg-1 crushed ice ingestion reduced pre-exercise Thead by 0.8 °C, which is greater than 

that found by 7.5 g·kg-1 ice slushy (ice + water mixture) in 15 min (-0.4 °C; Onitsuka et 

al., 2015). The greater amount of phase change required with the ingestion of crushed ice 

may lead to a larger potential for conductive cooling from mouth to brain and, 
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furthermore, the longer precooling period (30 min) may allow a greater opportunity for 

heat transfer to occur. Measures of Thead remained lower with ice ingestion compared to 

water ingestion from 20 min of precooling until 20 min of exercise. For Tcore, post 

precooling with ice ingestion was significantly reduced (-0.9 °C) compared to water 

ingestion (-0.2 °C), and thermal sensation was lower after ice ingestion compared to 

water. Although reductions in Thead, Tcore and thermal sensation were seen, improvements 

were not evident in the 8-CRT task with ice ingestion compared to the control condition, 

as CRT improved throughout the cycle for both conditions. This may be a result of Tcore 

not rising to detrimental levels which, although a limitation to Study 1, is an interesting 

finding that supports previous literature (Provins, 1966; Tomporowski, 2003). It has been 

suggested that cognitive function during exercise in the heat is generally reduced above 

a Tcore of 38.5 °C, especially for complex cognitive tasks. 

 

The second study of this thesis (Chapter 4) investigated the performance of different 

cognitive tasks during exercise induced hyperthermia (Tcore > 38.5 °C) when precooled 

with ice or thermoneutral water ingestion. The cognitive functions that were the focus of 

this study were decision making, working memory and executive control as they are all 

important during many sporting situations for both athletes and umpires. It was concluded 

that crushed ice ingestion significantly reduced Tcore, Thead, Ttymp, Tbody and thermal 

sensation, leading to an increased quality of decision making and working memory in the 

heat compared to water ingestion both upon entry to the heat and after 90 min of running. 

Improved cognitive performance was revealed by greater accuracy whilst maintaining a 

fast reaction time (decision making) or response rate (working memory). It is possible 

that rather than faster neural processing, the faster reaction time in the decision making 

task and greater number of responses in the working memory task at 90 min of the run 

compared to arrival may be associated with adopting a more risky response disposition 
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(Colquhoun & Goldman, 1972) and, therefore, increasing errors for the control condition 

(precooling via water ingestion). In a sporting context, irrational and impulsive decision 

making could lead to unsuccessful outcomes due to increased errors. Furthermore, 

maintaining working memory affords athletes and referees a greater ability to control 

attention whilst inhibiting distracting information such as, crowd noise, pressure and heat 

(Bijleveld & Veling, 2014; Furley & Memmert, 2010), thus improvements can create a 

competitive edge over the opposition. 

 

In the second study, decision making and working memory improved with ice ingestion 

compared to water ingestion, immediately after entering the heated climate chamber, 

before any exercise was completed. This finding is supported by Epstein et al. (1980) 

who reported that psychomotor performance can deteriorate even before physiological 

parameters are impaired due to feelings of discomfort, causing a shift in attention from 

the primary task (Teichner, 1958). The improvement in cognitive function prior to large 

increases in Tcore and internal head temperature, suggests the initial importance of a lower 

thermal sensation to reduce distraction of the heat when completing the cognitive tasks. 

As such precooling with crushed ice ingestion may allow for an athlete to place more 

attention on the primary cognitive task, which can be advantageous at the start of a 

sporting event. Furthermore, improvements in decision making and working memory 

were evident with ice ingestion compared to water ingestion after 90 min of running; 

however, physiological parameters were similar between conditions. The cause of this 

improvement may be due to a number of reasons and, therefore, requires further 

investigation. Firstly, the initial reductions in Tcore (-0.8 °C), Thead (-0.5 °C) and Ttymp (-

0.8 °C) with ice ingestion created a heat sink which may act as a thermal buffer and, 

therefore, lead to a lag in deleterious effects of cognitive function in the heat. 

Furthermore, ice ingestion has shown to impact thermoreceptors in oral and abdominal 
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regions which stimulates the frontal lobe of the brain pertaining to motivation and central 

drive (Siegel et al., 2012; Villanova et al., 1997). Alternatively, it has previously been 

suggested that cooling masks the true state of the body (Tyler & Sunderland, 2011) and, 

thus, may delay the point at which cognitive decrements occur. As a result, subjective 

perception of the heat may be an important factor contributing to cognitive function and 

should be further investigated. Also, underlying psychological processes with cooling 

should be explored, such as mood state, with disturbances seen in irritability, hedonic 

tone and tension reported in the heat (Holland et al., 1985; Zhang et al., 2014). 

 

This led to the third study (Chapter 5) of this thesis, which investigated the effect of 

internal thermal and perceptual cooling strategies on cognitive function, total mood 

disturbance (TMD) and time to fatigue (TTF) in the heat. The aim of Study 3 was to 

determine whether the mechanism of cognitive improvement with cooling is related to 

physical reductions in body temperature (Tcore and internal head temperature) or lower 

perceived sensations in the heat. By examining the perceptual cooling strategy menthol 

swilling, it allowed for the investigation of a cooling method with an alternative 

mechanism of action to crushed ice ingestion. Unlike ice ingestion, menthol swilling is a 

non-thermal midcooling strategy that does not reduce body temperature, instead targeting 

the cold receptors in the mucosal surface to elicit the sensation of freshness and coolness 

(Eccles, 2000; Mckemy et al., 2002). Menthol swilling has previously shown to improve 

exercise performance in the heat (Flood et al., 2017; Mundel & Jones, 2010); however, 

the effect on cognitive function has not been investigated.  

 

Study 3 found that precooling via crushed ice ingestion combined with midcooling by 

intermittent menthol swilling (MIX) lessened the performance decline in cognitive 

function when compared to CON (precooling with water ingestion + midcooling by 
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placebo swilling) in hot and humid conditions. However, intermittent menthol swilling 

alone (precooling via water ingestion + midcooling via menthol swilling; MENTH) was 

not beneficial nor detrimental to cognitive performance in the heat. Along with enhanced 

cognitive function, this study found that MIX led to improvements in TMD compared to 

MENTH and CON, in particular tension, depression, and confusion. As there is an 

overlap in brain regions that involve cognition and mood (Phan et al., 2002), mood state 

can impact cognitive function, with negative effects arising from poor mood (Chepenik 

et al., 2007). Therefore, reduced TMD with MIX compared to CON and MENTH could 

be a contributing factor to enhanced decision making, working memory and executive 

control. Improvements in mood state may allow an athlete to control their emotions in the 

heat, which can be beneficial during decisive moments and important matches. For 

example, maintaining a positive mood state can be crucial in a tennis match, as no matter 

how skilled and physically fit the athlete, emotional breakdowns during significant 

matches and close calls can compromise success. 

 

The beneficial effect of MIX on cognitive function and mood is partly attributed to the 

reduced Tcore, internal head temperature and thermal sensation in the early stages of 

exercise with ice ingestion, acting as a thermal buffer by delaying deleterious effects of 

cognitive performance in the heat, as supported by Study 2. Brain activity as a result of 

increased Tcore and Tbrain during exercise in the heat can be reduced, reflecting a reduced 

state of arousal (Nielsen et al., 2001), which may be counteracted with precooling. The 

reduction in internal head temperature may delay the need for heat release from the brain, 

which can be inadequate during prolonged exercise in the heat (Nybo et al., 2002). Also 

in agreement with Study 2, it seems plausible that the stimulation of oral and abdominal 

thermoreceptors with ice ingestion positively impacts cognitive function and mood. 

Finally, with MIX, thirst perception was lower than CON throughout exercise when 
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menthol was swilled. Satiation of thirst has previously been reported to induce faster 

reaction times as well as improvements in feelings of tiredness and tension when 

compared to individuals who felt thirsty. Satiation, therefore, may be beneficial for 

cognitive function and mood (Edmonds et al., 2013). Menthol only (MENTH) did not 

improve ratings of perceived thermal sensation, exertion and thirst, which is in contrast 

to findings of previous research. The menthol solution was not cooled in Study 3, perhaps 

resulting in the lack of effect on perceptual measures. This raised the question whether 

menthol swilling is beneficial for subjective sensations or if simply swilling a cold 

solution may be sufficient.  

 

For exercise performance in the third study, MENTH and MIX improved TTF run time 

compared to CON, with no differences between MIX and MENTH. This result suggests 

that there may be a different pathway to improvement for exercise and cognitive function. 

Intermittent swilling of a menthol solution did not lead to reduced perceived thermal 

sensation, exertion or thirst compared to CON, however improvements were still seen in 

TTF duration. In the current study menthol was swilled intermittently throughout steady 

state exercise and prior to the TTF run. It was concluded, therefore, that menthol may 

induce psychological processes not investigated in the current study. For example, oral 

administration of menthol has been shown to cause a sensation of improved airflow 

without actual changes in airway resistance and is therefore commonly used as a 

decongestant (Eccles et al., 1990). Furthermore, menthol swilling may be a novel 

distraction from thermal stress through the sensations and taste of the swill, as supported 

by Jeffries, Goldsmith and Waldron (2018). It is therefore feasible that the actions of 

menthol swilling may be more complex than previously postulated in sports performance 

literature, and therefore requires further investigation.  

 



 

 160 

6.1 Conclusions 

These three investigations combined, provide evidence to support the use of precooling 

with crushed ice ingestion for enhanced cognitive function and psychological (mood 

state) control during prolonged exercise in hot and humid conditions. The first 

investigation found crushed ice ingestion significantly reduced Thead and Tcore using a 

constant workload protocol. Also, Study 1 identified that crushed ice ingestion may be a 

better alternative to ice slushy ingestion as it has the potential for greater conductive 

cooling. Although temperature reductions were seen with ice ingestion compared to water 

ingestion, there were no benefits in 4-CRT. In fact, improvements were seen in 4-CRT 

for both conditions, possibly due to Tcore not reaching a critical temperature for reductions 

to become evident. From here, the second investigation (Chapter 4) demonstrated that 

with a steady state running protocol, precooling with ice ingestion improved decision 

making and working memory compared to water ingestion upon exposure to the heat. 

This led us to question whether the reduction in body temperature is an important factor 

for cognitive improvement, or if feeling better in the heat is effective? Furthermore, ice 

ingestion enhanced decision making and working memory after 90 min of running 

compared to water ingestion, even though physiological factors were the same after 30 

min of exercise. Again, the question was raised as to the mechanism of cognitive 

improvement. The third study (Chapter 5) confirmed the benefit of cognitive function 

after precooling with ice ingestion compared to water ingestion, however the perceptual 

cooling method, menthol swilling, was not beneficial or detrimental to cognition. 

Furthermore, mixed cooling reduced TMD compared menthol swilling and water 

ingestion, which may be a contributing factor to enhanced decision making, working 

memory and executive control due to the overlapping of brain regions for mood and 

cognition. Similar to Study 2, Study 3 determined that the heat sink created with ice 

ingestion may act as a thermal buffer and delay deleterious effects of cognitive function 
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and mood disturbance. Furthermore, the effect of ice ingestion on oral and abdominal 

thermoreceptors as well as the satiation of thirst with mixed method cooling may 

influence cognitive function and mood. Although menthol swilling alone did not have an 

effect on cognitive and psychological elements, it was deemed a beneficial strategy due 

to improved fatigued exercise performance. The thesis concludes that ice ingestion is 

beneficial for cognitive function and mood improvements during exercise in the heat. 

Menthol was not detrimental to cognitive performance and assisted with improvements 

in TTF, therefore it is possible that combining both physical and perceptual precooling 

and midcooling methods can enhance both cognitive function and exercise performance 

in hot, humid conditions. 

 

6.2 Practical Applications 

Scope for practical application is quite broad due to the steady state, controlled protocols 

in each study. The investigations in this thesis highlight that crushed ice ingestion is an 

effective precooling technique for athletes competing in hot and humid conditions, in 

which Tcore reaches a limiting temperature. The current quantity of crushed ice used (7 

g·kg-1) is adequate to significantly reduce Tcore and internal head temperature, leading to 

improvements in cognitive function and mood in male athletes, which may elicit a 

competitive edge over the opponent. Furthermore, many sports (i.e. soccer, AFL) require 

referees to run a similar distance to the athlete, and as a referee’s role is primarily 

cognitive based, optimising cognitive function in the heat can be considered essential for 

correctly controlling the game. Improved decision making allows athletes and referees to 

maintain an alert and vigilant state in order to make correct, rapid responses in a complex 

and quickly changing environment (Sun et al., 2012; Vestberg et al., 2012). A larger 

working memory capacity affords athletes and umpires a greater ability to control 

attention whilst inhibiting distracting information (Furley & Memmert, 2010). While, 
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executive control is the global cognitive control operator and, therefore, improvements in 

executive control increase the ability to carry out goal-directed behaviour using complex 

mental processes and cognitive abilities (Vestberg et al., 2012). High quality of executive 

control functioning enables athletes to plan and juggle multiple tasks successfully (Sun 

et al., 2012) and regulate thought and action, especially in non-routine situations 

(Friedman et al., 2008). The results in this thesis can also be cautiously applied to 

physically active occupations which spend extended time in the heat, such as firefighters 

and mining workers, where failure to detect dangerous situations can be critical and life-

threatening. 

 

Although intermittent menthol swilling alone was not beneficial nor detrimental to 

cognitive function and mood disturbance, it was a beneficial strategy to improve 

exhaustive exercise performance, with no further significant benefits found when 

combined with ice ingestion. This suggests that menthol swilling can improve exercise 

performance in the heat even towards the end of an event when fatigue levels are high. 

Perceived thermal sensation, exertion and thirst were not reduced with menthol alone 

which suggests other psychological mechanisms are present such as the perception of 

improved airflow or the distraction from physiological and environmental stresses. Such 

a theory requires further investigation to elucidate these psychological processes in detail. 

Alternatively, it is important to not rule out the possibility of a placebo effect with 

menthol swilling as the improved exercise performance was not warranted with 

physiological, perceptual or cognitive benefits compared to control. Inconsequential to 

the mechanism, the ability to improve exhaustive exercise duration provides athletes with 

a competitive edge over the opposition, allowing them to physically push harder for 

longer. By combining the two contrasting cooling methods, the greatest improvement in 
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sporting performance in the heat may be achieved, with both cognitive and exercise 

benefits.  

 

6.3 Limitations and Future Research 

While the results of this dissertation have useful applications in many sporting situations, 

there are limitations that apply. Based on the limitations and findings observed in the 

current research, recommendations are offered for the direction of further research into 

internal thermal and perceptual cooling techniques. 

 

The studies in this thesis utilised Thead as an indirect index of internal head temperature, 

as a direct non-invasive measure of Tbrain is not available for use on humans during 

exercise in the heat. Although Thead is an external measure, crushed ice ingestion is an 

internal cooling method, therefore cooling from the inside out and not coming in contact 

with the skin thermistor. Evidence exists of a relationship between Thead and changes in 

internal head temperature, as supported by Onitsuka, Zheng and Hasegawa (2015). 

Onitsuka et al. (2018) have also reported that ice slushy ingestion resulted in a reduction 

in Tbrain through the use of magnetic resonance spectroscopy; however, such measurement 

could not be utilised during exercise as it requires a participant to remain in a supine 

position. Alternatively, tympanic temperature has previously been determined via the 

method of Nielsen and Jessen (1992) whereby a thermocouple was passed through the 

external auditory canal, the meatus filled and the outer ear covered with cotton. This 

method has noted to cause some level of discomfort and pain, which may act as a 

cognitive distractor and, therefore, introduce an extraneous variable impacting on 

cognitive performance. As such, Ttymp was measured in Study 2 and 3 using the external 

method whereby an ear thermometer was inserted into the external auditory meatus. The 

tympanic membrane has a good blood supply and is warmed by the brain and cooled by 
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blood from branches of the carotid artery (Childs et al., 1999; Meiners et al., 1977). 

Therefore, Ttymp along with Thead was deemed suitable as an indirect measure of internal 

head temperature in the current thesis and may continue to be utilised in future studies. 

Future studies should utilise the same physical, perceptual and psychological measures 

utilised in the current thesis to investigate the application of internal cooling strategies on 

different populations, such as children (who have a lower ability to thermoregulate), 

females and untrained athletes. Crushed ice ingestion is a safe and practical strategy for 

all ages and, therefore, should be further explored in different populations. 

 

In Study 3, a precooling only condition (crushed ice + placebo swill) was not included 

due to the conclusions of Study 2, whereby ice ingestion enhanced cognitive function 

after 90 min of exercise in the heat. This decision did not affect the interpretation of 

cognitive function or mood state findings, which were already established and in 

agreement with Study 2. It is also important to emphasise that the focus of Study 3 was 

to investigate a perceptual cooling method (menthol swilling) on cognitive function, 

which is a contrasting strategy to ice ingestion. However, if the focus of Study 3 was 

exercise performance it would have been required to include a ‘crushed ice ingestion 

only’ condition as it was not explored in Study 2. Past literature has shown improvements 

in exercise performance when precooled with ice ingestion, especially in the latter stages 

of an event. However, Study 3 showed TTF was longer in MENTH and MIX compared 

to CON, but MENTH and MIX were not significantly different from each other. As no 

further benefits were seen with MIX compared to MENTH it was concluded that 

precooling with ice ingestion offered no further benefits to exercise performance when 

combined with menthol swilling. Future studies could further explore the findings in the 

current thesis by comparing the effects of precooling with crushed ice, ice slushy (mixture 

of water and ice) and thermoneutral water ingestion on Tcore, internal head temperature, 
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cognitive function, mood disturbances and exercise performance in the heat. A direct 

comparison was not determined between crushed ice and ice slushy ingestion in the 

current thesis; however, differences were suggested based on comparisons to Onitsuka et 

al. (2015). It would be interesting to further explore the theory that crushed ice ingestion 

may increase conductive cooling potential compared to ice slushy ingestion due to the 

greater level of phase change that is required.  

 

In Study 3, the decision was made to utilise a chamber warmed swilling solution for all 

conditions. The focus of the study was to test the menthol solution in a practical scenario 

in the heat where the solution was not able to be refrigerated. Furthermore, the authors 

wanted to confirm that the results found with the menthol solution were directly related 

to the menthol’s effect on receptors in the mouth, rather than the cold water. It was found 

that menthol swilling did not have an effect on perceptual ratings, which is in 

contradiction to prior research and, therefore, may have been due to the solution not being 

cooled (33.4 °C). It has previously been reported that swilling cold fluids (5 °C) are 

perceived as more pleasant when compared to a warm solution (50 °C), due to the 

activation of brain regions involved in detecting temperature and sensing pleasantness 

(Guest et al., 2007). As such, the importance of the menthol solution temperature may be 

evident for the activation of thermoreceptors in the mucosal surface, which may not be 

adequate with a thermally warmed menthol solution. Further investigations may be 

required including different temperature solutions on cognitive function, mood state and 

exercise in the heat to determine the impact of temperature and menthol solution 

independently. The examination of different menthol swilling temperatures in 

comparison to placebo will identify whether the effect of the swilling solution is a result 

of the temperature, menthol or a combination of the two factors. 
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The studies in the current thesis utilised controlled exercise protocols, which were chosen 

to directly compare performance (cognitive function, mood disturbance and fatigued run 

duration) between conditions. A sport specific exercise protocol was not employed in the 

current thesis as it was deemed an important first step to identify whether a relationship 

was present between the internal cooling strategies and the raft of performance measures 

investigated in this thesis. As a coherent relationship was reported with ice ingestion 

compared to water ingestion for cognition during exercise in the heat, it is now an exciting 

opportunity to extend the current findings to a sporting or occupational context, involving 

specific cognitive applications of decision making, working memory and executive 

control. This thesis provides a grounding for future research by providing an 

understanding of the complex interactions between physical, perceptual and 

psychological mechanisms involved in cognitive and exercise performance. It is now 

recommended that future studies investigate the effect of crushed ice ingestion prior to 

sport specific exercise protocols and cognitive tasks in the heat. Furthermore, it would be 

valuable to explore the benefits of crushed ice ingestion on occupations such as 

firefighters, who are required to work in the heat while in heavy thermo-protective 

uniforms, and mining workers on remote work sites, where cognitive judgements that 

lead to mistakes can be critical. 

 

The initial intention of this thesis involved the investigation of the physical effects of the 

precooling strategy crushed ice ingestion. Throughout the journey of this PhD, however, 

the importance of the interaction between physical, perceptual and psychological 

mechanisms for cognitive function and exercise performance in the heat was uncovered. 

This thesis highlights the importance of the individual contributions and collective 

interactions of these elements, portraying the complexity of humans, which needs to be 

considered in future research.  Prior to the completion of this thesis, exercise performance 
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was the predominant focus of sport science literature. This thesis aimed to emphasise the 

importance of cognitive and psychological elements for a holistic approach to athlete and 

referee performance. The opportunity for future research from the current thesis is vast 

and exciting and, furthermore, the applicability of the findings to the sporting community 

is evident.  
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Email: brendan.lay@uwa.edu.au                  

  
 

The effects of ice ingestion on the body when performing 
steady state exercise in the heat 

Participant Information Form 
 

Purpose 
The following study aims to test the effects of ice ingestion on the body’s response to 
exercise in the heat. 
 
Procedures 
You will be required to attend a total of three testing sessions, which include: two 
experimental trials and one pre-test session. During the pre-test session you will undergo 
a Dual-energy X-ray absorptiometry scan (DEXA) and your height and body mass will 
be recorded. During the DEXA scan you will be required to lie quietly on a scanning bed 
for approximately 6 minutes. During this time a scanning arm will pass over your body 
and your body’s fat, muscle and mass will be determined. Also during this session you 
will complete a maximal oxygen uptake test (VO2max test). This test will involve cycling 
on a cycle ergometer at an initial power output of 100 W with power output increasing 
by 30 W every 3 min. The test will conclude when either: you voluntarily stop or when 
the required power output cannot be maintained for 10 s.  Finally, a choice reaction time 
task will be practiced throughout this session. 
 
The experimental sessions will require you to record and maintain total exercise and 
dietary intake in the 24 hours prior to performing your testing. You will be asked to ingest 
a telemetric body core temperature sensor (pill) 8 hours prior to experimental testing 
sessions. You will be required to maintain your hydration levels 1 hour prior to testing. 
Upon arrival to the laboratory you will provide a urine sample so to determine your 
hydration status prior to testing. If you are classified as dehydrated then testing will be 
postponed until sufficient hydration is acquired (achieved by drinking water). Your body 
mass will then be recorded and heart rate monitor will be fitted around your chest. Skin 
thermistors will be fitted on your calf, forearm and sternum. You will then rest for 30 
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minutes and consume 7g.kg of crushed ice or water. You will then enter the climate 
chamber set to hot, humid conditions (35°C, 60% RH) and cycle for 1 hour on a cycle 
ergometer. After every 15 min of cycling, the choice reaction time task will be 
undertaken. One hundred mL of water will be provided after every 30 min allowing for 
adequate hydration. 
 
Risks 
There is a potential risk of you overheating. This is possible given the thermal conditions 
being employed in this project, however given body temperature is being continuously 
monitored this risk will be significantly decreased. The cycle time trial will be abandoned 
if your core temperature exceeds 40oC or if you express discomfort. Importantly, similar 
protocols and thermal conditions have been frequently used in our laboratory without any 
negative issues arising. 
 
Benefits 
You will attain a DEXA scan and maximal aerobic capacity test for free. You will have 
a better understanding of how your body functions in hot, humid conditions and the idea 
behind pre-cooling with ice ingestion. Your results will be given to you at the completion 
of the study allowing you to observe your body’s physiological functions (core 
temperature, heart rate, skin temperature) over time. 
 
Confidentiality 
All recorded data will be kept secured and will only be accessed by the experimenter 
unless external auditing is necessary. 
 
Participant Rights 
Participation in this study is entirely voluntary and if you feel the need to withdraw you 
can do so at any time. If you withdraw from the study and you are an employee or student 
at the University of Western Australia (UWA) this will not prejudice your status and 
rights as employee or student of UWA. Data may be retained, but only if you agree 
otherwise all recorded data will be destroyed. Your participation in this study does not 
prejudice any right to compensation that you may have under statue of common law. If 
you have any questions feel free to call or e-mail either myself, Grant Landers or Brendan 
Lay at any time. 
 
 
Approval to conduct this research has been provided by The University of Western Australia, in accordance with its 
ethics review and approval procedures. Any person considering participation in this research project, or agreeing to 
participate, may raise any questions or issues with the researchers at any time. In addition, any person not satisfied 
with the response of researchers may raise ethics issues or concerns, and may make any complaints about this research 
project by contacting the Human Research Ethics Office at The University of Western Australia on (08) 6488 3703 or 
by emailing to hreo- research@uwa.edu.au. All research participants are entitles to retain a copy of any Participant 
Information For and/or Participant Consent Form relating to this research project. 
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The University of Western Australia 
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Supervisors  PhD Student 
Grant Landers                 Jacinta Saldaris 
Ph: 6488 2362                 Ph: 0423 565 895  
Email: grant.landers@uwa.edu.au                         Email: jacinta.saldaris@uwa.edu.au  

 
Brendan Lay                                                 
Ph: 6488 8788                                  
Email: brendan.lay@uwa.edu.au                  

  

The effects of ice ingestion on the body when performing 
steady state exercise in the heat 

Participant Consent Form 

I ____________________________ have read the information provided and any 
questions I have asked have been answered to my satisfaction. I acknowledge the use of 
a DEXA scan, skin thermistors, core temperature pills and ice ingestion as part of the 
research process. I agree to participate in this activity, realising that I may withdraw at 
any time without reason and without prejudice.  
 
I understand that all identifiable information that I provide is treated as strictly 
confidential and will not be released by the investigator in any form that may identify 
me unless required to by law. I have been advised as to what data is being collected, the 
purpose for collecting the data, and what will be done with the data upon completion of 
the research. 
 
I agree that research data gathered for the study may be published provided my name or 
other identifying information is not used. 

 
__________________________________                        __________________ 
                 Participant signature                                                         Date 

Approval to conduct this research has been provided by The University of Western Australia, in 
accordance with its ethics review and approval procedures. Any person considering participation in this 
research project, or agreeing to participate, may raise any questions or issues with the researchers at 
any time. In addition, any person not satisfied with the response of researchers may raise ethics issues or 
concerns, and may make any complaints about this research project by contacting the Human Research 
Ethics Office at The University of Western Australia on (08) 6488 3703 or by emailing to hreo-
research@uwa.edu.au. All research participants are entitles to retain a copy of any Participant 
Information For and/or Participant Consent Form relating to this research project. 
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   CRICOS Provider Code: 00126G   

Our Ref: RA/4/1/8273 

  

15 June 2016 

  

Dr Grant Landers 
School of Sport 
Science, Exercise and 
Health MBDP: M408 

Dear Doctor Landers 

HUMAN RESEARCH ETHICS APPROVAL - THE UNIVERSITY OF WESTERN AUSTRALIA 

The effect of pre-cooling and caffeine ingestion on cognitive function during steady state exercise in hot and humid 
conditions 

Ethics approval for the above project has been granted in accordance with the requirements of the National Statement on 
Ethical Conduct in Human Research (National Statement) and the policies and procedures of The University of Western 
Australia. Please note that the period of ethics approval for this project is five (5) years from the date of this notification. 
However, ethics approval is conditional upon the submission of satisfactory progress reports by the designated renewal date. 
Therefore initial approval has been granted from 15 June 2016 to 14 June 2017. 

You are reminded of the following requirements: 

1. The application and all supporting documentation form the basis of the ethics approval and you must not depart 
from the research protocol that has been approved. 

2. The Human Ethics office must be approached for approval in advance for any requested amendments to the 
approved research protocol. 

3. The Chief Investigator is required to report immediately to the Human Ethics office any adverse or unexpected 
event or any other event that may impact on the ethics approval for the project. 

4. The Chief Investigator must submit a final report upon project completion, even if a research project is 
discontinued before the anticipated date of completion. 

Any conditions of ethics approval that have been imposed are listed below: 

Special Conditions 

None specified 

The University of Western Australia is bound by the National Statement to monitor the progress of all approved projects 
until completion to ensure continued compliance with ethical principles. 

The Human Ethics office will forward a request for a Progress Report approximately 30 days before the due date. 

If you have any queries please contact the Human Ethics office at humanethics@uwa.edu.au. 

Please ensure that you quote the file reference – RA/4/1/8273  – and the associated project title in all future correspondence. 

 

Yours sincerely 

  

 
Dr Caixia Li 
Manager, Human Ethics 

T +61 8  6488 3703 /  4703 
F +61 8 6488 8775 
E humanethics@uwa.edu.au 

Human Ethics 
Office of Research Enterprise 
The University of Western Australia 
M459, 35 Stirling Highway 
Crawley WA 6009 Australia 
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CRICOS Provider Code: 00126G   

Our Ref: RA/4/1/8273 

  

04 August 2017 

  

Dr Grant Landers 
School of Sport Science, Exercise and Health  
MBDP: M408 
 

Dear Doctor Landers 

HUMAN RESEARCH ETHICS OFFICE – AMENDMENT REQUEST APPROVED 

The effect of pre-cooling and caffeine ingestion on cognitive function during steady state exercise in hot and humid 
conditions 

Approval has been granted for the amendment as outlined in your correspondence and attachments (if any) subject to any 

conditions listed below. The next progress report for this project is due on 14-Jun-2017 

The following is a brief description of the amendment and any conditions that apply: 

1. To change the exercise to 65% VO2max instead of 55% VO2max. 
2. Updated Participant Information Form. 
3. Updated Participant Consent Form. 

If you have any queries, please contact the HEO at humanethics@uwa.edu.au. 

Please ensure that you quote the file reference RA/4/1/8273 and the associated project title in all future correspondence. 

Yours sincerely 

 

Mark Davies 
Manager, Human Ethics 

 

 

 

 

 

 

 
 

 

 

 

 
 

 

T +61 8  6488 3703 /  4703 
F +61 8 6488 8775 
E humanethics@uwa.edu.au 

Human Ethics 
Office of Research Enterprise 
The University of Western Australia 
M459, 35 Stirling Highway 
Crawley WA 6009 Australia 
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The University of Western Australia  
School of Sport Science, Exercise and Health  
35 Stirling Highway, Crawley  
Western Australia 6009 
 
 
 
 
Supervisors                 PhD Student 
  Grant Landers                            Jacinta Saldaris 
  Ph: 6488 2362                            Ph: 0423 565 895  
  Email: grant.lander@uwa.edu.au                             Email: jacinta.saldaris@uwa.edu.au 
 
  Brendan Lay                                
  Ph: 6488 8788                           
  Email: brendan.lay@uwa.edu.au   

The impact of cooling during exercise in the heat 
Participant Information Form 

Purpose 
The aim of this study is to determine whether pre-cooling with ice ingestion improves 
cognitive performance during exercise in the heat. This forms part of a PhD project of 
Jacinta Saldaris under the supervision of Grant Landers and Brendan Lay. 
 
Procedures 
Participation in this study is voluntary. The study involves a total of 3 testing sessions, 
which include: 1 pre-test session and 2 experimental trials. During the pre-test session 
you will undergo a Dual-energy X-ray absorptiometry scan (DEXA) and your height and 
body mass will be recorded.  During the DEXA scan you will be required to lie quietly 
on a scanning bed for approximately 6 minutes. During this time a scanning arm will pass 
over your body and your body’s fat, muscle and mass will be determined. Also during 
this session you will complete a maximal oxygen uptake test (VO2max test). This test will 
involve running on a treadmill at the initial speed set at 8 km·h-1 and increases in 
increments of 2 km·h-1 every 3 minutes (with a 1 min break in between), until a speed of 
14 km·h-1 is reached. Thereafter, the speed will increase in increments of 1 km·h-1 every 
minute until subject exhaustion. The protocol ceased when the subjects pressed the 
emergency stop button or when they were unable to maintain the leg speed necessary to 
stay on the treadmill. Lastly, you will be familiarised with the three cognitive tasks 
(mentioned below). 
 
Experimental Trials - Eight hours before arrival to the lab a core temperature pill will be 
ingested. Upon arrival a urine sample will be attained and urinary specific gravity (USG) 
measured to ensure the participant is hydrated. Body mass will be measured and recorded 
followed by a heart rate monitor being fitted. Skin thermistors will be attached to 
forehead, chest, back, forearm and calf. Participants will complete two conditions a week 
apart; ingest 7 g.kg-1BM crushed ice or 7 g.kg-1BM room temperature water in 30 min. 
 
Participants will enter the climate chamber set to hot and humid conditions (35°C; 65% 
humidity). They will complete 3 x 30 blocks of running on a treadmill at 65% Vo2max 
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separated by 10 min rest where the cognitive tasks will be completed at rest. 
1. Multi-Source Interference Test (Duration 2 min) - Indicate the odd number out by pressing 

the corresponding button on the keypad.  
2. Serial Sevens (Duration 2 min) - A task in which participants are given a number and 

instructed to count backward by sevens from it for 2 min. 
3. Choice Reaction Time (Duration 2 min) - Respond as quickly and accurately as possible to a 

light stimulus from eight options. 
 
After the completion of each experimental session BM will be measured again to 
determine whole body sweat loss. Each trial will occur one week apart in a randomised 
order and at the same time of day. Participants will be asked to wear the same clothing 
throughout every trial as well as complete a food and exercise diary in the 24 h prior to 
testing. They will also be asked to abstain from strenuous exercise, caffeine and alcohol 
in the 24 h prior to testing. 
 
Risks 
There is a potential risk of you overheating. This is possible given the thermal conditions 
being employed in this project, however given body temperature is being continuously 
monitored this risk will be significantly decreased. You may stop at any time, however 
the cycle time trial will be abandoned if your core temperature exceeds 40oC or if you 
express discomfort. In the unlikely event that overheating occurs, you will be removed 
from the climate chamber into a cool room to sit or lie down. Cooling in the form of a fan 
and ice packs will be applied to reduce symptoms. Importantly, similar protocols and 
thermal conditions have been frequently used in our laboratory without any negative 
issues arising. During the DEXA scan you will also be exposed to minimal amounts of 
radiation (well less than the background radiation from the sun on a normal day). 
 
Benefits 
You will have a better understanding of how your body functions in hot conditions, the 
idea behind pre-cooling with ice ingestion and understand if tyrosine benefits cognitive 
function under such heat stress. Your results will be given to you at the completion of the 
study allowing you to observe your body’s physiological functions (core temperature, 
heart rate, skin temperature) over time. 
 
Confidentiality 
All recorded data will be kept secured and will only be accessed by the researcher unless 
external auditing is necessary.  
 
Participant Rights 
Participation in this study is entirely voluntary and if you feel the need to withdraw you 
can do so at any time. If you withdraw from the study and you are an employee or student 
at the University of Western Australia (UWA) this will not prejudice your status and 
rights as employee or student of UWA. Data may be retained, but only if you agree 
otherwise all recorded data will be destroyed. If you have any questions feel free to ask, 
call or e-mail either myself Grant Landers or Brendan Lay at any time (contact details 
below). 



 

 183 

 
Contact Details 
Jacinta Saldaris: 0423 565 895; jacinta.saldaris@uwa.edu.au 
Dr. Grant Landers: 6488 2363; grant.landers@uwa.edu.au  
Dr. Brendan Lay: 6488 8788; Brendan.lay@uwa.edu.au 
 
Approval to conduct this research has been provided by The University of Western Australia, in accordance with its 
ethics review and approval procedures. Any person considering participation in this research project, or agreeing to 
participate, may raise any questions or issues with the researchers at any time. In addition, any person not satisfied 
with the response of researchers may raise ethics issues or concerns, and may make any complaints about this research 
project by contacting the Human Research Ethics Office at The University of Western Australia on (08) 6488 3703 or 
by emailing to hreo-research@uwa.edu.au. All research participants are entitles to retain a copy of any Participant 
Information For and/or Participant Consent Form relating to this research project. 
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The University of Western Australia 
School of Sport Science, Exercise and Health 
35 Stirling Highway, Crawley  
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Supervisors  PhD Student 
Grant Landers                 Jacinta Saldaris 
Ph: 6488 2362                 Ph: 0423 565 895  
Email: grant.landers@uwa.edu.au                         Email: jacinta.saldaris@uwa.edu.au  
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Email: brendan.lay@uwa.edu.au                  

  

The impact of cooling during exercise in the heat 
Participant Consent Form 

 
I ____________________________ have read the information provided and any 
questions I have asked have been answered to my satisfaction. I acknowledge the use of 
a DEXA scan, skin thermistors, core temperature pills and ice ingestion as part of the 
research process. I agree to participate in this activity, realising that I may withdraw at 
any time without reason and without prejudice.  
 
I understand that all identifiable information that I provide is treated as strictly 
confidential and will not be released by the investigator in any form that may identify me 
unless required to by law. I have been advised as to what data is being collected, the 
purpose for collecting the data, and what will be done with the data upon completion of 
the research. 
 

I agree that research data gathered for the study may be published provided my name or 
other identifying information is not used. 

 
__________________________________                           __________________ 
                 Participant signature                                                         Date 

Approval to conduct this research has been provided by The University of Western Australia, in accordance 
with its ethics review and approval procedures. Any person considering participation in this research 
project, or agreeing to participate, may raise any questions or issues with the researchers at any time. In 
addition, any person not satisfied with the response of researchers may raise ethics issues or concerns, and 
may make any complaints about this research project by contacting the Human Research Ethics Office at 
The University of Western Australia on (08) 6488 3703 or by emailing to hreo-research@uwa.edu.au. All 
research participants are entitles to retain a copy of any Participant Information For and/or Participant 
Consent Form relating to this research project. 
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CRICOS Provider Code: 00126G   

Our Ref: RA/4/20/4588 

  

07 June 2018 

Dr Grant Landers 
School of Human Sciences MBDP: M408 
 
Dear Doctor Landers 

HUMAN RESEARCH ETHICS APPROVAL - THE UNIVERSITY OF WESTERN AUSTRALIA 

The effect of menthol and mixed method cooling on cognitive function in the heat 

Ethics approval for the above project has been granted in accordance with the requirements of the National Statement on 
Ethical Conduct in Human Research (National Statement) and the policies and procedures of The University of Western 
Australia. Please note that the period of ethics approval for this project is five (5) years from the date of this notification. 
However, ethics approval is conditional upon the submission of satisfactory progress reports by the designated renewal date. 
Therefore initial approval has been granted from 07 June 2018 to 06 June 2019. 

You are reminded of the following requirements: 

1. The application and all supporting documentation form the basis of the ethics approval and you must not depart 
from the research protocol that has been approved. 

2. The Human Ethics office must be approached for approval in advance for any requested amendments to the 
approved research protocol. 

3. The Chief Investigator is required to report immediately to the Human Ethics office any adverse or unexpected 
event or any other event that may impact on the ethics approval for the project. 

4. The Chief Investigator must submit a final report upon project completion, even if a research project is 
discontinued before the anticipated date of completion. 

Any conditions of ethics approval that have been imposed are listed below: 

Special Conditions 

None specified 

The University of Western Australia is bound by the National Statement to monitor the progress of all approved projects 
until completion to ensure continued compliance with ethical principles. 

The Human Ethics office will forward a request for a Progress Report approximately 30 days before the due date. 

If you have any queries please contact the Human Ethics office at humanethics@uwa.edu.au. 

Please ensure that you quote the file reference – RA/4/20/4588  – and the associated project title in all future 
correspondence. 

Yours sincerely 

 

Mark Davies 

Manager, Human Ethics 

T +61 8  6488 3703 /  4703 
F +61 8 6488 8775 
E humanethics@uwa.edu.au 

Human Ethics 
Office of Research Enterprise 
The University of Western Australia 
M459, 35 Stirling Highway 
Crawley WA 6009 Australia 
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CRICOS Provider Code: 00126G   

Our Ref: RA/4/20/4588 

  

21 June 2018 

  

Dr Grant Landers 
School of Human Sciences MBDP: M408 
Dear Doctor Landers 

HUMAN RESEARCH ETHICS OFFICE – AMENDMENT REQUEST APPROVED 

The effect of menthol and mixed method cooling on cognitive function in the heat 

Approval has been granted for the amendment as outlined in your correspondence and attachments (if any) subject to any 

conditions listed below. The next progress report for this project is due on 06-Jun-2019 

The following is a brief description of the amendment and any conditions that apply: 

1. Change the menthol solution. 

If you have any queries, please contact the HEO at humanethics@uwa.edu.au. 

Please ensure that you quote the file reference RA/4/20/4588 and the associated project title in all future correspondence. 

Yours sincerely 

 

Mark Davies 
Manager, Human Ethics 

   

 

 

T +61 8  6488 3703 /  4703 
F +61 8 6488 8775 
E humanethics@uwa.edu.au 

Human Ethics 
Office of Research Enterprise 
The University of Western Australia 
M459, 35 Stirling Highway 
Crawley WA 6009 Australia 
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The University of Western Australia  
School of Sport Science, Exercise and Health  
35 Stirling Highway, Crawley  
Western Australia 6009 
 
 
 
Supervisors:      Student: 
Grant Landers        Jacinta Saldaris 
grant.lander@uwa.edu.au   Jacinta.saldaris@uwa.edu.au  
 
Brendan Lay 
brendan.lay@uwa.edu.au 
 

The effect of cooling during exercise in the heat 
 

Purpose 
The aim of this study is to determine the effects of different cooling methods on the 
body during exercise in the heat. 
 
Procedures 
The study involves a total of 4 testing sessions, which include: 1 pre-test session and 3 
experimental trials. During the pre-test session you will undergo a Dual-energy X-ray 
absorptiometry scan (DEXA) and your height and body mass will be recorded.  During 
the DEXA scan you will be required to lie quietly on a scanning bed for approximately 
6 minutes. During this time a scanning arm will pass over your body and your body’s 
fat, muscle and mass will be determined. Also during this session you will undergo a 
treadmill VO2max test and familiarisation of the cognitive tasks: 
 
Experimental Trials - Eight hours before arrival to the lab a core temperature pill will be 
ingested. Upon arrival a urine sample will be attained to measure hydration. Body mass 
will be recorded and a heart rate monitor fitted. Skin thermistors will be attached to 
forehead, chest, back, forearm and calf. Three conditions will be completed a week apart 
which includes either the ingestion of 7 g.kg-1BM crushed ice or 7 g.kg-1 BM water and 
swilling a cooling solution in your mouth. 
 
After the pre-cooling you will enter the climate chamber which is set to hot and humid 
conditions (35°C; 60% humidity) and run 3 x 30 min blocks on a treadmill at 65% VO2max, 
each separated by a short rest whereby the cognitive tasks are completed and 100 mL of 
water will be provided. You will swill a cooling solution in your mouth at 15 min intervals 
during the run. 
 
Post exercise body mass will be measured again to determine whole body sweat loss. 
Each trial will occur one week apart in a randomised order and at the same time of day. 
You will need to: wear the same/similar clothing for all trials; complete a food and 
exercise diary in the 24 h prior to testing; abstain from strenuous exercise, caffeine and 
alcohol in the 24 h prior to testing. 
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Benefits 
This study is beneficial for male athletes who would like to have a better understanding 
of how their body functions in hot conditions. Your results will be given to you at the 
completion of the study allowing you to observe your body’s physiological functions 
(core temperature, heart rate, skin temperature) over time. 
 
Risks 
There is a potential risk of you overheating given the thermal conditions in this project, 
however body temperature is being continuously monitored to avoid the risk of 
overheating. The trial will be abandoned if your core temperature exceeds 40oC or if 
you express discomfort. During the DEXA scan you will also be exposed to minimal 
amounts of radiation (well less than the background radiation from the sun on a normal 
day). 
 
Confidentiality 
All recorded data will be de-identified and remain anonymous.  
 
Participant Rights 
Participation in this study is entirely voluntary and if you feel the need to withdraw you 
can do so at any time and all of your data will be destroyed unless agreed otherwise. If 
you withdraw from the study and you are an employee or student at the University of 
Western Australia (UWA) this will not prejudice your status and rights as employee or 
student of UWA. Data may be retained, but only if you agree otherwise all recorded 
data will be destroyed.  
 
If you are a male, long distance runner or triathlete between the age of 18-35 and are 
interested in participating or have any further questions please contact Jacinta Saldaris 
on 0423 565 895 or jacinta.saldaris@uwa.edu.au  

 
 
Approval to conduct this research has been provided by The 
University of Western Australia, in accordance with its ethics 
review and approval procedures. Any person considering 
participation in this research project, or agreeing to 
participate, may raise any questions or issues with the 
researchers at any time. In addition, any person not satisfied 
with the response of researchers may raise ethics issues or 
concerns, and may make any complaints about this research 
project by contacting the Human Research Ethics Office at 
The University of Western Australia on (08) 6488 3703 or by 
emailing to hreo-research@uwa.edu.au. All research 
participants are entitles to retain a copy of any Participant 
Information For and/or Participant Consent Form relating to this research project. 
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School of Sport Science, Exercise and Health I.44 
The University of Western Australia 
35 Stirling Highway 
Crawley  
Western Australia 6009 
 
 
 
Supervisors         Students 
Grant Landers                     Jacinta Saldaris 
Ph: 6488 2362                            Ph: 0423 565 895  
Email: grant.landers@uwa.edu.au                            Email: jacinta.saldaris@uwa.edu.au   
 
Brendan Lay                                
Ph: 6488 8788                           
Email: brendan.lay@uwa.edu.au    
 

The effect of cooling during exercise in the heat  

Participant Consent Form 

 

I ____________________________ have read the information provided and any 
questions I have asked have been answered to my satisfaction. I acknowledge the use of 
skin thermistors, core temperature pills, ice ingestion, mouth rinses and DEXA as part 
of the research process. I agree to participate in this activity, realising that I may 
withdraw at any time without reason and without prejudice.  
 
I understand that all identifiable information that I provide is treated as strictly 
confidential and will not be released by the investigator in any form that may identify 
me unless required to by law. I have been advised as to what data is being collected, the 
purpose for collecting the data, and what will be done with the data upon completion of 
the research. I understand that if I withdraw from the study, all of my data will be 
destroyed unless agreed otherwise.  
 
I agree that research data gathered for the study may be published provided my name or 
other identifying information is not used. 

 

 
__________________________________                        __________________ 
                 Participant signature                                                         Date 

Approval to conduct this research has been provided by The University of Western Australia, in 
accordance with its ethics review and approval procedures. Any person considering participation in this 
research project, or agreeing to participate, may raise any questions or issues with the researchers at 
any time. In addition, any person not satisfied with the response of researchers may raise ethics issues or 
concerns, and may make any complaints about this research project by contacting the Human Research 
Ethics Office at The University of Western Australia on (08) 6488 3703 or by emailing to hreo-
research@uwa.edu.au. All research participants are entitles to retain a copy of any Participant 
Information For and/or Participant Consent Form relating to this research project. 
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Study 1 – Core Temperature (°C)                                                     CONTROL TRIAL 

 
 

ICE TRIAL 

Participant Arrival PC 10 PC 20 PC 30 Start Cycle 15 30 45 End Cycle 
1 37.03 37.03 36.96 36.90 36.71 37.12 37.37 37.51 37.66 
2 36.47 36.37 36.12 35.93 36.05 36.82 37.50 37.57 37.86 
3 36.80 36.78 36.60 36.59 36.67 37.06 37.62 37.83 37.87 
4 36.44 36.41 36.34 36.32 36.28 36.55 36.79 36.83 37.18 
5 36.92 36.68 36.66 36.67 36.68 37.13 37.53 37.72 37.94 
6 36.99 37.03 36.98 36.92 36.96 37.28 37.69 37.97 38.13 
7 36.73 36.76 36.74 36.72 36.65 37.19 37.67 37.99 38.22 
8 37.21 37.08 37.02 37.00 36.90 37.48 37.76 37.84 37.91 
9 37.30 37.21 37.04 36.9 36.92 37.05 37.35 37.64 37.85 
10 37.34 37.16 37.05 36.98 36.87 37.64 38.14 38.33 38.41 

Mean 36.92 36.85 36.75 36.69 36.67 37.13 37.54 37.72 37.90 
SD 0.32 0.30 0.32 0.34 0.29 0.31 0.35 0.39 0.33 

Participant Arrival PC 10 PC 20 PC 30 Start Cycle 15 30 45 End Cycle 
1 36.91 36.64 36.17 35.97 36.17 36.87 37.26 37.47 37.50 
2 36.89 36.47 36.04 35.93 36.12 37.04 37.33 37.51 37.53 
3 37.07 36.71 36.17 35.91 36.00 36.67 37.18 37.5 37.81 
4 37.04 36.85 36.68 36.45 36.13 36.59 37.22 37.29 37.32 
5 37.05 37.01 36.91 36.75 36.51 36.82 37.30 37.62 37.81 
6 36.85 36.6 36.35 35.93 35.93 36.59 37.32 37.57 37.84 
7 37.09 36.81 36.63 36.33 36.14 36.74 37.24 37.70 37.90 
8 36.78 36.91 36.61 36.06 36.25 37.07 37.78 37.64 37.77 
9 37.17 36.96 36.57 36.10 36.17 36.83 37.22 37.47 37.57 
10 36.85 36.21 35.99 35.79 36.21 36.82 37.50 37.86 38.05 

Mean 36.97 36.72 36.41 36.12 36.16 36.80 37.34 37.56 37.71 
SD 0.13 0.25 0.31 0.30 0.15 0.17 0.18 0.15 0.22 
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Skin Temperature (°C)                                                              CONTROL TRIAL 

 
 

ICE TRIAL 

Participant Arrival PC 10 PC 20 PC 30 Start Cycle 15 30 45 End Cycle 
1 32.25 32.09 31.88 31.81 33.92 35.07 35.27 35.55 35.41 
2 32.75 32.66 32.53 32.50 34.28 35.86 35.94 35.91 35.48 
3 32.82 32.62 32.29 32.45 35.12 35.67 35.81 35.99 36.00 
4 32.38 32.33 32.03 31.82 34.16 34.76 34.91 35.09 35.31 
5 32.45 32.21 32.03 32.11 33.99 35.13 35.44 35.23 35.49 
6 32.70 32.35 32.08 31.88 33.94 35.13 35.35 34.85 34.63 
7 31.32 31.31 31.20 31.19 33.58 34.61 35.27 35.33 35.42 
8 32.75 32.09 31.65 31.36 33.69 35.71 36.18 36.32 36.42 
9 31.69 31.66 31.65 32.62 33.71 34.85 34.99 35.17 35.68 
10 32.90 32.59 32.50 32.29 34.64 36.09 36.36 36.56 36.62 

Mean 32.40 32.19 31.98 32.00 34.10 35.29 35.55 35.60 35.65 
SD 0.52 0.43 0.41 0.48 0.48 0.51 0.50 0.57 0.58 

Participant Arrival PC 10 PC 20 PC 30 Start Cycle 15 30 45 End Cycle 
1 32.25 32.09 31.88 31.81 33.92 35.07 35.27 35.55 35.41 
2 32.75 32.66 32.53 32.50 34.28 35.86 35.94 35.91 35.48 
3 32.82 32.62 32.29 32.45 35.12 35.67 35.81 35.99 36.00 
4 32.38 32.33 32.03 31.82 34.16 34.76 34.91 35.09 35.31 
5 32.45 32.21 32.03 32.11 33.99 35.13 35.44 35.23 35.49 
6 32.70 32.35 32.08 31.88 33.94 35.13 35.35 34.85 34.63 
7 31.32 31.31 31.20 31.19 33.58 34.61 35.27 35.33 35.42 
8 32.75 32.09 31.65 31.36 33.69 35.71 36.18 36.32 36.42 
9 31.69 31.66 31.65 32.62 33.71 34.85 34.99 35.17 35.68 
10 32.90 32.59 32.50 32.29 34.64 36.09 36.36 36.56 36.62 

Mean 32.40 32.19 31.98 32.00 34.10 35.29 35.55 35.60 35.65 
SD 0.523 0.43 0.41 0.48 0.48 0.51 0.50 0.57 0.58 
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Forehead Skin Temperature (°C)                                                    CONTROL TRIAL                                  

 
 
 

ICE TRIAL 

Participant Arrival PC 10 PC 20 PC 30 Start Cycle 15 30 45 End Cycle 
1 35.30 35.30 34.97 34.7 35.80 35.64 35.88 35.99 36.03 
2 33.69 33.90 34.10 34.00 34.89 35.23 35.69 35.82 35.85 
3 34.90 34.95 34.86 34.85 35.57 35.05 35.43 35.76 36.00 
4 34.92 34.77 34.59 34.59 35.28 35.20 34.89 35.00 34.90 
5 34.07 34.07 34.05 33.95 35.24 35.34 35.46 35.44 35.00 
6 34.77 34.77 34.63 34.56 35.60 35.96 36.02 36.15 36.41 
7 34.91 34.71 34.78 34.64 35.43 36.03 36.32 36.49 36.82 
8 35.30 35.10 34.87 34.71 35.50 35.47 35.97 35.79 35.79 
9 34.52 34.55 34.83 34.78 35.20 35.16 34.90 35.10 35.64 
10 34.67 34.66 34.67 34.54 35.39 35.66 36.33 36.38 36.52 

Mean 34.71 34.68 34.64 34.53 35.39 35.47 35.69 35.79 35.90 
SD 0.51 0.43 0.32 0.31 0.25 0.34 0.52 0.50 0.62 

Participant Arrival PC 10 PC 20 PC 30 Start Cycle 15 30 45 End Cycle 
1 35.11 34.87 34.07 33.74 35.44 35.47 35.63 35.83 35.61 
2 33.64 33.73 33.21 32.99 34.77 35.35 35.43 35.36 35.78 
3 34.97 34.81 34.38 33.75 34.74 34.9 35.55 35.49 36.02 
4 35.02 34.74 34.44  35.08 35.25 35.24 35.72 35.83 
5 34.75 34.84 34.44 34.26 34.92 34.98 35.48 35.81 36.08 
6 35.08 34.77 34.44 34.02 35.13 35.67 35.97 36.05 36.07 
7 35.16 34.86 34.48 34.28 34.92 35.57 35.96 36.16 36.41 
8 34.82 34.81 34.45 34.19 35.09 35.14 35.89 35.63 35.92 
9 34.57 34.50 34.19 34.01 34.93 35.02 35.13 35.23 35.47 
10 33.95 33.94 33.54 33.27 34.81 35.07 35.76 35.97 36.39 

Mean 34.71 34.59 34.16 33.83 34.98 35.24 35.60 35.73 35.96 
SD 0.51 0.43 0.32 0.31 0.25 0.34 0.52 0.50 0.62 
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Rate of Perceived Thermal Sensation              CONTROL TRIAL 

 
 

 
ICE TRIAL 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 -1 -1 1 1 2 1 1 
2 -1 -2 1 2 2 2 2 
3 -2 -2 1 2 3 3 3 
4 0 -1 1 2 2 2 2 
5 -1 -1 2 2 2 2 2 
6 -1 -1 2 2 2 2 2 
7 -1 -2 1 2 2 2 2 
8 0 0 0 1 1 1 1 
9 -1 -1 2 3 3 3 3 
10 -1 -1 1 2 2 2 3 

Mean -0.9 -1.2 1.2 1.9 2.1 2 2.1 
SD 0.6 0.6 0.6 0.6 0.6 0.7 0.7 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 -1 -3 1 2 1 2 2 
2 -1 -2 0 1 2 2 2 
3 -1 -4 1 2 3 3 4 
4 0 -2 0 1 1 1 1 
5 -1 -2 1 1 2 2 2 
6 -1 -4 1 2 2 1 2 
7 -1 -3 -2 1 1 2 2 
8 -2 -4 2 3 4 4 4 
9 -1 -1 2 3 3 3 3 
10 -1 -4 0 2 2 2 2 

Mean -1 -2.9 0.6 1.8 2.1 2.2 2.4 
SD 0.5 1.1 1.2 0.8 1.0 0.9 1.0 
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Eight Choice Reaction Timer – Reaction Time (sec)                       CONTROL TRIAL 

 
 

 ICE TRIAL 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 0.320 0.328 0.316 0.308 0.293 0.315 0.311 
2 0.414 0.400 0.416 0.377 0.415 0.401 0.396 
3 0.371 0.415 0.392 0.361 0.363 0.352 0.370 
4 0.340 0.351  0.319 0.335 0.328 0.322 
5 0.365 0.296 0.356 0.326 0.315 0.306 0.283 
6 0.332 0.310 0.406 0.350 0.336 0.349 0.341 
7 0.383 0.353 0.389 0.332 0.321 0.328 0.316 
8 0.340 0.333 0.323 0.341 0.337 0.330 0.306 
9 0.309 0.330 0.313 0.308 0.312 0.294 0.279 
10 0.310 0.322 0.306 0.284 0.277 0.278 0.246 

Mean 0.348 0.344 0.357 0.331 0.330 0.328 0.317 
SD 0.0342 0.038 0.044 0.028 0.038 0.034 0.044 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 0.314 0.346 0.352 0.294 0.330 0.317 0.325 
2 0.422 0.390 0.357 0.412 0.387 0.395 0.383 
3 0.421 0.364 0.407 0.365 0.329 0.329 0.341 
4 0.301 0.319  0.344 0.314 0.300 0.340 
5 0.295 0.332 0.331 0.308 0.325 0.280 0.291 
6 0.308 0.342 0.348 0.348 0.338 0.343 0.322 
7 0.334 0.337 0.359 0.318 0.305 0.290 0.302 
8 0.366 0.350 0.373 0.347 0.368 0.342 0.322 
9 0.317 0.380 0.367 0.310 0.313 0.293 0.295 
10 0.309 0.320 0.328 0.266 0.254 0.254 0.273 

Mean 0.339 0.348 0.358 0.331 0.326 0.314 0.319 
SD 0.048 0.024 0.024 0.041 0.036 0.040 0.031 
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Eight Choice Reaction Timer – Movement Time (sec)                  CONTROL TRIAL 

 
       

ICE TRIAL 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 0.137 0.130 0.123 0.107 0.105 0.112 0.117 
2 0.141 0.115 0.095 0.087 0.093 0.083 0.084 
3 0.196 0.155 0.156 0.135 0.155 0.126 0.138 
4 0.185 0.183  0.184 0.166 0.173 0.181 
5 0.195 0.184 0.155 0.152 0.148 0.131 0.135 
6 0.147 0.144 0.129 0.125 0.116 0.112 0.118 
7 0.151 0.112 0.263 0.126 0.102 0.109 0.100 
8 0.132 0.178 0.130 0.144 0.103 0.114 0.112 
9 0.142 0.134 0.142 0.144 0.135 0.142 0.138 
10 0.105 0.102 0.113 0.096 0.091 0.116 0.097 

Mean 0.153 0.144 0.145 0.130 0.121 0.122 0.122 
SD 0.030 0.030 0.048 0.029 0.027 0.024 0.028 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 0.160 0.168 0.116 0.124 0.117 0.109 0.115 
2 0.101 0.104 0.107 0.103 0.096 0.104 0.083 
3 0.158 0.316 0.144 0.142 0.133 0.123 0.128 
4 0.176 0.193  0.164 0.183 0.155 0.142 
5 0.161 0.159 0.176 0.163 0.136 0.130 0.133 
6 0.137 0.156 0.194 0.109 0.108 0.110 0.098 
7 0.124 0.115 0.123 0.116 0.114 0.099 0.100 
8 0.340 0.160 0.162 0.117 0.127 0.108 0.152 
9 0.131 0.136 0.142 0.148 0.130 0.111 0.134 
10 0.101 0.133 0.115 0.104 0.110 0.208 0.135 

Mean 0.159 0.164 0.142 0.129 0.125 0.126 0.122 
SD 0.069 0.059 0.030 0.023 0.024 0.033 0.022 
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Heart Rate                  CONTROL TRIAL 

 
 

ICE TRIAL 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 63 60 113 120 128 129 131 
2 50 49 108 126 137 134 141 
3 55 59 114 121 120 134 134 
4 63 60 74 127 131 132 140 
5 43 48 101 104 113 114 120 
6 74 74 84 148 165 167 175 
7 67 60 124 145 154 165 166 
8 60 62 105 121 129 132 138 
9 72 78 117 135 140 152 158 
10 65 52 111 124 141 142 142 

Mean 61 60 105 127 136 140 145 
SD 10 10 15 13 15 17 17 

Participant Arrival PC 30 Start Cycle 15 30 45 End Cycle 
1 61 56 118 131 135 143 147 
2 51 50 105 130 135 142 145 
3 63 71 98 109 120 127 142 
4 70 73 114 130 140 145 137 
5 57 40 94 103 115 116 125 
6 77 66 95 138 149 168 168 
7 65 75 113 131 143 148 150 
8 67 54 102 113 133 138 139 
9 78 62 113 126 138 138 145 
10 54 46 94 114 121 134 140 

Mean 64 59 105 123 133 140 144 
SD 9 12 9 12 11 14 11 
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Rate of Perceived Exertion      CONTROL TRIAL 

 
 

ICE TRIAL 
Participant Start Cycle 15 30 45 End Cycle 

1 10 13 12 14 15 
2 9 9 11 13 13 
3 9 12 13 13 14 
4 10 11 12 13 13 
5 10 11 12 12 12 
6 11 11 11 12 12 
7 7 9 11 13 13 
8 10 11 12 12 14 
9 9 13 13 13 14 
10 9 10 11 11 12 

Mean 9.4 11 11.8 12.6 13.2 
SD 1.1 1.4 0.8 0.8 1.0 

Participant Start Cycle 15 30 45 End Cycle 
1 12 12 13 14 14 
2 9 9 10 11 12 
3 8 11 14 15 15 
4 10 12 13 15 14 
5 11 11 12 12 13 
6 11 11 12 14 15 
7 9 11 13 15 15 
8 10 11 11 11 11 
9 9 12 13 13 15 
10 9 11 11 11 12 

Mean 9.8 11.1 12.2 13.1 13.6 
SD 1.2 0.9 1.2 1.7 1.5 



 

 199 

 
 
 
Perceived Thirst                     CONTROL TRIAL 

 
 

ICE TRIAL 

Participant Start Cycle 15 30 45 End Cycle 
1 5 7 7 7 7 
2 2 2 3 4 5 
3 1 5 6 6 7 
4 6 6 6 4 4 
5 3 4 6 4 6 
6 1 1 1 2 3 
7 3 4 6 6 7 
8 1 2 2 2 4 
9 3 3 4 4 5 
10 2 4 4 4 6 

Mean 2.7 3.8 4.5 4.3 5.4 
SD 1.7 1.9 2.0 1.6 1.4 

Participant Start Cycle 15 30 45 End Cycle 
1 5 7 5 7 8 
2 2 2 3 3 5 
3 1 4 4 3 5 
4 3 4 4 4 4 
5 4 4 4 4 5 
6 1 4 5 4 4 
7 3 3 3 3 4 
8 1 3 4 6 7 
9 3 5 5 5 6 
10 1 2 2 1 2 

Mean 2.4 3.8 3.9 4.0 5.0 
SD 1.4 1.5 1.0 1.7 1.7 
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Study 2 (Chapter 4) - Core Temperature (°C)                                  CONTROL TRIAL 
 

Participant Start PC PC 10 PC 20 PC 30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 
1 36.12 36.30 36.15 35.86 35.78 36.76 37.83 37.83 38.18 37.97 38.55 
2 37.23 37.10 37.05 36.94 36.95 37.50 38.37 38.57 38.95 38.61 38.82 
3 37.16 37.02 36.94 36.82 36.75 37.03 37.54 37.70 38.36 38.15 38.57 
4 36.83 37.03 36.91 36.80 36.84 37.41 38.06 38.21 38.69 38.40 38.98 
5 37.19 37.21 37.24 37.11 37.05 37.47 38.28 38.26 38.51 38.36 38.62 
6 37.12 37.13 37.13 37.11 36.86 37.43 38.02 38.20 38.50 38.31 38.50 
7 37.60 37.58 37.48 37.37 37.20 37.72 38.35 38.78 39.18 39.18 39.55 
8 37.19 37.14 37.09 37.08 36.90 37.79 38.80 39.07 39.64 39.61 38.85 
9 36.71 36.76 36.74 36.71 36.64 37.23 38.15 38.32 38.90 38.63 39.10 
10 37.21 37.07 37.06 37.01 37.07 37.87 38.41 38.34 38.74 38.63 39.32 
11 37.15 37.15 37.05 36.95 36.99 37.70 38.19 38.36 38.69 38.58 38.87 

Mean 37.05 37.04 36.99 36.89 36.82 37.45 38.18 38.33 38.76 38.58 38.88 
SD 0.38 0.31 0.33 0.39 0.38 0.34 0.33 0.39 0.41 0.46 0.34 

 
ICE TRIAL 

Participant Start PC PC10 PC20 PC30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 
1 36.30 36.14 35.94 35.97 35.80 36.33 37.48 37.95 38.32 38.15 38.38 
2 36.79 36.58 36.42 36.20 36.01 36.93 37.59 37.85 38.27 38.37 38.80 
3 36.93 36.59 36.20 36.25 36.13 36.54 37.24 37.47 37.78 37.78 38.06 
4 37.06 36.64 36.39 36.22 36.28 37.55 38.34 38.43 38.93 38.84 39.32 
5 36.89 36.64 35.85 35.09 35.18 36.80 37.87 38.11 39.02 38.66 39.05 
6 36.90 36.84 36.54 36.49 36.13 37.05 38.02 38.34 38.81 38.48 38.78 
7 36.81 36.30 35.90 36.09 36.33 37.05 37.75 38.06 38.43 38.50 38.71 
8 37.48 37.03 36.34 36.40 36.41 37.39 38.33 38.39 39.19 39.01 39.10 
9 36.64 36.70 36.50 36.22 35.92 36.84 37.86 38.13 38.82 38.68 39.00 
10 37.42 37.13 36.83 36.75 36.61 37.65 38.41 38.59 38.88 38.59 38.79 
11 37.40 37.33 37.03 36.68 36.73 37.50 38.13 38.36 38.73 38.68 39.03 

Mean 36.97 36.72 36.36 36.21 36.14 37.06 37.91 38.15 38.65 38.52 38.82 
SD 0.36 0.35 0.37 0.44 0.42 0.43 0.38 0.32 0.41 0.34 0.35 
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Skin Temperature (°C)                               CONTROL TRIAL 

 

ICE TRIAL 

Participant Start PC PC10 PC20 PC30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 
1 31.97 31.58 31.36 31.41 34.29 35.40 36.00 35.85 35.89 35.73 35.58 
2 33.22 33.10 33.10 33.07 34.83 35.78 35.56 35.97 35.99 34.55 34.71 
3 33.21 32.69 32.58 32.48 35.15 35.99 36.67 36.55 36.53 36.70 36.90 
4 33.09 32.41 32.21 32.12 34.31 36.09 35.74 35.72 35.73 35.66 36.70 
5 32.87 32.76 32.85 33.86 34.92 35.32 35.54 34.95 35.76 35.57 35.38 
6 33.22 33.35 33.35 33.23 35.06 36.20 35.91 36.15 35.85 35.72 35.87 
7 32.37 33.17 32.90 32.66 34.51 34.87 33.96 34.41 35.04 34.48 35.17 
8 33.22 33.31 33.20 33.10 34.59 36.34 36.59 36.46 37.49 36.98 36.92 
9 32.26 32.18 32.25 32.17 34.11 35.21 35.80 35.89 36.21 35.62 35.92 
10 32.56 32.49 32.40 32.14 35.13 35.92 36.49 36.35 36.27 36.45 35.79 
11 32.68 32.57 32.47 32.39 34.88 36.49 36.04 36.60 36.50 35.97 36.42 

Mean 32.79 32.69 32.61 32.60 34.71 35.78 35.85 35.90 36.11 35.77 35.94 
SD 0.45 0.53 0.57 0.68 0.36 0.52 0.74 0.68 0.62 0.78 0.73 

Participant Start PC PC10 PC20 PC30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 
1 31.81 31.60 31.30 31.22 33.75 35.57 36.38 36.30 36.07 35.92 35.81 
2 32.19 32.77 32.75 32.92 35.21 35.80 36.58 36.37 36.12 35.52 35.31 
3 32.30 31.97 31.71 31.45 34.25 35.36 36.14 36.19 36.15 35.86 36.06 
4 32.52 31.78 31.63 31.56 34.49 35.16 35.10 35.32 35.23 34.84 35.48 
5 33.84 33.70 33.44 33.26 34.90 35.59 35.80 35.53 35.06 34.96 34.97 
6 32.54 32.85 32.69 32.73 35.11 35.73 36.21 36.04 35.91 35.63 35.70 
7 32.56 32.8 32.28 32.08 34.32 35.63 35.16 34.87 35.33 35.77 35.48 
8 32.70 33.21 32.97 32.91 34.54 34.87 35.64 34.99 35.83 35.18 35.43 
9 32.28 32.08 31.77 31.36 33.69 35.02 36.07 35.97 36.25 35.62 35.79 
10 33.34 33.15 32.76 32.92 34.67 35.90 35.35 35.05 35.77 35.18 34.91 
11 32.73 32.28 32.00 32.07 34.48 35.63 35.90 36.01 36.34 35.83 36.03 

Mean 32.62 32.56 32.30 32.23 34.49 35.48 35.85 35.69 35.82 35.48 35.54 
SD 0.56 0.67 0.67 0.75 0.49 0.33 0.49 0.56 0.44 0.38 0.38 
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Forehead Skin Temperature (°C)                                                      CONTROL TRIAL 
 

Participant Start PC PC10 PC20 PC30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 
1 33.00 33.70 33.44 33.34 35.33 34.96 35.87 35.58 35.44 36.51 36.59 
2 35.24 35.90 36.00 35.76 36.21 36.28 36.54 36.63 37.39 37.09 37.42 
3 34.71 34.40 34.10 33.52 35.67 35.28 35.83 36.60 36.73 37.00 37.28 
4 34.60 34.79 34.63 34.45 35.96 35.95 36.03 36.58 36.83 36.64 37.25 
5 34.31 35.09 35.15 35.89 36.28 35.98 36.88 36.78 35.02 36.58 36.81 
6 35.12 35.38 35.51 35.45 36.38 36.40 36.65 36.46 36.28 35.97 36.30 
7 33.25 34.17 34.12 34.05 35.42 36.05 36.26 35.74 36.35 36.08 36.68 
8 34.21 34.57 35.08 35.19 35.26 37.11 37.99 38.05 38.54 38.30 38.00 
9 34.36 34.58 34.58 34.60 35.64 36.00 37.10 37.18 37.51 36.86 37.15 
10 34.79 34.88 34.80 34.85 36.28 36.14 36.98 36.92 37.20 37.39 37.52 
11 34.81 35.02 35.07 35.00 36.19 36.10 36.00 36.24 35.98 35.78 36.89 

Mean 34.40 34.77 34.77 34.74 35.87 36.023 36.56 36.61 36.66 36.75 37.08 
SD 0.71 0.60 0.71 0.85 0.422 0.56 0.66 0.67 1.00 0.71 0.48 

               
ICE TRIAL 

Participant Start PC PC10 PC20 PC30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 
1 31.91 32.61 32.45 32.10 34.43 34.66 36.14 36.12 35.87 35.90 36.18 
2 34.66 34.43 34.30 34.12 34.91 35.38 36.68 36.60 36.80 36.37 36.82 
3 34.63 34.14 34.00 33.58 35.37 35.38 36.27 36.20 35.81 36.35 36.58 
4 34.70 34.58 34.02 33.76 35.61 35.95 36.70 36.82 37.10 36.83 37.57 
5 34.74 34.71 34.04 33.69 35.32 35.97 36.94 36.92 36.91 36.67 36.70 
6 34.13 34.39 34.00 33.78 35.64 35.55 36.81 36.61 36.84 36.26 36.29 
7 33.41 33.43 33.43 33.06 33.17 35.05 36.55 36.58 36.92 36.98 37.22 
8 35.18 35.15 34.82 34.72 35.41 36.20 37.14 37.23 37.81 37.42 37.47 
9 33.57 34.06 33.81 33.45 35.15 35.54 37.03 37.06 37.63 36.84 37.14 
10 35.35 35.27 35.05 34.82 35.70 36.34 36.61 36.67 36.93 36.68 36.76 
11 35.21 35.07 36.60 34.58 35.88 35.81 36.63 36.50 36.90 36.58 36.89 

Mean 34.32 34.35 34.23 33.79 35.14 35.62 36.68 36.66 36.87 36.63 36.87 
SD 1.02 0.79 1.04 0.79 0.77 0.50 0.30 0.33 0.60 0.41 0.45 
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Tympanic Temperature (°C)  CONTROL TRIAL 
 

Participant Start PC PC10 PC20 PC30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 
1 36.1 35.9 36.0 36.1 36.3 36.2 36.8 36.8 36.8 36.9 37.2 
2 35.6 35.8 36.0 36.1 35.9 36.9 37.7 35.9 37.7 36.3 36.8 
3 36.6 36.8 36.7 36.9 36.5 36.8 37.5 38.0 37.1 37.9 38.3 
4 35.3 35.7 36.4 36.1 36.1 36.4 36.4 36.3 37.3 37.2 37.7 
5 35.4 35.3 35.6 35.8 36.3 36.4 37.2 37.0 37.2 37.2 37.6 
6 36.2 36.1 36.5 36.9 36.3 36.9 37.9 37.9 37.6 37.3 37.4 
7 35.6 35.6 35.5 35.5 36.8 37.3 37.7 37.8 38.0 38.1 38.5 
8 36.4 36.1 36.5 36.3 36.3 36.0 35.4 35.9 36.6 37.5 37.8 
9 35.5 36.0 36.3 36.0 36.2 36.9 37.5 37.7 38.4 38.3 38.8 
10 36.2 36.3 36.4 36.0 35.7 36.8 36.9 36.0 35.6 38.2 38.1 
11 36.7 36.7 36.2 36.5 36.7 36.7 37.1 37.2 37.1 36.1 36.7 

Mean 36.0 36.0 36.2 36.2 36.3 36.7 37.1 37.0 37.2 37.4 37.7 
SD 0.5 0.4 0.4 0.4 0.3 0.4 0.7 0.8 0.7 0.7 0.7 

 

ICE TRIAL 
Participant Start PC PC10 PC20 PC30 Start Run 15 min 30 min 45 min 60 min 75 min 90 min 

1 35.5 35.1 35.4 34.9 34.5 36.1 36.5 36.7 36.7 36.4 36.8 
2 35.9 35.5 35.4 35.6 35.8 36.5 37.0 36.7 37.0 36.9 36.8 
3 35.9 35.0 35.2 35.1 35.5 36.7 37.3 37.3 37.7 37.3 37.7 
4 36.6 35.8 35.9 35.8 36.0 36.7 36.9 36.8 37.3 37.3 37.7 
5 36.0 35.3 35.3 35.2 35.4 36.3 37.0 35.4 36.6 37.0 36.3 
6 35.6 35.2 35.1 34.5 35.6 36.8 37.4 37.5 37.9 37.6 37.6 
7 35.0 35.0 34.6 34.7 36.1 36.9 37.3 37.4 37.6 37.6 37.8 
8 36.8 36.4 36.0 35.8 35.5 36.6 36.3 36.1 37.5 37.5 37.6 
9 35.2 34.7 34.9 34.3 35.0 35.7 37.3 37.6 38.1 38.0 37.8 
10 36.9 36.8 36.4 35.7 35.0 36.7 36.6 36.8 36.9 36.5 37.1 
11 35.0 34.0 33.7 34.2 35.3 36.6 37.1 36.0 37.4 36.5 36.5 

Mean 35.9 35.3 35.3 35.1 35.4 36.5 37.0 36.8 37.3 37.1 37.2 
SD 0.7 0.8 0.7 0.6 0.5 0.4 0.4 0.7 0.5 0.5 0.6 
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Incorrect     CRT CONTROL TRIAL    S7 CONTROL TRIAL                                 cMSIT CONTROL TRIAL 

                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                         CRT ICE TRIAL            S7 ICE TRIAL              cMSIT ICE TRIAL 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Participant Arrival 0 min 90 min 
1 4 4 6 
2 3 10 10 
3 10 13 17 
4 4 8 11 
5 7 4 12 
6 4 5 4 
7 15 15 14 
8 6 11 21 
9 8 8 23 
10 9 12 9 
11 7 10 12 

Mean 7.0 9.1 12.6 
SD 3.5 3.7 5.8 

Participant Arrival 0 min 90 min 
1 8.33 7.69 3.33 
2 0 7.14 5.88 
3 0 5.26 0 
4 0 0 0 
5 0 6.06 5.13 
6 10.55 0 20 
7 0 3.13 13.33 
8 3.03 8.57 6.9 
9 0 4.76 6.06 
10 5 14.29 31.82 
11 4.76 16.67 10.25 

Mean 2.88 6.69 9.34 
SD 3.83 5.20 9.45 

Participant Arrival 0 min 90 min 
1 3 3 2 
2 2 7 1 
3 9 10 11 
4 4 1 7 
5 0 1 8 
6 1 3 1 
7 1 2 1 
8 4 8 2 
9 10 3 9 
10 2 3 3 
11 1 6 6 

Mean 3.4 4.3 4.6 
SD 3.3 3.0 3.7 

Participant Arrival 0 min 90 min 
1 6 3 5 
2 9 8 7 
3 12 11 8 
4 10 8 3 
5 8 8 9 
6 7 13 7 
7 6 10 11 
8 6 2 5 
9 8 6 15 
10 3 9 6 
11 8 1 14 

Mean 7.5 7.18 8.18 
SD 2.4 3.82 3.79 

Participant Arrival 0 min 90 min 
1 1 0 5 
2 4 6 3 
3 4 8 9 
4 4 1 1 
5 4 3 3 
6 1 5 1 
7 1 2 2 
8 6 5 5 
9 3 6 10 
10 6 3 5 
11 8 4 6 

Mean 3.8 3.9 4.5 
SD 2.3 2.4 3.0 

Participant Arrival 0 min 90 min 
1 8.7 0 0 
2 3.45 0 2.78 
3 10.53 3.85 5 
4 0 0 0 
5 0 2.63 0 
6 3.05 0 0 
7 5.26 0 6.67 
8 2.78 0 0 
9 0 0 0 
10 0 0 0 
11 8.35 9.68 7.26 

Mean 3.83 1.47 1.97 
SD 3.89 3.03 2.95 
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Response Rate  CRT CONTROL TRIAL                           S7 CONTROL TRIAL                             cMSIT CONTROL TRIAL 

                             
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
                         CRT ICE TRIAL           S7 ICE TRIAL              cMSIT ICE TRIAL 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Participant Arrival 0 min 90 min 
1 610.94 568.58 497.74 
2 464.69 494.61 481.9 
3 569.99 559.51 540.26 
4 580.83 594.58 597.24 
5 558.04 491.78 448.04 
6 622.9 624.82 589.81 
7 475.96 468.04 420.49 
8 449.44 475.7 463.42 
9 462.34 482.3 444.34 
10 496.57 528.57 449.26 
11 562.36 551.26 503.97 

Mean 532.19 530.89 494.22 
SD 63.65 52.67 59.29 

Participant Arrival 0 min 90 min 
1 24 26 30 
2 30 28 34 
3 25 19 23 
4 31 30 32 
5 39 33 39 
6 12 14 10 
7 24 32 35 
8 33 35 29 
9 25 21 33 
10 20 21 22 
11 16 14 22 

Mean 25.4 24.8 28.1 
SD 7.7 7.5 8.2 

Participant Arrival 0 min 90 min 
1 835.66 800.72 716.01 
2 733.59 754.44 733.19 
3 869.31 836.74 820.23 
4 868.34 795.47 775.47 
5 649.06 624.1 578.47 
6 979.74 959.18 918.92 
7 740.49 731.25 661.36 
8 674.91 606.67 736.42 
9 613.67 635.01 558.52 
10 551.5 555.16 536.46 
11 807.27 814.08 696.3 

Mean 756.68 737.53 702.85 
SD 128.58 120.94 115.63 

Participant Arrival 0 min 90 min 
1 593.41 597.26 513.93 
2 481.72 500.12 436.15 
3 574.19 590.56 536.19 
4 682.16 644.57 541.21 
5 480.96 490.02 457.98 
6 670.47 620.15 576.24 
7 489.95 547.93 414.17 
8 456.97 525.7 498.44 
9 473.63 478.81 474.66 
10 448.62 465.9 449.92 
11 580.47 594.26 564.91 

Mean 539.32 550.48 496.71 
SD 84.81 62.07 54.29 

Participant Arrival 0 min 90 min 
1 768.74 771.97 687.42 
2 732.61 669.36 632.5 
3 803.92 875.93 802.94 
4 921.64 958.22 787.81 
5 635.97 642.28 601.98 
6 1142.44 1130.47 998.15 
7 661.58 682.92 627.27 
8 618.17 672.67 705.04 
9 624.39 621.25 575.95 
10 521.93 533.91 517.37 
11 800.45 873.15 736.59 

Mean 748.35 766.56 697.55 
SD 171.91 175.63 132.99 

Participant Arrival 0 min 90 min 
1 23 25 33 
2 29 31 36 
3 19 26 20 
4 27 25 30 
5 36 38 36 
6 9 9 13 
7 19 21 30 
8 36 35 34 
9 22 26 28 
10 25 22 26 
11 20 21 18 

Mean 24.1 25.4 27.6 
SD 7.9 7.8 7.7 



 

 206 

         
 
 
Heart Rate                    CONTROL TRIAL 

 
ICE TRIAL 

Participant Start PC End PC Start Run 30 60 End Run 
1 41 54 113 130 134 142 
2 46 40 114 140 152 162 
3 66 70 120 139 144 146 
4 62 64 127 154 170 186 
5 47 52 107 138 152 161 
6 48 46 88 133 136 143 
7 70 70 120 147 153 161 
8 50 51 92 116 141 160 
9 78 77 87 152 166 169 
10 48 55 108 144 153 165 
11 67 66 135 154 158 165 

Mean 57 57 110 141 151 160 
SD 12 12 16 12 11 13 

Participant Start PC End PC Start Run 30 60 End Run 
1 55 66 108 124 132 134 
2 44 40 107 135 142 153 
3 63 63 111 132 138 141 
4 67 49 121 151 168 178 
5 54 51 144 140 156 163 
6 44 54 111 143 146 148 
7 66 74 82 144 156 165 
8 58 41 95 121 143 156 
9 73 73 110 155 166 167 
10 67 70 110 145 149 153 
11 64 69 115 162 168 177 

Mean 60 59 110 141 151 158 
SD 10 13 15 13 12 14 
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Rate of Perceived Thermal Sensation       CONTROL TRIAL 

 
ICE TRIAL 

Participant Start PC End PC Start Run 30 60 End Run 
1 -2 -2 2 4 4 4 
2 0 0 2 2 3 4 
3 1 0 2 4 4 4 
4 0 0 1 3 4 4 
5 0 0 1 2 2 3 
6 2 2 2 2 2 2 
7 0 -1 2 2 2 2 
8 0 0 1 3 4 4 
9 -1 -1 1 4 4 4 
10 -3 -3 1 2 1 1 
11 -1 -1 1 1 2 2 

Mean -0.4 -0.5 1.5 2.6 2.9 3.1 
SD 1.4 1.3 0.5 1.0 1.1 1.1 

Participant Start PC End PC Start Run 30 60 End Run 
1 -2 -4 1 3 3 3 
2 0 -2 -1 0 2 3 
3 -1 -4 0 3 4 4 
4 0 -2 2 3 3 4 
5 0 -2 2 2 3 3 
6 -1 -3 2 2 2 2 
7 1 -3 2 2 3 3 
8 1 -1 2 3 3 4 
9 -1 -2 1 3 3 4 
10 -2 -3 0 1 1 1 
11 0 -2 2 3 3 3 

Mean -0.5 -2.5 1.2 2.3 2.7 3.1 
SD 1.0 0.9 1.1 1.0 0.8 0.9 
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Rate of Perceived Exertion      CONTROL TRIAL 

 
ICE TRIAL 

Participant Start Run 30 60 End Run 
1 9 11 11 11 
2 8 11 16 18 
3 9 13 13 18 
4 8 11 13 14 
5 8 12 14 15 
6 7 11 11 12 
7 9 11 13 15 
8 10 15 19 19 
9 10 12 13 13 
10 9 11 12 13 
11 9 10 10 12 

Mean 8.7 11.6 13.2 14.5 
SD 0.9 1.4 2.5 2.7 

Participant Start Run 30 60 End Run 
1 8 10 10 10 
2 8 11 15 19 
3 10 12 15 17 
4 9 12 12 14 
5 8 12 13 17 
6 7 12 12 13 
7 9 12 13 13 
8 9 15 17 18 
9 9 11 12 15 
10 9 11 12 12 
11 10 13 12 13 

Mean 8.7 11.9 13.0 14.6 
SD 0.9 1.3 1.9 2.8 
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Perceived Thirst        CONTROL TRIAL 

 
ICE TRIAL 

Participant Start Run 30 60 End Run 
1 2 4 4 6 
2 1 3 7 8 
3 2 2 4 9 
4 2 3 3 5 
5 2 6 8 9 
6 1 2 6 7 
7 1 1 2 5 
8 2 5 8 8 
9 2 3 5 8 
10 2 4 5 6 
11 2 2 4 5 

Mean 1.7 3.2 5.1 6.9 
SD 0.5 1.5 2.0 1.6 

Participant Start Run 30 60 End Run 
1 1 2 3 5 
2 1 2 6 9 
3 1 2 3 7 
4 1 3 3 5 
5 1 5 7 9 
6 1 2 4 6 
7 1 2 3 5 
8 1 6 7 8 
9 1 3 6 8 
10 1 2 3 4 
11 3 4 5 7 

Mean 1.2 3.0 4.5 6.6 
SD 0.6 1.4 1.7 1.7 
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Study 3 (Chapter 5) - Core Temperature (°C)                                 CONTROL TRIAL 

 
 MENTH TRIAL 

Participant Arrive pc10 pc20 pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 37.56 37.32 37.24 37.17 37.04 37.24 37.82 38.43 38.44 38.40 38.54 38.80 38.56 38.62 38.90 39.40 39.14 39.19 
2 37.12 37.13 36.99 36.98 36.82 37.03 37.42 37.96 37.63 38.04 38.31 38.51 38.22 38.51 38.66 38.87 38.93 39.03 
3 37.25 37.11 37.12 37.16 37.07 37.44 37.85 38.29 38.18 38.42 38.76 39.08 38.98 39.02 39.44 39.72 39.86 39.69 
4 37.12 37.42 37.30 37.19 37.09 37.10 37.58 38.02 37.93 38.00 38.36 38.64 38.57 38.43 38.42 38.55 38.69 38.50 
5 36.94 36.94 36.97 37.04 37.05 37.50 38.25 38.71 38.70 38.74 38.62 38.88 37.97 38.12 38.43 38.84 38.72 38.72 
6 36.69 36.70 36.62 36.68 36.67 37.17 38.01 38.69 38.73 38.65 39.13 39.42 39.15 38.95 39.36 39.50 39.52 39.22 
7 36.90 37.06 36.80 36.72 36.70 36.85 37.11 37.53 37.65 37.77 38.03 38.38 38.19 38.44 38.70 38.97 38.83 38.47 
8 37.17 37.06 36.97 36.88 36.85 37.24 37.96 38.20 38.17 38.16 38.53 38.97 38.52 38.58 39.00 39.26 38.82 38.75 
9 37.02 36.91 36.84 36.86 36.99 37.07 37.52 37.95 37.83 37.83 38.14 38.23 38.07 38.28 38.48 38.70 38.8 38.72 
10 37.61 37.59 37.58 37.58 37.58 37.72 38.23 38.47 38.38 38.46 38.71 38.82 38.70 38.62 38.75 38.87 38.78 38.70 
11 37.10 37.17 37.17 37.15 37.12 37.48 38.07 38.64 38.70 38.89 39.17 39.31 39.25 39.37 39.46 39.60 39.48 39.42 
12 37.30 37.28 37.26 37.27 37.23 37.70 38.21 38.58 38.31 38.40 38.56 38.86 38.74 38.61 38.80 39.10 39.10 38.89 

Mean 37.15 37.14 37.07 37.06 37.02 37.30 37.84 38.29 38.22 38.31 38.57 38.83 38.58 38.63 38.87 39.12 39.06 38.94 
SD 0.26 0.24 0.26 0.25 0.25 0.27 0.36 0.37 0.39 0.36 0.35 0.35 0.41 0.34 0.38 0.38 0.38 0.38 

Participant Arrive pc10 pc20 pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 37.21 37.09 36.97 36.90 36.78 37.14 37.71 38.10 37.96 38.20 38.70 39.10 38.81 39.14 39.19 39.31 39.19 39.14 
2 37.03 37.16 37.25 37.17 37.16 37.42 37.83 38.23 38.25 38.33 38.53 38.78 38.43 38.48 38.88 39.21 39.06 38.89 
3 37.35 37.44 37.46 37.38 37.29 37.5 38.03 38.52 38.69 38.66 38.99 39.25 39.16 39.19 39.48 39.91 39.91 38.89 
4 36.82 36.84 36.78 36.75 36.69 37.00 37.61 38.13 37.86 37.86 38.27 38.61 38.22 37.86 38.27 38.52 38.41 38.00 
5 37.30 37.28 37.29 37.21 37.13 37.78 38.47 38.81 38.50 38.55 38.75 38.85 38.51 38.51 38.77 39.05 38.91 38.81 
6 36.36 36.44 36.45 36.42 36.48 37.30 38.01 38.42 38.18 38.34 38.94 39.41 39.47 39.11 39.32 39.56 39.59 39.43 
7 36.68 36.94 36.92 36.73 36.62 37.01 37.56 38.04 37.97 38.07 38.53 38.77 38.53 38.63 39.01 39.36 39.18 38.99 
8 37.11 36.98 36.92 36.91 36.95 37.48 38.23 38.74 38.46 38.67 39.15 39.66 39.23 39.32 39.56 39.64 39.57 39.47 
9 37.22 37.19 37.14 37.20 37.22 37.32 37.58 37.8 37.90 37.94 38.14 38.30 38.32 38.31 38.43 38.65 38.7 38.61 
10 37.67 37.62 37.26 37.23 37.28 37.89 38.31 38.60 38.68 38.27 38.91 39.07 38.87 38.68 38.87 38.94 38.56 38.48 
11 36.60 36.57 36.51 37.02 37.30 37.63 38.16 38.77 38.35 38.61 39.15 39.45 38.78 39.09 39.42 39.60 39.39 38.89 
12 37.40 37.39 37.30 37.22 37.23 37.30 37.70 38.22 38.37 38.23 38.56 39.00 39.04 38.80 39.01 39.38 39.45 39.07 

Mean 37.06 37.08 37.02 37.01 37.01 37.40 37.93 38.365 38.26 38.31 38.72 39.02 38.78 38.76 39.02 39.26 39.16 38.89 
SD 0.38 0.35 0.32 0.28 0.29 0.28 0.31 0.33 0.29 0.27 0.33 0.39 0.39 0.43 0.40 0.41 0.45 0.40 
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MIX TRIAL 

 
Forehead Skin Temperature (°C)                                                    CONTROL TRIAL 

Participant Arrive pc10 pc20 pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 37.06 36.95 36.68 36.23 36.33 37.16 37.75 38.27 38.02 38.29 38.74 39.02 38.88 38.84 39.02 39.30 38.91 39.08 
2 37.29 37.15 36.96 36.73 36.57 37.18 37.67 38.05 37.94 37.93 38.09 38.40 38.22 38.21 38.38 38.81 38.73 38.87 
3 36.94 36.81 36.55 36.14 36.30 36.84 37.50 38.07 38.00 38.38 38.69 39.06 38.78 38.94 39.16 39.50 39.33 38.76 
4 37.16 37.14 36.59 36.21 35.68 35.95 37.39 38.44 38.08 38.08 38.58 38.96 38.81 38.54 38.72 38.90 39.01 38.86 
5 37.12 36.79 36.56 36.39 36.37 36.98 38.01 38.67 38.77 38.70 39.02 39.25 38.95 38.83 38.99 39.21 39.08 38.70 
6 36.75 36.49 36.00 35.65 35.40 36.38 37.46 38.34 38.43 38.31 38.93 39.41 39.06 38.93 39.27 39.56 39.38 38.90 
7 37.31 37.17 37.08 36.73 36.66 36.42 36.90 37.26 37.35 38.37 38.80 39.12 39.26 39.07 39.21 39.50 39.19 39.00 
8 37.04 36.79 36.62 36.23 36.05 36.69 37.60 38.36 37.92 38.15 38.56 38.88 38.44 38.44 38.8 39.40 38.62 38.5 
9 37.25 37.08 36.75 36.49 36.6 36.88 37.37 37.67 37.73 37.90 38.19 38.42 38.38 38.42 38.61 38.84 38.81 38.71 
10 37.2 37.21 36.92 36.67 36.52 37.12 37.96 38.23 38.13 38.05 38.23 38.46 38.30 38.32 38.60 38.80 38.73 38.53 
11 37.00 36.86 36.64 36.36 36.30 36.57 36.97 37.42 37.90 38.07 38.30 38.50 38.57 38.56 38.67 38.82 38.88 38.74 
12 37.20 37.02 37.00 36.88 36.86 37.24 38.10 38.26 38.19 38.25 38.64 39.06 39.22 39.12 39.25 39.60 39.65 39.67 

Mean 37.11 36.96 36.70 36.39 36.30 36.78 37.56 38.09 38.04 38.21 38.56 38.88 38.74 38.69 38.89 39.19 39.03 38.86 
SD 0.16 0.21 0.29 0.34 0.42 0.39 0.38 0.43 0.35 0.22 0.30 0.35 0.35 0.31 0.30 0.33 0.31 0.31 

Participant Arrive pc10 pc20 pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TT1 TTF2 
1 33.96 34.35 34.52 35.00 35.12 35.35 36.44 37.18 35.95 33.13 37.67 37.86 37.19 37.31 37.38 37.58 36.78 36.40 
2 33.70 34.14 34.41 34.44 36.17 35.98 36.53 36.47 34.76 36.56 36.53 36.60 35.98 36.20 36.18 37.02 36.05 35.55 
3 33.61 33.76 34.00 33.84 35.91 35.82 36.53 36.34 34.73 36.69 36.87 37.17 35.55 36.91 36.79 36.66 36.75 36.68 
4 34.76 34.99 34.99 34.82 36.21 36.57 37.13 37.55 36.85 37.38 37.68 37.90 37.04 37.4 37.51 38.00 37.09 37.14 
5 34.77 35.26 35.19 35.20 36.00 36.37 36.89 37.27 36.42 36.80 36.97 37.35 36.21 36.98 37.30 37.49 36.89 36.62 
6 33.90 34.32 34.50 34.38 36.05 36.08 36.71 37.42 36.30 36.85 37.45 37.49 36.08 36.95 36.71 36.38 36.9 36.85 
7 33.88 34.27 34.50 34.38 36.15 35.96 36.70 37.23 35.96 36.85 37.46 37.54 36.34 36.64 36.92 37.55 36.78 35.95 
8 35.15 35.24 35.18 35.41 36.03 36.49 37.00 37.43 36.39 36.84 37.31 37.53 36.50 37.38 37.18 37.40 36.95 36.73 
9 34.51 34.77 35.04 35.10 36.05 36.01 36.40 36.52 35.32 36.68 36.48 36.76 35.92 36.67 36.98 37.49 36.56 36.14 
10 35.35 35.44 35.31 35.23 36.66 36.37 36.69 36.60 35.67 36.74 36.82 37.12 35.19 36.46 37.00 36.95 35.84 35.51 
11 34.14 34.73 34.64 35.02 36.21 36.47 36.98 37.44 36.64 37.29 37.62 37.90 36.68 37.23 37.66 37.70 36.84 36.76 
12 35.47 35.65 35.83 35.85 36.82 37.09 37.63 37.90 37.00 37.73 38.00 38.15 37.33 37.75 38.40 38.57 37.8 37.74 

Mean 34.43 34.74 34.84 34.89 36.12 36.21 36.80 37.11 36.00 36.63 37.24 37.45 36.33 36.99 37.17 37.40 36.77 36.51 
SD 0.66 0.59 0.50 0.55 0.41 0.44 0.35 0.50 0.76 1.15 0.49 0.47 0.65 0.45 0.56 0.59 0.49 0.64 
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MENTH TRIAL 

 
 

MIX TRIAL 

Participant Arrive pc10 pc20 pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 34.08 34.5 36.48 34.44 35.71 35.71 36.42 37.30 36.44 36.88 37.68 37.71 37.19 37.38 37.51 37.61 37.42 36.30 
2 34.76 35.06 35.05 34.77 36.65 36.29 36.75 37.31 35.44 36.44 36.77 36.68 35.73 36.44 36.84 36.98 35.47 35.12 
3 33.32 33.54 33.46 33.36 36.08 36.36 36.90 37.14 35.77 36.66 36.96 37.19 36.66 36.80 37.14 37.27 36.72 36.47 
4 33.97 34.5 34.64 34.88 36.23 36.8 37.44 37.77 36.88 37.59 37.80 37.98 37.14 37.39 37.56 37.77 37.15 36.83 
5 35.03 35.25 35.24 35.23 36.26 36.57 36.86 36.92 36.25 36.67 36.82 36.91 35.94 36.50 37.20 37.12 36.23 35.59 
6 34.72 35.01 34.92 35.19 36.10 36.73 37.16 37.58 36.91 37.39 37.83 38.19 37.28 37.88 37.85 37.85 37.75 37.31 
7 33.35 34.42 34.43 34.46 36.04 35.95 36.30 36.52 35.70 36.74 36.94 37.43 34.86 35.56 36.47 36.26 35.97 35.21 
8 35.04 35.11 35.21 35.09 36.19 36.62 37.22 37.53 36.65 37.30 37.85 37.88 36.75 37.42 37.48 37.63 37.25 36.22 
9 35.09 35.19 35.27 35.29 36.11 36.01 36.18 36.24 35.28 35.87 36.20 36.73 35.24 36.43 36.81 36.97 36.06 36.11 
10 34.33 34.85 34.97 34.70 36.44 36.22 36.48 36.61 35.49 36.82 36.87 36.96 35.38 36.75 36.97 37.05 35.61 35.70 
11 34.59 34.80 34.34 34.26 36.00 36.22 36.90 37.28 36.21 37.29 37.50 37.59 36.42 36.92 37.16 37.28 36.01 35.80 
12 35.27 35.29 35.33 35.35 36.34 36.62 37.21 37.72 36.78 37.40 37.81 38.05 37.10 37.41 37.63 37.99 37.14 38.96 

Mean 34.46 34.79 34.95 34.75 36.18 36.34 36.82 37.16 36.15 36.92 37.25 37.44 36.31 36.91 37.22 37.32 36.57 36.30 
SD 0.66 0.50 0.72 0.57 0.24 0.34 0.40 0.49 0.60 0.49 0.56 0.54 0.85 0.63 0.40 0.49 0.77 1.05 

Participant Arrive pc10 pc20 pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 34.49 34.41 34.17 33.99 35.6 35.89 36.98 37.58 36.55 37.65 37.87 37.94 37.38 37.55 37.7 37.86 36.78 36.67 
2 34.43 34.48 34.23 33.89 35.54 36.04 36.18 36.02 35.55 35.73 35.9 36.11 34.9 35.49 35.62 36.3 35.18 36.44 
3 33.53 33.25 32.89 32.99 34.98 35.5 36.05 36.28 34.58 36.13 36.37 36.58 35.4 36.06 36.36 36.84 36.08 35.78 
4 34.05 34.29 33.88 33.37 35.41 36.17 37.25 37.81 36.67 37.49 37.85 37.43 37 37.3 37.43 37.92 36.44 36.71 
5 34.90 34.40 34.20 34.16 35.78 36.26 36.89 37.24 36.62 37.02 37.32 37.42 36.27 36.79 37.14 37.22 36.63 35.97 
6 34.82 34.54 34.01 33.28 34.88 35.98 36.47 37.22 36.23 37.03 37.31 37.43 36.5 37.06 36.81 36.87 36.96 36.62 
7 34.04 34.15 33.83 33.38 35.29 35.4 35.99 36.47 35.51 36.6 36.77 37.12 35.87 36.44 37.08 37.14 36.45 35.74 
8 35.12 34.77 34.38 33.77 35.35 36.21 36.79 37.27 36.14 37.07 37.38 37.32 36.45 37.13 37.19 37.41 36.79 36.07 
9 34.70 34.84 34.30 33.83 35.56 35.79 35.99 36.27 35.83 36 36.78 36.84 35.2 36.71 36.89 37.11 36.43 36.35 
10 34.69 34.61 34.11 33.96 35.43 35.62 35.86 36.3 35.52 36.48 37.1 37.16 35.68 36.95 37.34 37.45 36.46 36.77 
11 34.48 34.41 34.04 33.80 35.38 35.95 36.62 36.98 36.2 36.81 37.16 37.37 35.89 37.15 37.23 37.57 36.12 35.94 
12 35.52 35.11 34.80 34.38 36.02 36.85 37.55 37.92 37.33 37.87 38.23 38.56 37.89 38.19 38.61 39.1 38.34 38.28 

Mean 34.56 34.44 34.07 33.73 35.44 35.97 36.55 36.95 36.06 36.82 37.17 37.27 36.20 36.90 37.12 37.40 36.56 36.45 
SD 0.53 0.46 0.45 0.40 0.31 0.39 0.55 0.66 0.72 0.67 0.66 0.62 0.90 0.70 0.72 0.70 0.73 0.69 
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Rate of Perceived Thermal Sensation      CONTROL TRIAL 

 
MENTH TRIAL 

Participant Arrive pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 -1 0 2 2 2 3 1 3 3 3 3 3 3.5 4 2.5 4 
2 0 -0.5 0.5 1 1 1 0.5 1 1 1 0.5 1 1 1.5 0.5 1 
3 -1 0 1 1.5 1.5 1.5 1.5 1.5 2 2.5 2 2.5 3.5 3.5 3.5 3.5 
4 0 0 2 2 2.5 2.5 1.5 2.5 3 3.5 2 3 3 4 1 3 
5 0 0 0.5 2 2 2 0.5 1 1.5 2 2 2 2.5 3 1 2 
6 0 -1 1 1 1 1 0.5 1 1.5 1.5 1.5 2 2.5 3 2.5 3 
7 -3 -3 2 2 2 2.5 1.5 2.5 3 3 2.5 3 3 3.5 1.5 3 
8 0 0 1 2 2.5 2.5 2 2.5 2.5 3 3 3 3 3.5 2.5 3.5 
9 0 0 1.5 2 2 2.5 2 2.5 2.5 3 2.5 3 3.5 3.5 3 3.5 
10 1 0 2.5 2.5 2.5 2.5 2 2.5 3 3 2 3.5 3 3.5 4 4 
11 -1 -1 1 3 3 3 3.5 4 4 4 4 4 4 4 4 4 
12 1 1 2 3 3 3.5 2 3.5 3.5 4 2.5 3.5 4 4 3 3.5 

Mean -0.33 -0.38 1.42 2 2.08 2.29 1.54 2.29 2.54 2.79 2.29 2.79 3.04 3.42 2.42 3.17 
SD 1.07 0.98 0.67 0.64 0.67 0.78 0.86 0.99 0.89 0.92 0.86 0.81 0.81 0.70 1.18 0.89 

Participant Arrive pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 0 0 1 1 2 2 3 3 3.5 3.5 3 3.5 3.5 4 2 3 
2 0 0 1 1 1.5 1.5 0.5 1 1.5 1.5 0.5 1 1.5 1.5 0.5 1.5 
3 -1 -1 1 2 2 2 0 2 2 2.5 2.5 2.5 3.5 4 4 4 
4 0 0 1 1 1.5 2.5 2 2.5 2.5 2.5 1.5 2 2.5 3 1.5 2.5 
5 0.5 -0.5 1 2 2 2 0.5 2 2.5 2.5 0.5 1.5 2.5 3 1 3 
6 -1 0 0 1 1 1 1 1.5 2 2.5 1.5 2.5 3 2.5 2.5 2.5 
7 -2.5 -2.5 2 2.5 2.5 3 1.5 2.5 2.5 3 2 3 3.5 3.5 2 3 
8 0 0 1.5 2.5 2.5 3 2.5 3 3 3.5 3.5 3.5 4 4 4 4 
9 0 0 1.5 2 2.5 2.5 2 2.5 2.5 3 2 3 3 3 2 3.5 
10 0.5 0 2 2 2 2.5 1.5 2.5 2.5 2.5 2 3 3 3 1 2.5 
11 -1 -1 1 2 2 3 3 3 3.5 3.5 3.5 4 4 4 3 3.5 
12 1 0 2 3 3 4 3 4 4 4 4 4 4 4 3.8 3.5 

Mean -0.29 -0.42 1.25 1.83 2.04 2.42 1.71 2.46 2.67 2.88 2.21 2.79 3.17 3.29 2.28 3.04 
SD 0.94 0.76 0.58 0.69 0.54 0.79 1.05 0.78 0.72 0.68 1.14 0.94 0.75 0.78 1.209 0.72 
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MIX TRIAL 

 
Time to Fatigue                                                                              Profile of Mood State  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Participant Arrive pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 0 -3 1 1 2 3 1 3 3 3.5 3 3.5 4 4 3 3 
2 0 -2 0.5 1 1 1 0.5 1 1 1 0.5 1 1 2 0.5 1.5 
3 -1 -3 1 1.5 2 2 1.5 1.5 2 2.5 2 2.5 2.5 3.5 2 3.5 
4 -0.5 -3 0 1 2 2 0.5 2 2.5 2.5 1.5 2 2.5 3.5 3 3 
5 0 -3 1 2.5 2.5 2.5 1 2.5 3 3 1.5 2 3 3 1 2.5 
6 0 -2 1 1 1 1.5 0.5 2 2 2 2.5 2 2.5 3 3 3 
7 -2 -4 0 1.5 2 2 1.5 2.5 2.5 2 2 2.5 3 3 2 3 
8 0 -3 -1 0.5 2 2.5 1.5 2.5 2.5 3 2.5 3 3 3 3 3 
9 1 -1 1.5 2 2 2 1.5 2 2.5 2.5 2 3 3 3 3 3.5 
10 0 -1.5 2 2 2 1.5 1.5 2 2.5 2.5 1.5 2.5 3 2.5 1.5 3 
11 -2 -3.5 1 1.5 2.5 3 3 3 3.5 3.5 3 3.5 3.5 4 3 4 
12 2 -2 2 3 3.5 4 2.5 3.5 4 4 3.5 4 4 4 3 3.5 

Mean -0.21 -2.58 0.83 1.54 2.04 2.25 1.38 2.29 2.58 2.67 2.13 2.63 2.92 3.21 2.33 3.04 
SD 1.12 0.87 0.86 0.72 0.66 0.81 0.77 0.69 0.76 0.81 0.83 0.83 0.79 0.62 0.91 0.62 

Participant CON MENTH MIX 
1 0:37 1:24 1:12 
2 2:34 2:40 2:55 
3 1:00 1:07 1:57 
4 0:40 1:31 0:57 
5 1:15 1:20 1:51 
6 0:50 0:24 0:34 
7 0:44 0:57 1:00 
8 1:10 1:06 1:27 
9 1:05 2:08 1:43 
10 0:56 1:52 1:50 
11 0:52 1:23 1:17 
12 1:14 1:25 1:16 

Mean 1:04 1:26 1:29 
SD 0.02 0.02 0.025 

 Pre Post 
Participant CON MENTH MIX CON MENTH MIX 

1 -23 -30 -23 23 23 9 
2 -13 -17 -10 3 6 1 
3 -20 -28 -21 22 10 2 
4 -12 -10 -9 5 12 9 
5 -12 -1 -14 11 9 6 
6 -16 -17 -23 6 17 -4 
7 -31 -31 -32 14 12 4 
8 -21 -22 -15 2 4 -5 
9 -5 0 -6 5 7 0 
10 -20 -15 -13 15 6 6 
11 -23 -26 -26 35 17 -3 
12 -3 1 -6 21 19 18 

Mean -16.58 -16.33 -16.50 13.50 11.83 3.58 
SD 8.02 11.71 8.39 10.15 5.98 6.57 
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Incorrect                         CRT CONTROL TRIAL            CRT MENTH TRIAL    

 
                     CRT MIX TRIAL         CON cMSIT TRIAL 

          

Participant Arrive 0  30  70  110  TTF 
1 5 5 9 6 7 17 
2 8 14 10 9 8 27 
3 5 6 3 9 19 11 
4 7 12 10 15 11 10 
5 10 10 6 8 7 12 
6 6 14 11 10 16 20 
7 7 4 9 9 15 9 
8 1 3 3 1 2 3 
9 5 15 10 9 9 7 
10 4 5 5 8 4 9 
11 0 5 14 10 9 7 
12 13 14 15 17 17 13 

Mean 5.92 8.92 8.75 9.25 10.33 12.08 
SD 3.55 4.66 3.86 4.00 5.35 6.53 

Participant Arrive 0  30  70  110  TTF 
1 5 9 9 10 12 17 
2 4 2 9 6 7 18 
3 4 8 8 10 15 12 
4 12 7 7 5 10 17 
5 3 13 9 9 12 9 
6 12 12 9 14 10 16 
7 8 5 9 13 14 15 
8 3 4 4 5 5 4 
9 7 10 4 8 4 2 
10 4 5 5 3 9 2 
11 3 3 6 7 6 2 
12 13 9 14 18 12 13 

Mean 6.5 7.25 7.75 9 9.67 10.58 
SD 3.85 3.52 2.80 4.33 3.55 6.47 

Participant Arrive 0  30  70  110  TTF 
1 5 6 8 13 9 14 
2 5 7 6 10 8 11 
3 6 7 6 11 12 11 
4 7 9 4 7 5 5 
5 6 6 12 7 6 5 
6 12 13 12 17 14 8 
7 13 14 12 7 9 9 
8 3 3 2 4 1 4 
9 6 9 6 3 8 14 
10 7 4 8 12 9 10 
11 6 3 7 5 5 7 
12 13 7 11 9 10 12 

Mean 7.42 7.33 7.83 8.75 8 9.17 
SD 3.34 3.50 3.33 4.07 3.44 3.43 

Participant Arrive 0  30  70  110  TTF 
1 6 7 6 8 10 14 
2 2 5 5 4 11 9 
3 5 5 2 4 9 16 
4 5 7 4 3 8 6 
5 5 3 5 4 10 10 
6 8 6 12 10 13 15 
7 4 3 5 7 16 7 
8 1 1 1 2 3 2 
9 2 1 0 2 4 3 
10 4 2 1 3 7 7 
11 4 3 5 2 5 5 
12 6 7 6 7 12 8 

Mean 4.33 4.17 4.33 4.67 9 8.5 
SD 1.97 2.29 3.20 2.67 3.84 4.54 



 

 216 

                  
                                        MENTH cMSIT TRIAL        MIX cMSIT TRIAL 

 
 
 
 
 
 
 
 
 
 
 
 
                          
 
 
 

 
                                                         CON S7 TRIAL                 MENTH S7 TRIAL 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 

Participant Arrive 0  30  70  110  TTF 
1 6 4 9 10 14 8 
2 3 5 5 2 4 14 
3 5 4 2 5 7 6 
4 5 4 3 4 6 3 
5 6 3 4 6 0 5 
6 7 11 9 16 14 15 
7 6 4 6 4 10 8 
8 5 5 2 2 3 2 
9 1 0 1 4 2 0 
10 1 4 8 7 7 8 
11 5 4 5 7 8 1 
12 5 6 2 8 4 8 

Mean 4.58 4.5 4.67 6.25 6.58 6.5 
SD 1.93 2.50 2.84 3.89 4.42 4.72 

Participant Arrive 0  30  70  110  TTF 
1 4 4 6 7 8 5 
2 2 3 2 8 4 2 
3 7 6 4 5 7 8 
4 3 1 2 2 5 7 
5 3 0 2 5 8 3 
6 8 4 10 8 7 12 
7 2 3 5 9 7 6 
8 2 2 3 4 4 2 
9 3 2 1 1 2 1 
10 5 6 7 8 9 7 
11 4 5 2 4 5 3 
12 4 4 12 8 7 8 

Mean 3.92 3.33 4.67 5.75 6.08 5.33 
SD 1.93 1.87 3.50 2.63 2.07 3.26 

Participant Arrive 0  30  70  110  TTF 
1 0 2.86 2.86 0 6.16 3.31 
2 5 0 0 2.08 3.6 4.76 
3 0 12.5 0 10.7 14.29 12.12 
4 0 0 0 0 0 0 
5 2.44 6.25 6.25 0 0 0 
6 6.67 13.64 13.64 14.45 16 20 
7 26.67 14.11 4.17 4.17 25 15.65 
8 0 0 0 0 5.13 6.07 
9 3.7 0 2.78 0 4.45 6.42 
10 0 0 8.11 8.11 5.26 7.14 
11 4.76 4 4 3.57 6.45 11.54 
12 5.41 3.29 2.38 0 0 0 

Mean 4.55 4.72 3.68 3.59 7.20 7.25 
SD 7.41 5.62 4.08 4.94 7.57 6.44 

Participant Arrive 0  30  70  110  TTF 
1 6.67 0 0 0 6.45 0 
2 2.86 5 7.89 0 0 8.7 
3 11.54 3.57 0 9.68 3.45 5.17 
4 2.56 0 0 0 0 0 
5 0 0 2.04 2.04 0 0 
6 4.76 9.52 3.85 12 28.57 28 
7 14.29 11.11 13.64 4.17 31.25 13.64 
8 0 3.03 3.45 2.86 0 0 
9 0 10.34 0 2.78 0 2.86 
10 0 6.06 2.7 5.41 0 0 
11 0 0 3.45 3.33 0 3.33 
12 0 2.86 0 6.06 0 0 

Mean 3.56 4.29 3.09 4.03 5.81 5.14 
SD 4.93 4.18 4.09 3.79 11.45 8.39 
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    MIX S7 TRIAL                                                     Response Rate                    CON CRT TRIAL 

 
                                     MENTH CRT TRIAL                         MIX CRT TRIAL 

 

Participant Arrive 0  30  70  110  TTF 
1 0 0 0 0 6.06 0 
2 0 0 0 0 0 2.7 
3 0 0 0 0 2.63 2.86 
4 0 0 0 2.7 0 2.13 
5 0 2.86 0 2.08 0 0 
6 20 15.79 17.39 4.17 7.69 8.33 
7 4.55 20 8.33 8.7 11.11 15.79 
8 0 0 3.13 0 4.88 0 
9 3.13 0 2.94 12.12 2.86 3.33 
10 0 3.03 2.5 2.5 2.78 5.13 
11 4.55 0 0 9.68 5.85 10 
12 3.13 3.03 5.56 0 5.41 2.7 

Mean 2.95 3.73 3.32 3.50 4.11 4.41 
SD 5.70 6.80 5.18 4.32 3.40 4.76 

Participant Arrive 0  30  70  110  TTF 
1 528.47 514.85 476.35 454.91 583.73 632.43 
2 451.99 485.69 489.73 415.03 417.22 556.2 
3 604.82 561.88 519.67 549.37 588.64 548.96 
4 477.89 454.87 456.67 457.65 471.52 429.68 
5 398.8 424.68 407.97 372.22 401.54 403.99 
6 504.48 493.2 488.84 480.67 482.49 465.37 
7 590.68 560.65 505.56 506.21 479.17 484.05 
8 510.87 490.48 500.99 496.31 471.72 482.78 
9 618.98 717.64 709.33 655.9 686.88 636.84 
10 530.15 517.92 470.74 499.1 517.23 485.31 
11 579.76 582.92 556 574.25 525.77 507.58 
12 430.77 425.39 414.03 398.96 414.97 391.71 

Mean 518.97 519.18 499.66 488.38 503.41 502.08 
SD 70.77 80.62 77.90 79.00 83.53 79.59 

Participant Arrive 0  30  70  110  TTF 
1 493.51 535.04 477.26 515.41 560.74 585.9 
2 448.4 493.64 470.74 480.75 422.52 491.21 
3 565.95 593.52 517.64 520.13 597.51 546.66 
4 492.99 500.18 472.32 460.64 434.74 449.22 
5 455.66 452.03 426.38 424.35 399.38 411.57 
6 507.15 530.81 472.85 438.97 440.07 475.61 
7 600.57 560.39 500.26 522.16 531.38 531.56 
8 604.47 581.46 510.07 508.6 489.29 478.2 
9 520.52 524.51 606.63 585.32 622.3 668.4 
10 503.48 532.41 467.51 457.2 450.49 474.32 
11 561.97 557.91 531.06 518.8 529.03 499.59 
12 406.12 414.19 388.55 405 419.21 388.85 

Mean 513.40 523.01 486.77 486.44 491.39 500.09 
SD 61.11 51.84 54.29 51.22 75.17 75.96 

Participant Arrive 0  30  70  110  TTF 
1 533.17 494.33 511.68 488.32 569.5 653.25 
2 500.05 463.37 455.54 450.91 448.28 604.99 
3 576.07 567.23 579.8 569.82 618.66 485.54 
4 466.1 460.72 437.29 433.97 435.43 427.44 
5 423.29 416.77 440.86 435.83 443.65 419.17 
6 553.02 536.58 438.09 447.7 468.57 475.14 
7 525.01 517.59 523.07 540.14 496.61 512.55 
8 520.5 516.13 501.05 450.52 495.04 521.13 
9 673.39 651.03 582.89 637.02 597.79 575.68 
10 488.22 475.64 489.96 469.01 461.15 446.42 
11 514.57 507.74 499.21 478.14 481.62 491.46 
12 437.56 438.88 472.21 455.06 431.03 398.66 

Mean 517.58 503.83 494.30 488.05 495.61 500.95 
SD 66.32 62.74 50.12 62.67 64.59 77.85 
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                                          CON cMSIT TRIAL        MENTH cMSIT TRIAL 

 
                                       MIX cMSIT TRIAL                 CON S7 TRIAL 

 

Participant Arrive 0  30  70  110  TTF 
1 664.54 729.2 649.96 637.63 811.76 745.25 
2 558.43 545.42 507.5 497.54 494.23 659.22 
3 765.45 757.86 710.91 698.24 797.1 795.22 
4 591.7 582.44 592.91 609.69 591.37 605.28 
5 547.48 538.5 492.51 501.44 491.53 491.78 
6 668.41 635.08 604.81 597.88 677.57 603.2 
7 780.7 778.54 709.86 745.17 749.75 716.85 
8 821.19 788.75 722.46 669.93 704.59 722.74 
9 750.94 783.72 751.57 713.32 695.42 737.65 
10 667.42 641.77 621.5 608.91 569.19 576.14 
11 868.65 841.34 739.58 777.77 672.12 672.94 
12 613.48 582.38 545.91 539.53 575.59 555.23 

Mean 691.53 683.75 637.46 633.09 652.52 656.79 
SD 105.10 107.58 90.98 91.64 108.23 91.12 

Participant Arrive 0  30  70  110  TTF 
1 740.35 725.29 672.26 702.16 840.84 768.44 
2 566.41 544.34 525.4 548.27 523.41 713.46 
3 812.04 805.8 736.79 691.31 709.44 677.27 
4 613.11 565.25 583.22 552.24 599.49 614.56 
5 570.86 558.64 539.95 537.72 529.75 508.35 
6 619.1 613.33 558.51 540.11 566.82 528.97 
7 775.09 726.79 756.26 701.34 734.21 814.31 
8 822.5 824.65 902.8 892.67 892.98 842.91 
9 779.67 773.2 733.88 700.84 681.47 742.7 
10 633.13 604.11 579.21 591.29 564.77 563.33 
11 592.3 608.87 577.83 568.95 560.46 556.93 
12 595.67 589.39 604.96 746.9 584.62 596.21 

Mean 676.687 661.64 647.59 647.82 649.02 660.62 
SD 100.10 102.43 113.98 109.74 123.06 114.93 

Participant Arrive 0  30  70  110  TTF 
1 637.1 683.1 673.4 719.09 713.2 847.09 
2 543.85 590.27 568.22 518.64 516.17 581.84 
3 759.25 781.68 717.13 743.96 760.32 737.59 
4 669 643.59 604.65 590.97 576.13 546.59 
5 595.72 619.31 550.37 523.01 535.76 509.45 
6 705.72 717.81 608.72 608.47 614.01 614.53 
7 745.9 737.92 721.23 784.6 760.75 771.58 
8 820.23 811.65 666.53 677.68 724.19 753.5 
9 809.03 796.23 738.44 765.61 745.72 745.77 
10 604.86 630.63 575.29 567.98 553.44 550.25 
11 712.19 678.36 672.44 593.71 601.48 634.94 
12 611.17 579.41 547.34 630.77 547.75 547.91 

Mean 684.50 689.16 636.98 643.71 637.41 653.42 
SD 88.61 80.11 69.54 92.56 95.84 112.00 

Participant Arrive 0  30  70  110  TTF 
1 30 31 35 36 28 28 
2 40 38 46 48 45 31 
3 30 24 34 32 28 33 
4 37 40 40 37 41 40 
5 41 41 48 52 53 51 
6 15 18 22 22 25 23 
7 15 20 24 24 24 18 
8 34 35 36 43 39 41 
9 27 30 36 31 34 29 
10 30 34 37 38 38 35 
11 21 19 25 28 31 26 
12 37 38 42 39 42 39 

Mean 29.75 30.67 35.42 35.83 35.67 32.83 
SD 8.92 8.46 8.31 9.08 8.87 9.02 
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        MENTH S7 TRIAL         MIX S7 TRIAL 

 
Perceived Thirst                  CONTROL TRIAL 
 

Participant Arrive 0  30  70  110  TTF 
1 30 33 33 30 31 29 
2 35 40 38 43 46 23 
3 26 28 33 33 29 29 
4 39 38 42 37 41 40 
5 41 41 49 49 50 44 
6 21 21 26 25 28 25 
7 14 18 22 24 16 22 
8 25 33 29 35 34 32 
9 33 29 35 36 35 35 
10 35 33 37 37 35 37 
11 23 26 29 30 30 30 
12 37 35 36 37 35 37 

Mean 29.92 31.25 34.08 34.67 34.17 31.92 
SD 8.18 7.16 7.25 7.05 8.85 6.87 

Participant Arrive 0  30  70  110  TTF 
1 31 31 30 33 33 31 
2 40 37 43 47 48 37 
3 34 31 32 36 38 35 
4 38 37 40 37 39 42 
5 38 35 46 48 46 45 
6 15 19 23 24 26 24 
7 22 20 24 23 27 19 
8 35 27 32 38 41 38 
9 32 29 34 33 35 30 
10 33 33 40 40 36 39 
11 22 23 26 31 29 30 
12 32 33 36 35 37 37 

Mean 31 29.58 33.83 35.42 36.25 33.92 
SD 7.56 6.19 7.44 7.62 6.89 7.45 

Participant Arrive pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 1 1 1 1 1 2 2 2 3 3 2 4 5 6 4 2 
2 2 2 2 2 2 3 3 3 3 4 3 4 4 5 5 5 
3 1 1 1 1 1 1 1 2 2 2 2 3 2 3 3 3 
4 3 1 2 2 4 6 5 6 7 8 6 7 8 9 9 9 
5 2 2 2 3 4 4 2 3 4 3 3 4 5 6 3 3 
6 3 2 3 3 3 3 3 4 4 4 4 5 6 7 7 8 
7 1 1 2 3 5 5 3 5 6 7 5 7 7 8 6 7 
8 1 1 1 1 2 3 3 3 5 6 6 7 8 8 9 9 
9 3 1 1 1 1 1 1 1 1 2 1 2 2 2 1 3 
10 3 1 3 4 5 5 5 5 7 7 8 9 9 9 9 9 
11 1 1 1 3 3 3 4 4 6 6 5 7 7 8 8 9 
12 2 1 2 2 2 2 3 3 5 6 6 7 8 8 8 9 

Mean 1.9 1.3 1.8 2.2 2.8 3.2 2.9 3.4 4.4 4.8 4.3 5.5 5.9 6.6 6.0 6.3 
SD 0.9 0.5 0.8 1.0 1.5 1.6 1.3 1.4 1.9 2.1 2.1 2.1 2.4 2.3 2.8 2.9 
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MENTH TRIAL 

 

 MIX TRIAL 
 

Participant Arrive pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 1 1 1 1 2 3 3 1 3 4 4 2 1 1 2 1 
2 2 3 3 2 3 3 3 2 3 3 4 6 2 3 4 3 
3 1 1 1 1 1 1 1 2 2 3 2 4 1 1 3 1 
4 2 2 4 3 4 5 6 5 6 8 8 8 2 2 7 4 
5 3 3 2 3 3 5 5 3 3 5 6 7 3 3 3 2 
6 5 3 3 3 4 4 5 5 6 8 8 9 5 3 8 3 
7 2 3 3 2 3 4 5 3 5 6 6 8 2 3 6 3 
8 1 2 2 2 3 3 4 2 7 7 7 9 1 2 8 2 
9 1 1 2 1 1 1 1 1 1 2 1 3 1 1 1 2 
10 3 3 4 3 4 5 5 5 7 8 8 9 3 3 8 4 
11 2 3 3 3 4 5 5 5 6 6 7 6 2 3 6 3 
12 3 4 4 4 5 6 7 8 8 8 9 9 3 4 8 4 

Mean 2.2 2.4 2.7 2.3 3.1 3.8 4.2 3.5 4.8 5.7 5.8 6.7 2.2 2.4 5.3 2.7 
SD 1.2 1.0 1.1 1.0 1.2 1.6 1.9 2.1 2.3 2.2 2.6 2.5 1.2 1.0 2.6 1.1 

Participant Arrive pc30 Start 10 20 30 40 50 60 70 80 90 100 110 TTF1 TTF2 
1 1 1 1 1 1 1 1 2 3 1 3 3 4 5 4 4 
2 3 1 2 3 3 3 3 4 4 4 4 5 5 5 5 5 
3 1 1 1 1 1 1 1 1 1 1 1 1 1 2 2 2 
4 2 1 1 1 2 3 3 5 6 6 5 7 7 8 9 8 
5 0 2 3 4 4 3 3 5 6 3 3 4 5 5 2 7 
6 4 2 3 3 3 3 3 4 4 5 5 5 6 8 8 8 
7 2 1 1 2 2 4 2 5 5 5 4 6 6 6 3 6 
8 1 1 1 1 1 2 1 2 2 3 3 3 4 4 4 7 
9 3 0 1 1 1 1 1 1 1 1 1 1 1 2 1 3 
10 4 1 1 1 2 3 3 5 5 5 4 6 6 7 4 8 
11 1 1 1 1 1 2 2 3 3 3 3 4 5 6 5 7 
12 3 2 2 3 4 3 4 5 6 6 5 7 8 9 8 9 

Mean 2.1 1.2 1.5 1.8 2.1 2.4 2.3 3.5 3.8 3.6 3.4 4.3 4.8 5.6 4.6 6.2 
SD 1.3 0.6 0.8 1.1 1.2 1.0 1.1 1.6 1.9 1.9 1.4 2.1 2.1 2.2 2.6 2.2 




