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ABSTRACT 

Intermittent, high intensity activity is particularly susceptible to excess heat storage, while 

sports with mandatory protective clothing and/or rules that limit fluid consumption are likely to 

limit heat loss. This thesis therefore examined the physiological and perceptual responses to 

V8 Supercar driving and limited overs cricket in tropical conditions. Despite all four drivers 

receiving cooled air to their helmets and three drivers also utilising torso cooling, post-race 

mean (SD) core temperature was 39.0 (0.4)oC causing them to feel hot and uncomfortable. 

Batsmen and bowlers’ core temperature increased rapidly during short spells and although 

the sweat rates of 0.72 – 1.11L.h-1 were moderate, there were instances of substantial 

dehydration. The data of these field investigations demonstrated that physiological and 

perceptual strain result from relatively short bouts of physical activity in tropical conditions. 

 

Three pre-cooling methods prior to intermittent high intensity activity in simulated tropical 

conditions were then assessed. Thirty minutes of water bath (28 – 25oC) pre-cooling and 

twenty minutes of rest during instrumentation resulted in a Trectal of 36.7oC compared to 37.2 

– 37.4oC for the air jacket, control and ice jacket trials (p=0.000). An intermittent cycling 

protocol subsequently increased Trectal to 38.9oC for the air jacket, control and ice jacket trials, 

that was higher than the 38.6oC of the water bath trials (p=0.000) and contributed to the 

higher body heat storage of the water bath trials (p=0.000). Time to exhaustion at 100% V
.

O2max following the cycling protocol was not different between trials (p=0.992). 

 

Attenuated thermal strain via lower Trectal following cool water immersion was therefore 

demonstrated. Water bath pre-cooling augmented heat storage reserve that increased the 

margin for attainment of hyperthermic internal temperatures, and therefore water bath pre-

cooling is recommended to minimise physiological and perceptual strain during intermittent 

high intensity activity in tropical conditions. 
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EXECUTIVE SUMMARY 
 

Investigation A. Motor Sport Athlete Responses to V8 Supercar Racing in Tropical 
Conditions 

Anecdotal reports of V8 Supercar cabin temperatures exceeding 50oC during races in hot 

ambient conditions describe a challenging environment for thermoregulation, as heat 

dissipation is compromised by the mandatory heat-retardant protective ensemble. If such 

reports were verified, the V8 Supercar cabin environment would be classified as 

uncompensable, with body heat storage inevitable. While physical exhaustion tends to occur 

at core temperatures of ~40oC for well trained athletes in compensable conditions (Nielsen et 

al., 1997), internal body temperatures of 38.5 – 39.4oC have been associated with 

exhaustion during uncompensable heat stress (Cheung and McLellan, 1998; Selkirk and 

McLellan, 2001), potentially altering the thermal risk to motor sport athletes competing in the 

tropics. This investigation therefore sought to quantify the physiological and perceptual 

responses of four non-heat acclimatised male, elite motor sport athletes (Mean 28.0 years, 

1.77m, 76.8kg) to V8 Supercar racing in tropical conditions to gain insight into the thermal 

injury risk to drivers.  

 

Analysis was conducted during short (20 laps) and long (35 laps) races of the 2002 and 2003 

V8 Supercar rounds contested at the Hidden Valley racetrack, Darwin. The physiological 

measures of gastrointestinal temperature (Tgi) and heart rate were measured continuously 

throughout the driving bouts, while tympanic temperature (Ttym) was assessed pre- and post-

race. Urine specific gravity (USG) was measured pre-race and whole body sweat rate and 

dehydration were calculated following the races. The perceptual variables, thermal sensation 

(pre- and post-race) and rating of perceived exertion (post-race) were also measured. Three 

of the four subjects utilised torso cooling via a reticulum of tubes circulating cool water and all 

drivers had cool air delivered within the helmet.   

 

Two data sets were excluded due to racecar mechanical difficulties, resulting in 10 sets of 

data for all dependant variables, excluding heart rate and sweat loss that were limited to 6 

driving bouts. Overall, physiological and perceptual responses were similar between short 

and long races, such that data was pooled unless otherwise stated. The results of 

Investigation A demonstrated that high internal body temperatures were possible from V8 

Supercar racing in tropical conditions. Post-race mean (SD) Tgi 39.0 (0.4) oC significantly 

increased (p=0.000) from pre-race 37.9 (0.2) oC. The short races elicited a Tgi increase of 

0.042 (0.012) oC.min-1 compared to 0.029 (0.006) oC.min-1 of the long races. Drivers’ sweat 
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rates were 1.1 (0.1) L.h-1 or 13.4 (1.2) mL.kg-1.h-1 and rated their thermal sensation as hot 

and uncomfortable and perceived exertion approached very, very hard following the races.  

 

It was concluded that despite the provision of cooling, V8 Supercar drivers endure high 

internal body temperatures synonymous with exhaustion in the laboratory during protective 

clothing uncompensable heat stress. The motor sport athletes are therefore classified at a 

high risk of thermal injury that may be mitigated by torso cooling, chronic endurance training, 

heat acclimatisation, minimising adipose tissue, maintenance of optimal hydration status, 

pre-cooling and prevention of carbon monoxide inhalation. 

 

 

 

Investigation B. Responses to One-Day Cricket in Tropical Conditions 

Cricket originated from England as a summer twilight sport that required few breaks in play 

for fluid consumption due to the mild environmental conditions. Despite the substantially 

hotter playing conditions in Australia, the rules permit one drinks break every 15 overs (~60 

minutes) that increase the likelihood of dehydration and thermal strain. The increased 

popularity and growth of cricket had led to an expansion of the cricket calendar beyond the 

summer months, however the autumn and spring months do not provide suitable weather 

conditions in temperate climates. Tropical regions provide alternate venues albeit with 

climatic conditions that may cause thermal strain. This investigation therefore tested the 

hypotheses that cricketers endure high core temperatures, sweat rates and levels of 

dehydration during limited over cricket matches in the tropics. 

 

Data was collected during the 2002 Australian Cricket Board State Institute Challenge, a 

limited overs tournament contested in Darwin, NT. Weighted mean ambient temperature, 

relative humidity and Wet Bulb Globe Temperature (WBGT) index were 29.6oC, 33.1%, 

25.0oC and 29.2oC, 29.8% and 24.2oC for batting and bowling innings, respectively. Twenty 

five talented young batsmen (21.4 years, 83.4kg), bowlers (21.5 years, 82.7kg) and 

wicketkeepers (19.2 years, 81.0kg) were recruited from visiting teams and therefore had from 

2-7 days of acclimatisation prior to analysis. During matches, researchers entered the field of 

play following each over to collect core temperature data, blood specimens and perceptual 

ratings of batsmen, bowler and/or wicketkeeper while heart rate was measured continuously 

throughout the innings. Whole body sweat rate and dehydration were calculated following 

each innings. The data was pooled to produce a partially acclimatised cohort.  
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The Tgi of batsmen and bowlers rose to 38.3 (0.3) oC and 38.5 (0.2) oC following 5 overs of 

measurement, respectively. Two bowlers to complete 10 over spells attained Tgi of 38.7oC. 

Excluding rest periods, batsmen Tgi rose at a rate of 0.09oC.over-1, while 5 and 10 over spell 

bowlers Tgi rose at 0.13oC and 0.06 oC.over-1 bowled, respectively. Tympanic temperature 

was significantly lower than corresponding Tgi measurements (p=0.000) but significantly 

correlated for batsmen (r=0.549, p=0.000) and bowlers (r=0.263, p=0.041). 

  

Batsmen’s peak heart rate per over averaged 164 (15) beats.min-1 that was lower than the 

peak bowling heart rate per over of 172 (9) beats.min-1 (p=0.003), and blood lactate 

concentrations were also significantly higher for bowlers (3.2 v 2.5mM.L-1) when compared 

with batsmen (p=0.017).  Bowlers sweated 1.11 (0.14) kg.h-1 during their first spell and 0.78 

(0.18) kg.h-1 over the entire innings. Batsmen and wicketkeepers lost 0.96 (0.11) and 0.72 

(0.12) kg.h-1 of sweat per hour, respectively. Despite substantial differences in the average 

dehydration between groups (batsmen 1.0, bowler innings 1.5 and wicketkeeper 1.8% of pre-

innings body mass), no statistically significant differences were identified (p>0.112).  

 

Batsmen and bowlers’ core temperature increased rapidly during short spells in tropical 

conditions. Although sweat rates were moderate, there were instances of substantial 

dehydration. Future research should investigate if tropical conditions induce pacing of 

cricketer’s effort to limit core temperature within a sustainable range during extended 

versions of the game. 

 

 

 

Investigation C. The Physiological, Perceptual and Performance Responses to 
intermittent High Intensity Activity in a Tropical Environment following Pre-cooling. 

Pre-cooling manoeuvres seek to lower core temperature before physical activity to prolong 

time to hyperthermia at a given workload, or permit greater intensity of effort prior to the 

attainment of a critical core temperature. The research outcomes generally support the use 

of ice, cool water and conditioned air prior to exercise in hot conditions to extend time to 

exhaustion (Gonzalez et al., 1999; Lee and Haymes, 1995), increase distance covered 

(Myler et al., 1989; Kay et al., 1999), sustain greater mean power (Cotter et al., 2001), and 

decrease time to complete a set amount of work (Yates et al., 1996). However, these cooling 

modes are yet to be systematically compared on the basis of physiological, perceptual and 

performance outcomes. Furthermore, there has been less research on the effects of pre-
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cooling for intermittent high-intensity activity although they characterise many sports, and the 

findings are inconclusive. This investigation sought to compare the physiological and 

perceptual responses following 30 minutes of air jacket, ice jacket and cool water immersion 

pre-cooling modes and to identify the physiological, perceptual and performance responses 

to intermittent high intensity cycle ergometry in tropical conditions following pre-cooling. 

 

Twelve chronically heat acclimatised endurance athletes (27.1 years, 1.81m, 77.9kg, 

57.4mL.kg-1.min-1 V
.
O2peak) completed pre- and post-study maximal aerobic power tests, 2 

familiarisation bouts and 4 experimental trials. Subsequent to 30 minutes of rest in the 

climate control chamber (33.1oC, 59.1% relative humidity, WBGT 28.4oC), 30 minutes of pre-

cooling was conferred by an air conditioned jacket (AJ), an 8 pocket ice jacket (IJ) or a water 

bath (WB) cooled from 28 to 25oC. Following 20 minutes of instrumentation, a 40 minute 

protocol of intermittent high intensity cycling was undertaken in 35.5oC, 49.1% relative 

humidity, WBGT 33.5oC). Rectal (Trectal) and mean skin temperature (Tskin) were monitored 

throughout testing and utilised to calculate mean body temperature (Tbody). Cardiac frequency 

was measured throughout the experiment. Oxygen consumption and psychometric measures 

were collected intermittently during rest, pre-cooling and cycle ergometry. Cutaneous blood 

flow was monitored via laser Doppler flowmetry and regional sweating rate was analysed on 

the chest and back. Whole body sweat rate was calculated from fluid balance variables.  

 

Test to test standardisation was verified by similar physiological profiles prior to each trial. 

Subject maximal aerobic power, body mass, sum of seven skinfolds and peak power output 

did not vary between the start to cessation of testing (p>0.782). Thirty minutes of WB pre-

cooling resulted in a significantly larger Trectal decrease compared to C (p=0.000), IJ 

(p=0.006) but not AJ (p=0.102). Twenty minutes of rest during instrumentation produced an 

afterdrop of 0.4oC for the WB to attain a Trectal of 36.7oC compared to 37.2 – 37.4oC for the 

other modes (p=0.000). Responses for Tskin and Tbody were similar for WB and IJ during pre-

cooling, but following preparation for cycle ergometry, Tskin, Tbody and body heat storage 

remained significantly lower for the WB trials only (p=0.000).  

 

Subjects rated their thermal sensation on average as slightly cool during the AJ and IJ trials, 

while the WB elicited a progressive decrease to attain a rating of cold to very cold at the 30th 

minute of immersion. The intermittent cycling protocol increased Trectal to 38.9oC for the AJ, C 

and IJ trials, that was significantly higher than the 38.6oC of the WB trials (p=0.000) and 

contributing to the significantly higher body heat storage of the WB trials (p=0.000). 
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Cutaneous blood flow increased by a significantly greater margin following water immersion 

(p<0.016), however absolute values were not different among the trials. During the initial 15 

minutes of cycling, local sweat rate on the chest and back remained depressed following WB 

pre-cooling (p<0.026) contributing to lower whole body sweat rate (p<0.022). Ratings of 

thermal sensation were similar beyond the 10th minute of cycling and subjects perceived the 

WB to have a greater positive effect upon responses to the cycling protocol than the other 

trials (p<0.001). Time to exhaustion at 100% V
.
O2max following the cycling protocol was not 

different between trials (p=0.992). 

 

This investigation demonstrated attenuated thermal strain via lower Trectal, Tskin and Tbody 

following cool water immersion without any substantial effect for AJ and IJ pre-cooling of 30 

minutes in a tropical environment. A major benefit conferred by WB pre-cooling was heat 

storage reserve augmentation that increased the margin for attainment of hyperthermic 

internal temperatures. When analysed with the performance benefits reported by others 

(Booth et al., 2001; Kay et al., 1999), WB pre-cooling may improve performance although 

additional data is required to confirm this response across a variety of research designs. WB 

pre-cooling therefore serves as an effective strategy for improving thermal and perceptual 

responses to intermittent high intensity activity in tropical conditions. The findings of this 

investigation suggest that the thermal advantage conferred by WB pre-cooling is not 

completely diminished following 40 minutes of intermittent high intensity activity and future 

research should therefore test additional intermittent exercise protocols of similar and 

extended duration.  
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1. INTRODUCTION 
 

DEVELOPMENT OF THE PROBLEM 

Approximately 30% of Australia is located within the area bound by the respective 

Tropics of Cancer and Capricorn, including the major population centres of Townsville, 

Cairns and Darwin. Darwin (12
o
28’S, 130

o
50’E), the capital of the Northern Territory is 

characterised by two seasons annually, the dry and the wet. The dry season (May – 

September) is defined by anhydrous, sunny conditions where ambient temperatures 

generally range between 20 and 33
o
C (Bureau of Meterology, 2004). The remainder of 

the year falls within the wet season, typified by an ambient temperature range of 24–

33
o
C combined with substantial solar radiation and high environmental moisture 

(Bureau of Meterology, 2004). Physical activity within a tropical environment poses 

great challenge to thermoregulation, particularly during the wet season as the liberation 

of heat from metabolic processes must be balanced by heat dissipation to prevent heat 

storage. The thermoregulatory effectors, cutaneous blood flow and sweat production, 

modulate heat dissipation by a combination of dry and evaporative heat exchange 

attempting to achieve body heat balance. The environmental conditions and not the 

effectors per se dictate the effectiveness of these mechanisms, such that hot conditions 

(>30
o
C) limit the potential for dry heat exchange, and when coupled with high humidity 

(>60%) restrict evaporative heat loss. Therefore, the combination of physical activity 

and a tropical environment manifests in thermal, cardiovascular and perceptual strain 

that can impact on health and may endanger life. For example, five military personnel 

were admitted to Royal Darwin Hospital in November 2004 suffering heat exhaustion 

following field exercises that caused the death from heat stroke of one soldier. Such 

occurrences highlight the potential for thermal strain, where tropical conditions and 

physical activity are combined, commencing from the initial stages of exercise.  

 

The onset of intense exercise in hot conditions causes reflex noradrenergic cutaneous 

vasoconstriction (Johnson and Park, 1982), that moderates cutaneous vascular 

conductance (Kellogg et al., 1991) for blood flow redistribution to active musculature 

and maintenance of mean arterial blood pressure (Johnson, 1992). This produces a 
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paradoxical fall in cutaneous blood flow (Kellogg et al., 1991; Torii et al., 1992), 

despite increased metabolic and internal heat production, thereby heat storage within the 

active and surrounding musculature eventuates, and convective transfer of heat 

throughout the core (Gleeson, 1998). As intense exercise continues, the storage of heat 

persists stimulating thermoreceptors, through which afferent input into the 

thermoregulatory control centre produces a gradual decrease in efferent adrenergic 

impulse frequency, thereby decreasing the active tension (and increasing cutaneous 

vascular conductance) of the blood vessel musculature (Crandall et al., 1994), 

augmenting cutaneous blood flow and sweat production. Further increases in cutaneous 

blood flow and sweating require cholinergic sympathetic stimulation secondary to the 

attainment of the threshold body temperature for active vasodilation, thought to be 

approximately 0.3
o
C above the set-point temperature (Mack et al., 2001). Following the 

initial rise in body temperature, a steady state thermal equilibrium is sought through 

adjusting the potential for dry and evaporative heat exchange. Owing to the narrow 

environmental gradient for heat transfer with high ambient temperatures, thermal 

balance during exercise in the tropics is less readily achieved than for temperate 

conditions (Morris et al., 1998), resulting in contrasting physiological and perceptual 

responses between environments.  

 

Skin temperature and cutaneous blood flow are higher for a given workload in hot 

environments (Lee et al., 1995; Patterson et al., 1994) as blood pools in the compliant 

cutaneous venous plexus, at the expense of smooth (Rowell, 1986) and possibly skeletal 

muscle (Gonzalez-Alonso et al., 1998). These responses displace central blood volume 

(Johnson and Rowell, 1975; Shaffrath and Adams, 1984) and cause mean arterial 

pressure and venous return to fall (Rowell et al., 1969; Nybo and Nielsen, 2001a). A 

compensatory increase in heart rate eventuates in an effort to defend cardiac output 

(Gonzalez-Alonso et al, 1999) and meet demand from the contracting musculature and 

cutaneous circuit. A higher cardiac frequency for a given workload is therefore 

observed for physical activity in hot conditions (Drust et al., 2005; Lee et al., 1995; 

Laing et al., 2005; Galloway and Maughan, 1997; Morris et al., 1998). 
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With less endogenous heat transferred to a hot than a cool environment by dry heat 

exchange, a greater reliance is placed upon evaporative heat loss to achieve thermal 

equilibrium. The higher sweat rates observed in the heat (Hue et al., 2003; Voltaire et 

al., 2003; Galloway and Maughan, 1997; Maxwell et al., 1996; Tatterson et al., 2000) 

contribute to cardiovascular strain by lowering plasma volume (Singh et al., 1993). The 

concomitant loss of plasma volume and increase in plasma osmolality alter the body 

temperature to sweat production relationship, eventually causing sweat rate to plateau or 

fall (Fortney et al., 1981; Sawka et al., 1989). The restriction of dry and evaporative 

heat exchange elevates skin and internal tissue temperatures in the heat (Maxwell et al., 

1996; Nybo and Nielsen, 2001a), resulting in greater perception of effort (Galloway and 

Maughan, 1997; Nybo and Nielsen, 2001b; Price and Campbell, 2002) and thermal 

strain (Tikuisis et al., 2002). Such conditions ensure hyperthermia if exercise intensity is 

maintained, a condition consistently observed to occur at a core temperature of 40
o
C for 

well trained subjects in the laboratory, irrespective of acclimation (Nielsen et al., 1997), 

provision of fluid (Febbraio et al., 1996) or pre-exercise core temperature (Gonzalez-

Alonso et al., 1999). These findings purport high internal temperatures as an 

independent cause of exhaustion during prolonged exercise in the heat. Hence, initial 

core temperature and the rate of heat storage are likely to account for the physiological 

and perceptual discrepancies between hot and cool environments, and contribute to 

diminished performance in the heat. 

 

Of the plethora of research to address physical performance in hot conditions, the 

majority of investigations have utilised continuous exercise modes to show that 

sustained exercise performance is compromised in the heat (Galloway and Maughan, 

1997; Parkin et al., 1999). However, the applicability of this research to sports 

characterised by short bursts of high intensity activity interspersed with periods of 

slower movement, such as field hockey, cricket, tennis, rugby, soccer and motor sports 

is limited. While these sports account for many athletes, the responses to intermittent 

high intensity activity in tropical conditions have been less rigorously investigated than 

continuous exercise modes. Intermittent performance measures including distance 

covered within a set time (Morris et al., 1998; Morris et al., 2000) and time to 

exhaustion (Maxwell et al., 1996; Maxwell et al., 1999) also demonstrate the adverse 
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influence of tropical conditions. Furthermore, the environmental heat load appears to 

detrimentally influence intermittent activity to a greater extent than continuous modes, 

since higher thermal, cardiovascular and perceptual strain are reported where mean 

exercise intensity is matched between protocols (Edwards et al., 1973, Garrett and 

Boyd, 1996). Competitive team sport in the tropics can therefore produce hyperthermic 

internal temperatures synonymous with heat exhaustion, maximal cardiac frequencies 

and severe thermal sensations (Brearley, 2003; Pyke and Hahn, 1981), however, more 

data is required to quantify responses across a variety of sports. 
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INVESTIGATION A. MOTOR SPORT ATHLETE RESPONSES TO V8 

SUPERCAR RACING IN TROPICAL CONDITIONS 
 

The V8 Supercar Championship is the premier Australian motor racing category, 

contested by drivers racing slightly modified versions of the Holden Commodore and 

Ford Falcon motorcars. Unlike the passenger vehicles on which the racecars are based, 

cabin cooling via air conditioning is not an option. The drivers may therefore 

experience high cabin temperatures when racing in the tropics, anecdotally reported to 

exceed 50
o
C (Klarica, 2001). Mandatory full-body ensembles with flame and heat 

retardant capabilities augment the potential for thermal stress as the overalls, gloves, 

boots and helmet severely limit the V8 motor sport athlete’s ability to dissipate heat, 

rendering conditions within the cabin uncompensable. Uncompensable heat stress is 

associated with a high risk of hyperthermia and physical exhaustion (Tikuisis et al., 

2002; Cheung and McLellan, 1998), jeopardising the health and safety of V8 Supercar 

drivers. 

 

 

1A.1. STATEMENT OF THE PROBLEM 

Despite the thermal challenge presented by the uncompensable conditions, information 

detailing the responses of V8 Supercar drivers is not readily available, and 

supplemented by anecdotal descriptions (Klarica, 2001). This tenuity of data prevents 

an assessment of the risk to V8 Supercar driver health and performance. 

 

 

1A.2. HYPOTHESIS 

The hypothesis of this study was that: 

1. V8 Supercar drivers endure a high risk of thermal injury due to uncompensable 

cabin conditions in tropical climates.  
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1A.3. PROJECT AIMS 

This investigation sought to quantify the anecdotal reports of thermal, cardiovascular 

and perceptual strain from V8 Supercar driving in hot conditions, thereby gaining an 

insight into the risk of thermal injury.  

  

 

1A.4. SIGNIFICANCE 

The health and performance of motor sport athletes racing in tropical conditions are of 

great interest to governing bodies, race teams and the motor sport community. The 

tenuity and anecdotal nature of existing data for motor sport racing in tropical 

conditions hinders the development of strategies for optimal motor sport driving 

performance in the heat. 

 

 

1A.5. LIMITATIONS 

1. The investigation was restricted to four subjects due to resource and technical 

limitations. 

2. The drivers were recruited based upon their willingness to participate; therefore, the 

sample was not randomly selected. 

3. Conditions within the drivers’ microclimate including skin temperature could be not 

monitored due to technical issues and drivers’ consent. 

4. Cabin and panel temperatures were measured for one car approximately 5 minutes 

following each race. 

5. Body mass was measured immediately prior to donning the protective ensemble, 

thereby extending the sweat rate analysis period to incorporate non-active periods. 
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1A.6. DELIMITATIONS 

1. Elite male V8 Supercar drivers comprised the cohort of this investigation. The 

findings of this research are therefore applicable to these athletes. While the findings 

may be applicable to motor sport athletes in general, additional research is required 

to confirm this. 

2. The four drivers monitored by this research drove Holden Commodore racecars. 

Cabin temperature was not measured for all cars. However, the standardised 

regulations of this category are likely to minimise differences for cabin conditions 

between the racecars. 
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INVESTIGATION B. RESPONSES TO ONE–DAY CRICKET IN 

TROPICAL CONDITIONS 
 

Cricket is an international game played in many countries with tropical climates. The 

origins of cricket date back to the cool temperatures of the English summer twilight, 

where the rule structure strictly limited players’ access to fluids at designated drink 

breaks. These breaks had a substantial time frame between them, or were sometimes not 

taken at all, as the climate did not warrant the intake of large amounts of fluid to prevent 

dehydration. This culture has been propagated throughout countries enjoying warmer 

climates that have adopted cricket as their major summer sport. Within Australia, 

cricket is traditionally played during the summer months, where temperatures regularly 

exceed 30ºC. The popularity and growth of cricket has lead to an increase in the number 

of games played by the national side during the Australian summer, and in other 

counties with hot and humid conditions. There has also been an expansion of the cricket 

season in most regions of Australia as teams compete for financial reward. In some 

areas this is not possible due to the unsuitable weather conditions of the autumn and 

winter seasons. Regions of Australia with suitable conditions during these months 

provide an alternative to allow these competitions to progress, though such areas may 

produce climatic conditions that cause thermal strain on the players. Darwin has hosted 

international cricket despite a lack of information describing the effect of a hot climate 

upon cricketers. The absence of data acquired during competition causes reliance upon 

training data, where sweat rates of 1.1–1.7L.h
-1

 during 2 sessions of bowling in hot 

conditions were reported (Gore et al., 1993). The high sweat rates contributed to a loss 

of 4.3% body mass during play. Batting in temperate conditions results in substantial 

heat storage due to the protective equipment and playing attire limiting heat loss. Such 

observations collectively suggest that cricketers are likely to endure thermal strain 

during one-day competition in the tropics. 

 

 

1B.1. STATEMENT OF THE PROBLEM 

Responses to batting, bowling and wicketkeeping in the tropics remain unquantified 

despite annual tournaments contested by elite international, state and sub-elite 
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cricketers. The absence of data prevents informed development of strategies for 

maintenance of health and optimal cricket performance in the tropics. 

 

 

1B.2. HYPOTHESIS 

The hypotheses of this study were that: 

1. Talented young batsmen and pace bowlers endure high core temperatures (>39
o
C) 

during sustained performance bouts in hot conditions. 

 

2. High body core temperatures manifest in substantial dehydration through large 

sweat losses and restricted fluid consumption. 

 

3. That tympanic temperature is not an acceptable measure of body core temperature 

of cricketers competing in the field. 

 

 

1B.3. PROJECT AIMS 

The aim of this study was to provide the cricket community with valid and objective 

research detailing the physiological and perceptual effects of playing cricket in tropical 

conditions, from which strategies to enhance player safety and performance could be 

developed.  

 

 

1B.4. SIGNIFICANCE 

The significance of this investigation is summarised by the following points: 

 

1. Bowling performance contributes to the success of the cricket team, cricketing 

bodies, and associated organisations. Should data from this investigation 

contribute to the development of strategies for optimal bowling performance in 

hot conditions, subsequent improvements in bowling performance may benefit 

individual bowlers, the Australian cricket team and associated entities. 
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2. Management of player workload in respect to knowing which cricketers tolerate 

heat storage has implications for maximising performance during competition in 

hot conditions, maintaining pressure on the opposition and minimising risk of 

heat related injury. 

 

 

1B.5. LIMITATIONS 

1. Acclimatisation status could not be standardised between subjects. Data was pooled 

to represent average responses. 

 

2. Blood lactate concentration was measured following each over and may therefore be 

influenced by the metabolic intensity during the latter half of an over. 

 

 

1B.6. DELIMITATIONS 

1. Results of this investigation are applicable to talented young cricketers and while 

applicability may extend to other cricketing cohorts, further research is required to 

describe the responses of other cricket players. 
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INVESTIGATION C. THE PHYSIOLOGICAL, PERCEPTUAL AND 

PERFORMANCE RESPONSES TO INTERMITTENT HIGH INTENSITY 

ACTIVITY IN A TROPICAL ENVIRONMENT FOLLOWING PRE-

COOLING. 
 

Evidence of pacing based upon core temperature (Tatterson et al., 2000) and the 

tentative existence of a critical core temperature for fatigue prompts strategies that alter 

the rate of heat storage and/or pre-exercise body temperature to minimise performance 

decrements in tropical conditions. Heat acclimatisation, fluid provision and pre-cooling 

are the primary strategies to be investigated for effect upon physiology, perception and 

performance in the heat. While responses to acclimatisation (Armstrong and Maresh, 

1991; Aoyagi et al., 1997; Ransom and Young, 2001) and fluid provision strategies 

(Below et al., 1995; Fritzsche et al., 2000; Davis et al., 1988; Rico-Sanz et al., 1996; 

Montain and Coyle, 1992; Walsh et al., 1994) have been well documented, the 

mechanisms and optimal strategies of cooling prior to exercise have not been widely 

researched.  

 

Pre-cooling methods seek to lower core temperature before physical activity to prolong 

time to hyperthermia at a given workload, or permit greater intensity of effort prior to 

the attainment of a critical temperature. The research outcomes generally support the 

use of ice, cool water and conditioned air prior to exercise in hot conditions to extend 

time to exhaustion (Gonzalez et al., 1999; Lee and Haymes, 1995), increase distance 

covered (Myler et al., 1989; Kay et al., 1999), sustain greater mean power (Cotter et al., 

2001), and decrease time to complete a set amount of work (Yates et al., 1996). 

However, these cooling methods are yet to be systematically compared on the basis of 

physiological, perceptual and performance outcomes. Furthermore, there has been less 

research on the effects of pre-cooling for intermittent high-intensity activity that 

characterises many sports, and the findings are inconclusive. Drust et al. (2000) found 

little effect for a reduction in body temperature prior to a 90-minute bout of soccer-

specific treadmill exercise in warm vs temperate conditions. Duffield et al. (2003) 

evaluated the effect of wearing an ice jacket before and periodically throughout 

intermittent cycling that simulated the demands of field hockey in warm humid 
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conditions. Although mean sprint power was not statistically altered, a 2.4% increase 

was observed. Alternatively, lowering core temperature by 0.5
o
C failed to improve 

intermittent sprint ability in temperate conditions (Cheung and Robinson, 2004). This 

limited field of research suggests that pre-cooling delivers physiological, perceptual and 

performance benefits for moderate to intense continuous exercise of less than 30 

minutes duration, whereas the effect for prolonged intermittent high intensity activity is 

yet to be resolved. 

 

 

1C.1. STATEMENT OF THE PROBLEM 

Although previous investigations have utilised ice jackets (Duffield et al., 2003; Smith 

et al., 1997; Yates et al., 1996), cool water immersion (Booth et al. 1997; Kay et al., 

1999; Marsh and Sleivert, 1999), or conditioned air (Cotter et al., 2001; Lee and 

Haymes, 1995; Sleivert et al., 2001) to pre-cool athletes, no research has systematically 

compared these modes prior to intermittent high intensity activity. Thus, optimal pre-

cooling strategies for team sport athletes remain to be identified.  

 

 

1C.2. PROJECT AIMS 

1. To compare the physiological and perceptual responses following 30 minutes of air-

jacket, ice-jacket and cool water immersion pre-cooling. 

2. To identify the physiological, perceptual and performance responses to intermittent 

high intensity cycle ergometry in tropical conditions following air-jacket, ice-jacket 

and cool water immersion pre-cooling. 

 

 

1C.3. HYPOTHESIS 

The hypotheses of this investigation were that: 

1. Air jacket, ice jacket and water bath pre-cooling would increase heat storage 

capacity, to manifest in improved thermal, cardiovascular and perceptual strain 

during 40 minutes of intermittent high intensity cycling in tropical conditions.  
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2. Lower body core and mean skin temperature would be evident prior to intermittent 

high intensity cycle ergometry and remain lower compared with a non-cooled state 

throughout the cycling protocol. 

3. Subsequent to 40 minutes of intermittent high intensity cycling, time to exhaustion 

would be improved following pre-cooling. 

 

 

1C.4. SIGNIFICANCE 

1. The health and performance of individuals engaged in intermittent high intensity 

activity in tropical conditions are of great interest to schools, sporting communities 

and various occupations, including those within Australia’s Defence Forces. The 

tenuity and anecdotal nature of physiological and perceptual response to intermittent 

high intensity activity in tropical conditions hinders the informed development of 

guidelines for safe practice and optimal performance in the tropics.  

2. Australia’s political and economic standing is influenced by the nation’s sporting 

representatives and their performance in the international arena. The 1996 Summer 

Olympics, 1998 Commonwealth Games and 2004 Summer Olympics posed 

challenges to thermoregulation for athletes and similar environmental conditions are 

expected for the 2008 Summer Olympics in Beijing, China. Pre-cooling is a method 

of lowering body temperature immediately before competition and may improve 

thermal tolerance and performance in hot and humid conditions. Protocols for 

optimal utilisation may provide Australian athletes with the competitive edge 

required in top level competition. 

 

 

1C.5. LIMITATIONS 

1. The sample size was limited to 12 subjects due to resource constraints. 

2. Volunteer subjects were recruited to participate, thereby comprising a non-random 

cohort. 

3. Intense cycle ergometry requires motivation that could not be fully controlled. 
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4. A time to exhaustion test at 100% V
.
O2max was utilised as the measure of 

performance following cessation of the cycling protocol. No performance measures 

were derived during the intermittent cycling protocol. 

5. It was assumed that the intermittent high intensity cycle protocol mimicked the 

physiological demands of team sport. 

6. The rectal temperature (Trectal) threshold for test cessation was 39.5
o
C, preventing 2 

subjects from undertaking time to exhaustion testing. 

7. While conditions were based upon those measured in the field, testing was 

conducted within a climate control chamber that simulated ambient temperature, 

humidity, wind velocity and solar radiation 

8. Cutaneous blood flow was assessed following water bath pre-cooling and during 

intermittent cycling rest periods but measurement was not possible while 

submerged or cycling. 

9. Integument landmarks were utilised to locate the cutaneous blood flow probe from 

test to test.  

10. It was assumed that subjects were familiar with all procedures following 2 practice 

trials. 

 

 

1C.6. DELIMITATIONS 

1. Ear prick blood specimens were analysed for lactate concentration prior to and 

following pre-cooling, prior to and every 10 minutes during cycling and following 

the time to exhaustion test. 
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2. REVIEW OF THE LITERATURE 
 

INTRODUCTION 

This literature review was to provide background information to the research with 

analysis of body temperature regulation, the response to physical activity in tropical 

conditions, factors interacting to produce intermittent high intensity endurance 

performance and techniques to improve performance in tropical conditions. 

 

 

2.1. TROPICAL CONDITIONS 

Approximately 30% of Australia is located within the area bound by the respective 

Tropics of Cancer and Capricorn, including the major population centres of Townsville, 

Cairns and Darwin. Darwin, the capital of the Northern Territory is characterised by dry 

and wet seasons. The dry season (May – September) is defined by anhydrous, sunny 

conditions where ambient temperatures generally range between 20 and 33
o
C (Bureau 

of Meterology, 2004). The remainder of the year falls within the wet season, typified by 

an ambient temperature range of 24–33
o
C combined with substantial solar radiation and 

high environmental moisture (Bureau of Meterology, 2004). Physical activity within a 

tropical environment poses great challenge to thermoregulation, as demand for cellular 

energy causes the liberation of heat from metabolic processes in an exercise intensity 

dependant manner. The thermoregulatory effectors, cutaneous blood flow and sweat 

production, modulate heat dissipation by a combination of dry and evaporative heat 

exchange attempting to achieve body heat balance. The environmental conditions and 

not the effectors per se dictate the effectiveness of these mechanisms, such that hot 

conditions (>30
o
C) limit the potential for dry heat exchange, and when coupled with 

high humidity (>60%) restrict evaporative heat loss 

 

 

2.2. HOMEOTHERMS 

Within the context of thermal physiology, the human body consists of a core that is 

maintained within a narrow temperature band, and a periphery that varies in temperature 

due to environmental influence. Body core temperature stability is sought to provide a 
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constant physiological state. Thermoregulation is achieved by matching heat loss to 

metabolic heat production. Such thermoregulation requires a sophisticated set of 

homeostatic mechanisms and reflexes to enable physical activity in diverse 

environments. The pre-optic anterior hypothalamus houses the thermoregulatory control 

centre that receives afferent impulses from thermoreceptors located in the core and 

periphery. Afferent input is referenced against a set point temperature that is subject to 

circadian rhythm with a nadir of early morning and peak in the late afternoon (Krauchi 

and Wirz-Justice, 1994; Stephenson et al., 1984). If the integrated body temperature is 

higher than the set-point, effector heat loss mechanisms are initiated in an attempt to 

maintain thermal homeostasis. 

 

 

2.2.1. EFFECTOR MECHANISMS 

Humans have two effector responses to enhance environmental heat exchange; 

increasing blood flow to the cutaneous circuit and augmenting the production of sweat. 

Cutaneous blood flow enhances the potential for dry heat exchange while increased 

sweating allows for heat loss through evaporation. Cutaneous blood flow and sweating 

are associated as the majority of sympathetic bursts to the skin are followed by 

vasodilation and sweat expulsion (Sugenoya et al., 1998) and vasodilation fails to 

eventuate in skin lacking sweat glands (Brengelmann et al., 1981). Such a relation is 

logical due to their functional alliance (Solack et al., 1985), thereby causing cutaneous 

blood flow and sweating to closely parallel each other (Roberts et al., 1977), via afferent 

loops that derive input from the body core, periphery and local temperature according to 

Figure 2.1.  
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Figure 2.1. Schematic of effector responses to increased body temperature. See text for 
references. 

 

 

2.2.1.1. CUTANEOUS BLOOD FLOW 

Cutaneous blood flow is modulated by the autonomic branch of the sympathetic 

nervous system via alterations of cutaneous vasculature conductance. Vasodilation and 

vasoconstriction are mediated by two distinct populations of sympathetic nerves. The 

tonically active sympathetic vasoconstrictor nerves release norepinephrine and an 

unidentified co-transmitter that bind with post-junctional alpha-receptors on cutaneous 

arterioles (Pergola et al., 1994). Withdrawal of vasoconstrictor tone can increase 

cutaneous blood flow by ~20% (Pergola et al., 1994). Attainment of the vasodilation 

threshold body temperature (Mack et al., 2001) that is responsible for ~80% of the 

cutaneous blood flow increase (Kellogg et al, 1991; Rowell, 1977) concomitant with 

heat exposure (Patterson et al., 1998; Peters et al., 2000) and physical activity (Aoki et 
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al., 1995; Smolander et al., 1987). It appears that vasodilation is activated by a 

cholinergic co-transmitter system (Kellogg et al., 1995), although less is understood of 

the active vasodilator system. 

 

Local temperature influences cutaneous blood flow in addition to the reflex control of 

the sympathetic nerves. The rapid change in local skin temperature that occurs with 

application of solar radiation produces vasodilation via local sensory nerves (C fibre 

afferents). Conversely, local cooling such as that produced by application of an ice 

pack, augments norepinephrine release independent of background vasoconstrictor 

activity (Pergola et al., 1993) and enhances receptor affinity for norepinephrine (Faber, 

1988) to maintain vasoconstriction. 

 

 

2.2.1.2. SWEATING 

Humans possess two types of sweat glands, apocrine and eccrine. Both populations are 

located in the dermal stratum of skin superficial to the subcutaneous layer, however, 

thermoregulatory sweating is effected by the eccrine glands. Eccrine sweat glands are 

activated by cholinergic, postganglionic sympathetic neurons under regulation of the 

thermoregulatory control centre of the anterior hypothalamus. Figure 2.1. demonstrates 

the scheme of regulation with core, peripheral and local temperature influencing sweat 

gland function. 

 

Sweat glands are activated upon initial cholinergic sympathetic discharge and 

subsequently increase sweat gland output (Sawka and Wenger, 1988). Although the 

relative dependence upon activation and output is specific to distinct body sites (Kondo 

et al., 1998), sweat gland activation predominates during the early stages of exercise 

with a linear increase in sweat gland output to meet sympathetic outflow thereafter 

(Kondo et al., 2001). 

 

Observations of sweating preceding large increases in core temperature are suggestive 

of a substantial regulatory role for Tskin (Libert et al., 1978). However, the partition of 

regulation for core:skin temperature approximates 4:1 (Sugenoya and Ogawa, 1985). 
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However, high local temperatures are thought to augment sweating by increasing 

neurotransmitter production at the neuromuscular junction (Buono, 2000; MacIntrye et 

al., 1968) and sweat gland sensitivity (Ogawa, 1970).  

 

 

2.2.2. RESPONSES TO EXERCISE IN THE HEAT 

The onset of intense exercise in hot conditions causes reflex noradrenergic cutaneous 

vasoconstriction (Johnson and Park, 1982), that moderates cutaneous vascular 

conductance (Kellogg et al., 1991) for blood flow redistribution to active musculature 

and maintenance of mean arterial blood pressure (Johnson, 1992). This response 

produces a paradoxical fall of cutaneous blood flow (Kellogg et al, 1991; Torii et al., 

1992), despite increased metabolic heat production, causing heat storage within the 

active and surrounding musculature with convective transfer of heat throughout the core 

(Gleeson, 1998). As intense exercise continues the storage of heat persists, stimulating 

central and peripheral thermoreceptors, through which afferent input into the 

thermoregulatory control centre produces a gradual decrease in efferent adrenergic 

impulse frequency. Decreasing the active tension (and increasing cutaneous vascular 

conductance) of the blood vessel musculature (Crandall et al., 1994) augments 

cutaneous blood flow and coincides with an increased sweat production. Further 

increases in cutaneous blood flow and sweating attempt to achieve thermal equilibrium 

via cholinergic sympathetic stimulation secondary to the attainment of the threshold 

body temperature for active vasodilation. Owing to the narrow environmental gradient 

for heat transfer with high ambient temperatures, thermal balance during exercise in the 

tropics is less readily achieved than for temperate conditions (Morris et al., 1998; Parkin 

et al., 1999), resulting in contrasting physiological and perceptual responses between 

environments.  

 

 

2.2.2.1. CARDIOVASCULAR RESPONSES 

Skin temperature and cutaneous blood flow are higher for a given workload in hot 

environments (Lee et al., 1995; Patterson et al., 1994) as blood pools in the compliant 

cutaneous venous plexus at the expense of smooth (Rowell, 1986) and possibly skeletal 



 20

muscle (Gonzalez-Alonso et al., 1998). These responses displace central blood volume 

(Johnson and Rowell, 1975; Shaffrath and Adams, 1984) and cause mean arterial 

pressure and venous rturn to fall (Rowell et al., 1969; Nybo and Nielsen, 2001a). A 

compensatory increase in heart rate eventuates in an effort to defend cardiac output 

(Gonzalez-Alonso et al, 1999) and meet demand from the contracting musculature and 

cutaneous circuit. A higher cardiac frequency for a given workload is therefore 

observed for physical activity in hot conditions (Drust et al., 2005; Lee et al., 1995; 

Laing et al., 2005; Galloway and Maughan, 1997; Morris et al, 1998). 

 

With less endogenous heat transferred to a hot than a cool environment by dry heat 

exchange, a greater reliance is placed upon evaporative heat loss to achieve thermal 

equilibrium. The higher sweat rates observed in the heat (Hue et al., 2003; Voltaire et 

al., 2003; Galloway and Maughan, 1997; Maxwell et al., 1996; Tatterson et al., 2000) 

contribute to cardiovascular strain by lowering plasma volume (Singh et al., 1993). The 

concordant loss of plasma volume and increase in plasma osmolality alter the body 

temperature to sweat production relationship, eventually causing sweat rate to plateau or 

fall (Fortney et al., 1981; Sawka et al., 1989), limiting the potential for heat loss.  

 

 

2.2.2.2. METABOLIC RESPONSES 

Evidence exists for an alteration in metabolism with physical activity in a hot 

environment. Some (Dimri et al., 1980; Febbraio et al., 1994; Young et al., 1985) but 

not all investigators (Maxwell et al, 1996; Snow et al., 1993) have concluded that 

exercise in a hot environment has a greater reliance on anaerobic processes based on 

observations of elevated blood and plasma lactate concentrations during submaximal 

exercise in the heat. Since blood lactate concentration is the net product of lactate 

production and removal, blunted lactate clearance may account for the observed 

differences, rather than a greater reliance on anaerobic processes per se. Exercise 

induced heat stress results in redistribution of blood flow to the periphery to permit heat 

exchange that causes vasoconstriction of renal and splanchnic vascular beds (Rowell, 

1986), thereby mobilising vascular reserves to defend central blood volume, such that 

splanchnic vasoconstriction may reduce the rate of hepatic lactate removal (Nielsen et 
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al., 2002). However, observations of slower rates of ADP rephosphorylation (Willis and 

Jackman, 1994), elevated respiratory exchange ratio and reduced muscle blood flow in 

the heat support the anaerobic concept (Febbraio et al., 1994; Gonzalez-Alonso and 

Calbet, 2003), particularly during intense exercise. 

 

Diversion of blood flow to the cutaneous circuit lowers cardiac output (Gonzalez-

Alonso et al., 1999; Nadel et al., 1979), causing maximal aerobic power in the heat to 

fall (Arngrimmison et al., 2004; Gonzalez-Alonso and Calbet, 2003; Nybo et al., 2001; 

Rowell et al, 1969; Sawka et al., 1985), whereas hot conditions increase the aerobic 

energy cost of submaximal physical activity (Finn et al., 2001; Fink et al., 1975, 

MacDougall et al., 1974; Nielsen et al., 1990) that might be related to additional cost of 

sweating, circulatory and respiratory mechanisms. Exercise in the heat also increases 

glycogen usage (Fink et al., 1975; Kozlowski et al., 1985; Febbraio et al., 1994) and 

accelerates ATP degradation and muscle glycolysis (Kozlowski et al., 1985). Overall, 

the metabolic response to exercise in the heat is characterised by increased aerobic and 

anaerobic energy cost during submaximal exercise and reduced maximal aerobic power. 

 

 

2.2.2.3. PERCEPTUAL RESPONSES 

The perception of body temperature is influenced by core and peripheral temperatures 

(Frank et al., 1999) that are higher during standardised physical activity in hot 

conditions (see Section 2.2.2.4.). Thermal sensation and discomfort are therefore higher 

in the heat (Maw et al., 1993), so subjects perceive greater exertion for a given 

workload in the heat (Galloway and Maughan, 1997; Nybo and Nielsen et al., 2001b; 

Price and Campbell, 2002). 

 

 

2.2.2.4. THERMAL RESPONSES 

The combination of physical activity and restricted dry and evaporative heat exchange 

in a hot and humid environment elevates peripheral and core tissue temperatures 

compared with cooler conditions. Peripheral temperatures are measured at a variety of 

integument sites while the most commonly utilised indices of core temperature are the 
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rectum, oesophagus, gastrointestinal tract and tympanum. The rectum, oesophagus and 

gastrointestinal tract reflect deep tissue temperature whereas the tympanum is 

influenced by ambient conditions due to its proximity to the auditory canal. This factor 

may explain the discrepancy between the tympanum and deep tissue temperature 

(Armstrong et al., 1994b), which potentially limits the applicability of tympanic 

temperature in sporting scenarios despite it cost effectiveness and time efficiency. As a 

result, rectal, oesophageal and gastrointestinal temperature are more commonly utilised 

indices of core temperature, that demonstrate greater elevation during standardised 

activity in hot compared to cool conditions. For example, 25 minutes of moderate 

cycling in 40
o
C resulted in a Trectal of ~38.9

o
C, whereas the same exercise bout in a 

thermoneutral 20
o
C produced a Trectal of ~37.9

o
C (Parkin et al., 1999). A similar 

experimental design extended to 40 minutes of cycling produced Trectal of 38.7 and 

39.7
o
C for temperate and hot conditions respectively (Febbraio et al., 1994). Similar 

findings are reported for less intense exercise. Jentjens et al., (2002) reported Trectal of 

39.1
o
C following 90 minutes of 55% V

.
O2max cycling in 35

o
C compared to a Trectal of 

38.3
o
C cycling in 16

o
C. Time trial performances permit self selection of pace (power) 

output based upon physiological and perceptual cues. Such performances also result in 

higher (Tucker et al., 2004) or similar Trectal (Tatterson et al., 2000) responses despite 

lower power outputs and heat production in hot conditions. Peripheral temperatures are 

also higher during exercise in the heat as demonstrated by the 3–5
o
C skin temperature 

discrepancy between hot and thermoneutral environments (Adams et al., 1975; Jentjens 

et al., 2002).  

 

Higher rates of body heat storage in hot conditions coupled with the maintenance of 

moderate metabolic rates ensure the onset of hyperthermia, a condition observed to 

occur at oesophageal temperature (Toes) of 40
o
C for well trained subjects in the 

laboratory (Gonzalez Alonso et al., 1998; 1999; Nielsen and Nybo, 2001b). Such 

responses are not confined to humans, as fatigue occurs at similar temperatures for rats 

(Fuller et al., 1998; Walters et al., 2000), antelopes (Taylor and Lyman, 1972) and 

cheetahs (Taylor and Rowntree, 1973). These findings purport high internal 

temperatures (Toes ≈ 40
o
C) as an independent cause of exhaustion during prolonged 

exercise in the heat. Although evidence of a set point temperature for fatigue is 
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compelling, observations of substantially cooler internal temperatures at exhaustion 

(Cheung and McLellan, 1998; Mitchell et al., 2003; Saboisky et al., 2003) signify that 

other factors may contribute to fatigue in the heat, including type, duration and intensity 

of exercise, circulation, metabolism, training status, hydration status, heat 

acclimatisation, anthropometric characteristics, and environmental conditions 

(Gonzalez-Alonso et al., 1999). The subsequent sections overview the physiological and 

perceptual issues that may contribute to fatigue in tropical conditions. 

 

 

 

2.2.2.5. SET POINT TEMPERATURE FOR FATIGUE 

Protocols that utilise submaximal workloads attain hyperthermic core temperatures at 

fatigue while high intensity work and uncompensable heat stress fatigue occurs at lower 

core temperatures (Table 2.1.). Such observations suggest that the concept of a set point 

core temperature for fatigue in the heat is dependant upon the maintenance of adequate 

cardiac output. Although muscle blood flow is not compromised during submaximal 

activity (Savard et al., 1998), the combination of heat stress and intense exercise is 

sufficient to lower blood flow and oxygen delivery to the active musculature (Gonzalez-

Alonso and Calbet, 2003). Cardiovascular dynamics may also explain why trained 

athletes attain higher core temperatures at fatigue. Endurance training augments blood 

volume (Hagberg et al., 1998) and peak cardiac output (Makrides et al., 1990; Nybo et 

al., 2001), thereby permitting endurance athletes to sustain exercise that challenges the 

concordant provision of high cutaneous and skeletal muscle blood flow. Similarly, 

acclimatisation enhances cardiac output and endurance in the heat (Nielsen et al., 1993), 

whereas hypohydration detrimentally influences blood volume and cardiac output 

(Gonzalez-Alonso et al., 1997), reducing tolerance to high internal temperatures (Sawka 

et al., 1992). 
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Table 2.1. Core, muscle and skin temperatures at exhaustion in hot conditions. 

Test Type Core Muscle Skin Reference 

Submaximal 40.1 40.8 37.1 Gonzalez-Alonso et al., 1999 

Submaximal 39.9 - 37.9 Nielsen et al., 1997 

Submaximal 39.7 40.4 - Febbraio et al., 1994  

Submaximal 39.6 40.7 - Parkin et al., 1999 

Submaximal followed by Maximal 39.2 - 34.0 Marino et al., 2001 

Submaximal / Uncompensable 38.7 - 37.4 Latzka et al., 1998 

Maximal 38.6 - 36.2 Mitchell et al., 2003 

Maximal 38.6 - 34.4 Finn et al., 2001 

Submaximal / Uncompensable 38.3 - 37.2 Cheung and McLellan, 1998 

 

 

Glycogen’s role as a primary fuel source during whole body dynamic activity has 

implicated limited intramuscular glycogen reserves as a possible cause of fatigue. 

Observations of fatigue coinciding with low muscular glycogen stores support such a 

paradigm (Coggan and Coyle, 1987; Sahlin et al., 1990). Reports of accelerated use of 

glycogen in the heat (Jentjens et al., 2002) could therefore account for the onset of 

fatigue in hot conditions, however exercise tolerance times are reduced in hot conditions 

(Galloway and Maughan, 1997; Parkin et al., 1999), thereby limiting glycogen 

depletion, and promoting alternative mechanisms to explain fatigue in the heat.  

 

Since the cutaneous circuit is the site of heat dissipation and active musculature the site 

of heat production, it has long been thought that the BSA:mass ratio influences heat 

storage during physical activity. While heat storage has been mildly to strongly 

correlated with body composition variables (BSA:mass, % fat) of hetergenous groups 

(Havenith and van Middendorp, 1990; Havenith et al., 1995), the same relationship is 

not present for highly trained endurance athletes (Marino et al., 2000). It appears that 

body mass may be a determinant of endurance performance in the heat, as hot and 

humid conditions limit the evaporative rate of sweat. A heavier athlete, with a higher 

metabolic heat production for a given running velocity, requires a concomitantly higher 

evaporative rate of sweat for thermal balance that cannot be achieved in hot and humid 

conditions (Dennis and Noakes, 1999). 
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2.2.2.6. NEUROMUSCULAR RESPONSES 

Hyperthermia induced fatigue could occur at numerous sites along the central nervous 

system – peripheral contractile apparatus continuum. The evidence overwhelmingly 

supports centrally mediated fatigue during submaximal exercise in the heat. While 

hyperthermia fails to alter motor unit recruitment and/or discharge rates (Nybo and 

Nielsen, 2001b) to discredit a peripheral impairment hypothesis, central fatigue lowers 

sustained isometric force in hot conditions (Nybo and Nielsen, 2001b). There have been 

observations of hyperthermia impairing cerebral blood flow (Nybo et al., 2002) and 

cerebral heat removal, causing higher brain temperatures than those endured by the 

body core (Nybo et al., 2002) and a linear relationship between electroencephalogram 

and core temperature during exercise in the heat (Nielsen et al., 2001). These 

observations support central nervous system induced fatigue during submaximal 

exercise in the heat. The mechanism of hyperthermia induced fatigue may result from a 

centrally mediated ‘safety mechanism’, acting to maintain cell function (Kay and 

Marino, 2000). 

 

 

2.3. PHYSICAL PERFORMANCE  

Of the research to address physical performance in hot conditions, most investigations 

have utilised continuous exercise modes to show that sustained exercise performance is 

compromised in the heat. Time to exhaustion at a constant workload is lowered when 

conducted in hot conditions across a variety of research designs (Febbraio et al., 1994; 

Galloway and Maughan, 1997; Parkin et al., 1999; Pitsilandis et al., 2002; Jentjens et 

al., 2002). Figure 2.2. demonstrates the relationship between time to exhaustion and 

environmental temperature. 
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Figure 2.2. Time to exhaustion at 70% V
.
O2max in 3, 20 and 40

o
C (<50% relative humidity) 

(Parkin et al., 1999). Data are mean with error bars representing standard deviation.  

 

 

Time trial performance is also detrimentally influenced by high environmental 

temperatures. Thirty minutes of high intensity cycling in the heat (32
o
C) reduces self 

selected power output by 6.5% compared to temperate (23
o
C) conditions (Tatterson et 

al., 2000). Similar findings were reported for 20km time trial performance in 15 and 

35
o
C respectively, where power output significantly decreased toward the end of the 

cycling bout (Tucker et al., 2004). Hence, continuous exercise in the heat consistently 

demonstrates an adverse influence for high environmental temperatures. However, the 

applicability of this research to sports characterised by short bursts of high intensity 

activity interspersed with periods of slower movement, such as field hockey, cricket, 

tennis, rugby, soccer and motor sports is limited. While these sports account for many 

athletes, the responses to intermittent high intensity activity in tropical conditions have 

been less rigorously investigated than continuous exercise modes.  

 

The data indicates that core temperature is also a limiting factor for intermittent 

endurance performance when conducted in hot conditions. Furthermore, greater 

physiological perturbation results from intermittent exercise than continuous exercise of 

similar average intensity (Kraning and Gonzalez, 1991; Garrett and Boyd, 1996), 
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suggesting that intermittent exercise performance is more susceptible to environmental 

influence. Higher rates of heat storage result from intermittent exercise referenced to 

continuous activity standardised for average workload (Kraning and Gonzalez, 1991; 

Maxwell et al., 1996; Morris et al., 1998). Changes in deep tissue temperature result 

from imbalance between heat production and heat transfer to the environment. Higher 

metabolic heat production during intense efforts appears unmatched by heat loss during 

the recovery periods. However, insight is gained into excess heat storage by the elevated 

heat production in hot conditions due to the latency of V
.
O2 during recovery periods. 

Finn et al. (2001) reported an average 5.2% elevation of V
.
O2 for 15 supramaximal 

sprints in 30
o
C compared to 20

o
C.  

 

While the magnitude of effect comparisons between continuous and intermittent tests 

are problematic given the diversity of experimental designs, prolonged intermittent 

exercise also demonstrates an adverse effect for hot conditions. This point has been 

supported by shorter time to exhaustion during (Kraning and Gonzalez, 1991; Maxwell, 

et al., 1996; 1999; Morris et al., 1998; 2000) and following intermittent activity (Finn et 

al., 2001). The detrimental effect of heat on prolonged intermittent exercise should be 

delineated from the performance benefits of brief supramaximal exercise in the heat 

(Ball et al., 1999; Falk et al., 1998). Although high muscle temperatures are conducive 

to increasing power output (Sargeant, 1987), prolonging the duration of activity elevates 

core temperature that becomes detrimental for endurance. 

 

 

2.4. SUMMARY 

Hot conditions exert a profound effect upon physiological, perceptual and performance 

responses to continuous and intermittent exercise. Higher core and peripheral 

temperatures, cardiac frequencies, sweat rates, cutaneous blood flow and thermal 

sensation eventuate during physical activity in the heat, particularly with intermittent 

activity. While high body temperatures are implicated in the curtailment of intermittent 

performance, the relationship between core temperature and fatigue is not well 

described as for submaximal exercise, where a set point temperature for fatigue has 
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been identified. With knowledge of the general responses to continuous and intermittent 

activity in tropical conditions, the following sections describe aspects of the two field-

based activities to be studied by this investigation, motor sport and cricket. 

 

 

2.5. MOTOR SPORT 

The modified passenger vehicles raced by V8 Supercar drivers are susceptible to high 

cabin temperatures due to radiation from the engine and sun, a lack of air flow to 

replace the hot cabin air and the inability to cool the cabin air via air conditioning. 

Anecdotally, cabin temperatures are reported to be in excess of 50
o
C in hot ambient 

conditions (Klarica, 2001). Combined with the mandatory full-body ensembles of 

overalls, gloves, helmet, boots and protective undergarments (Figure 2.3. and Figure 

2.4) that possess flame and heat retardant capabilities, the hot cabin creates an 

uncompensable environment since stabilisation of core temperature is not possible. The 

risk of hyperthermia and physical exhaustion is high within uncompensable 

environments (Cheung and McLellan, 1998; Tikuisis et al., 2002) thereby jeopardising 

the health and safety of V8 Supercar drivers. Hyperthermia has previously been 

reported in motor sports (Jareno et al., 1987). Unfortunately, comprehensive data 

describing the physiological responses of V8 Supercar drivers is not available in the 

peer reviewed literature. Klarica (2001) provides anecdotal descriptions of V8 Supercar 

racing, reporting that drivers endure near maximal heart rates and dehydration of greater 

than 5% body mass. High cardiac frequencies are also reported for other forms of motor 

sport (Baroody et al., 1973; Dawson, 1979; Schwaberger, 1987) that have been 

attributed to the physical (Jacobs et al., 2002) and psychological (Schwaberger, 1987) 

cost of racing. The energy cost of open wheel practice sessions is considerable (2.8L V
.

O2) and demonstrates that motor sport can result in substantial metabolic heat 

production (Jacobs et al., 2002). Such a heat load in uncompensably hot conditions 

results in high rates of heat storage. 
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Figure 2.3. Protective ensemble underlayer of V8 Supercar drivers. 
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Figure 2.4. Protective ensemble outerlayer of V8 Supercar drivers. 

 

 

2.6. RESPONSES TO CRICKET 
 

2.6.1. BOWLERS 

Pace bowlers deliver the majority of overs in one-day and traditional forms of cricket. 

In their effort to dismiss a batsman, they have a substantial energy requirement for the 

sprint and delivery action as evidenced by the high cardiac frequencies during bowling 

spells. A bowler’s workload is intermittent in nature. The activity associated with each 

delivery lasts less than 5 seconds with ~35 seconds recovery prior to the 

commencement of the next delivery. Despite these recovery periods, bowlers average 
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greater than 75% of maximal heart rate during bowling spells (Burnett et al., 1995; 

Stretch and Lambert, 1999). In hot conditions, an upward drift in heart rate (Burnett et 

al., 1995) that is symptomatic of increased cardiovascular strain, results from 

competition between the active musculature and the cutaneous circuit for blood flow as 

the bowler produces and stores heat. Body heat is hindered from transferring to the 

environment by the bowlers’ attire of long trousers and short sleeve shirt. 

 

There are no reports of core temperatures for bowlers competing in hot conditions. In 

cool to warm conditions (22–24
o
C WBGT), bowlers sustain moderate core temperatures 

measured at the rectum of 38.0–38.3
o
C. Other physiological measures such as sweat 

rate suggest that high core temperatures are sustained in hot conditions. While bowling 

in cool-warm conditions results in sweating 0.7L.h
-1

, hot conditions can produce sweat 

rates of 1.7L.h
-1

. The resultant dehydration of 3.8% body mass following 2 hours play 

and 4.3% following 2 sessions was related to the restriction of fluid consumption to 

structured breaks in play every hour (Gore et al., 1993). 

 

 

2.6.2. BATSMEN 

The evaporative resistance of the protective clothing worn during batting exacerbates 

thermal strain. In addition to the attire worn by bowlers, batsmen wear lower and upper 

leg padding, forearm and thorax padding and a helmet. Batsmen sustain higher skin 

temperatures, sweat more, and perceive their effort to be more taxing with the protective 

clothing during a standardised workload in warm conditions (King, 2003; Todd et al., 

2003). Helmets contribute to thermal strain inducing higher head temperatures that 

increase core temperature even in cool conditions (Ayton and McVeigh, 2003). 

 

Despite the likelihood of thermal strain in hot conditions, the response to batting in hot 

conditions is poorly understood. Unlike bowlers, the batsmens’ workload is random in 

nature, dependant upon the style of play, requirement to score runs and quality of 

bowling. In cool conditions, batsmen have elicited moderate sweat rates of 0.5L.h
-1

 and 

core temperatures of 38.3
o
C (Gore et al., 1993). Warmer conditions increased the sweat 

rate to 0.6L.h
-1

 and core temperature to 38.6
o
C (Gore et al., 1993). Currently there is no 
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data from hot conditions. The combination of hot conditions and protective attire are 

likely to promote higher sweat rates and core temperatures than those reported to date. 

 

 

2.7. SUMMARY 

Athletes competing in motor sport and cricket in tropical conditions are likely to be 

susceptible to heat induced physiological perturbations. High core temperatures, cardiac 

frequencies, sweat rates and substantial dehydration may predispose athletes to heat 

injury. Therefore, strategies to limit the negative physiological responses to tropical 

conditions are warranted.  

 

 

2.8. STRATEGIES TO IMPROVE RESPONSES TO EXERCISE IN THE HEAT 

The inverse relationship between core temperature and endurance performance warrants 

strategies that alter the rate of heat storage and/or pre-exercise body temperature if 

performance is to be maintained in tropical conditions. Heat acclimatisation, fluid 

provision and pre-cooling are the primary strategies investigated for effect upon 

physiology, perception and performance in the heat. While responses to acclimatisation 

(Armstrong et al., 1991; Aoyagi et al., 1997) and fluid provision strategies (Below et al., 

1995; Fritzsche et al., 2000; Davis et al., 1998; Rico-Sanz et al., 1996; Montain and 

Coyle, 1992; Walsh et al., 1994) have been well documented, the mechanisms and 

optimal strategies of cooling prior to exercise remain poorly understood.  

 

 

2.8.1. ACCLIMATISATION 

For acclimatisation to be beneficial in maintaining thermal homeostasis in hot 

conditions, metabolic heat and/or heat dissipation pathways must be modulated. Body 

heat loss pathways are augmented by acclimatisation, such that the capacity for 

evaporative heat exchange is greatly enhanced. Heat acclimatisation induces an earlier 

onset of sweating (Libert et al., 1983; Shido et al., 1999) and increased capacity to 

sweat (Libert et al., 1983; Armstrong and Kenney, 1993). These adaptations are more 

beneficial where a greater water vapour pressure gradient between the skin surface and 



 33

environment exists. In tropical conditions, an increased ability to sweat can be 

detrimental to physiology, as evaporation is limited by the small water vapour pressure 

gradient, causing sweat to drip from the skin surface (Candas et al., 1980). A high sweat 

rate can therefore increases the likelihood of developing dehydration. 

 

Augmentation of cutaneous blood flow following heat acclimatisation would allow for 

greater dry heat exchange and while cutaneous blood flow has been observed to 

increase following acclimatisation (Armstrong and Kenney, 1993), this may be 

principally a result of training (Aoyagi et al., 1994).  

 

 

2.8.2. FLUID PROVISION STRATEGIES 

In the absence of adequate fluid replenishment, body fluid content is diminished and 

hypohydration occurs. Sweat comprises the major source of fluid loss during exercise, 

being filtered from plasma volume (Maw et al., 1998), extracellular fluid reserves can 

therefore be tested during high intensity exercise of moderate duration. This results in a 

lowered blood volume to be distributed between the active musculature and the 

cutaneous circuit. Hypohydration induced decreases in blood volume have the primary 

effects of decreasing venous return, cardiac output (Montain et al., 1998; Nadel et al., 

1980) and increasing plasma osmolality (Kamijo et al., 2005). Figure 2.5. summarises 

selected physiological responses to hypohydration.   
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Figure 2.5. Schematic representation of selected physiological responses to hypohydration. 
See text for references. 

 

 

Increased plasma osmolality delays the onset, and limits sweat rate (limiting 

evaporative heat loss) and cutaneous blood flow (limiting dry heat exchange) (Nadel et 

al., 1980; Sawka, 1992; Takamata et al., 1997). Hypohydration therefore augments the 

rise in core temperature by limiting environmental heat exchange (McConell et al., 

1997). The role of fluid provision in the development of hyperthermia is demonstrated 

by water provision attenuating the rise in core temperature (Armstrong et al., 1997) by 

maintaining blood volume, venous return and plasma osmolality (Montain and Coyle, 

1993). The degree of hypohydration is strongly related to increased core temperature 

and lowered sweat rate (Montain and Coyle, 1992). Hypohydration reduces tolerance to 

high core temperatures, such that subjects are unable to obtain a core temperature of 

40
o
C (Sawka et al., 1992).  
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↓↓↓↓STROKE 
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↑↑↑↑THERMAL 
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Acclimatisation and fluid consumption are two strategies that augment body heat loss. 

An alternative strategy for maintaining performance in tropical conditions, pre-cooling, 

demonstrates potential for increasing the ability to store heat, yet less is known of the 

responses to this intervention. 

 

 

2.8.3. PRE-COOLING  

Pre-cooling defines a range of methods that act to decrease skin and possibly core 

temperature by the individual or combined application of ice, cool-cold air and cool 

water. Specific pre-cooling methods utilised to date include the use of cold air at 0–

10
o
C (Cotter et al., 2001; Hessemer et al., 1984; Lee and Haymes, 1995; Schmidt and 

Bruck, 1981; Sleivert et al., 2001), immersion in cool water of 24–29
o
C (Bolster et al., 

1999; Booth et al, 1997, 2001; Kay et al., 1999; Marino and Booth, 1998), a cool 

shower of 24–28
o
C (Drust et al., 2000), application of water perfused cuffs at 4–15

o
C 

(Constable et al., 1994; Gabrys et al., 1993) and ice used in jackets (Duffield et al., 

2003; Yates et al., 1996) or towels (Myler et al., 1989). These interventions have been 

investigated for influence on physiological, perceptual, and performance variables 

during bouts of activity lasting 30 seconds to 90 minutes in duration. The key 

physiological variable for evaluating pre-cooling is core temperature, however, the 

critical analysis of the pre-cooling literature is complicated by the measurement of core 

temperature immediately following cooling where steep thermal gradients may exist 

within the body. Such data fails to account for the ‘afterdrop’ phenomenon, where the 

redistribution of body heat to inadequately warmed peripheral tissues results in a 

decreased body core temperature. 

 

 

2.8.3.1. AFTERDROP  

Upon completion of a pre-cooling bout, physical activity promotes a reduction of the 

thermal induced vasoconstrictor tone and increases peripheral blood flow. Blood 

perfusing the cold limbs is subsequently cooled, leading to lowering of the body core 

temperature by counter current (blood to blood), convective (blood to tissue) and 
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conductive mechanisms (tissue to tissue) (Mittleman and Mekjavic, 1988), collectively 

termed the afterdrop. 

 

Observations of a continued fall in core temperature prior to any increase in peripheral 

blood flow promote conduction as the primary cause of the afterdrop (Savard et al., 

1985). Additionally, the afterdrop has been observed in cooled inanimate objects that 

lack circulation and therefore convective blood flow (Webb, 1986). Furthermore, 

conduction is likely to play a greater role for an afterdrop observed at the rectum due to 

the large heat capacity of the abdomino-pelvic region and the hydrostatic pressure of 

water shunting blood from the lower body (Arborelius et al., 1972). Evidence also exists 

for a convective afterdrop, as occlusion of limb blood flow during cooling arrests the 

Toes decline without influencing the Trectal decrease. Restoration of limb blood flow 

caused Toes to significantly cool (Giesbrecht et al., 1987). A convective afterdrop 

component was confirmed by observations of post-immersion exercise inducing a 

greater afterdrop than passive rewarming due to enhanced circulation (Giesbrecht and 

Bristow, 1992; 1998).  

 

With the change in body core temperature a primary factor determining the 

effectiveness of pre-cooling investigations, the afterdrop phenomenon should be 

accounted for. Failure to report changes to body temperature variables immediately 

post-cooling and following afterdrop may result in erroneous research conclusions. For 

example, a 30 minute cold air (5
o
C) pre-cooling protocol that failed to change Trectal at 

cessation of cooling, produced a 0.4
o
C decrease following the afterdrop (Lee and 

Haymes, 1995). In addition to the afterdrop, other factors that hinder pre-cooling 

protocol comparison are the use of differing pre-cooling modes, temperatures, body 

regions, exercise bouts, performance tests and environmental conditions. This review 

stratifies the pre-cooling literature on the basis of each mode’s physiological influence. 

 

 

2.8.3.2. COOL – COLD AIR  

Cool – cold air pre-cooling is primarily reliant upon convective heat loss for reductions 

in body temperature due to the lack of mechanical cooling power exerted by air. 
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Application of cold air to the skin causes vasoconstriction of the cutaneous circuit 

(Makinen et al., 2000) that limits the blood supply available to be cooled, negating 

convective heat transfer. This factor appears responsible for the inability of cold air (5–

10
o
C) cooling protocols to lower deep tissue temperature during pre-cooling of 

moderately trained athletes (Oksa et al., 1993; Olschewski and Bruck, 1988; Lee and 

Haymes, 1995). However, 30 minutes of air cooling (5
o
C) for lean, highly trained 

athletes can decrease Trectal by ~0.5
o
C inclusive of afterdrop (Kruk et al., 1990), 

suggesting that the lack of mechanical cooling power can be partially diminished by low 

subcutaneous fat levels.  

 

Counteracting the preferential heat exchange of lean subjects is their predisposition to 

increase metabolic heat production in defence of fall in core temperature, that can 

manifest in shivering (Hessemer et al., 1984). The requirement for re-warming periods 

can limit shivering but slows the pre-cooling process (Olschewski and Bruck, 1988; 

Hessemer et al., 1984; Schmidt and Bruck, 1981). With a small thermal effect for whole 

body air cooling, regional air cooling is unlikely to be an effective pre-cooling mode 

due to the small surface area cooled. Torso air cooling systems may lower the rate of 

body heat storage in occupational subjects sustaining low to moderate metabolic rates in 

hot conditions (Pimental et al., 1987; Vallerand et al., 1991; Epstein et al., 1986), but 

they delay elevated core temperature rather than reduce core temperature prior to 

activity in a hot environment.  

 

The different physiological responses between air pre-cooling and the provision of air 

cooling during physical activity to alter body heat storage may be related to the 

temperature gradient between the air and skin, and the evaporative potential of sweat. 

Maintenance of Tskin above 32–33
o
C will minimise cutaneous vasoconstriction and 

maximise blood volume available to be cooled at the skins surface (Veicsteinas et al., 

1982). At higher metabolic rates that induce sweating, the provision of conditioned air 

augments sweat efficiency (Shapiro et al., 1982), thereby limiting body heat storage and 

extending tolerance durations in hot conditions (Vallerand et al., 1991).  
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2.8.3.3. WATER IMMERSION 

The most popular method of water pre-cooling has been ‘head out’ immersion, where 

water depth envelops the shoulders. Table 2.2. is a compilation of data from head out 

immersion studies that demonstrates small reductions of Trectal in 28
o
C water 

irrespective of anthropometric profile, whereas water temperatures of 24
o
C or lower 

produce large Trectal reductions for most cohorts, particularly lean subjects. The inter-

investigation discrepancy for deep tissue temperature alterations are likely the product 

of differences in water temperature, flow rate, immersion duration and the 

anthropometric characteristics of subjects.      

 

Table 2.2. The change of rectal temperature to ‘head out’ water immersion of varying durations 
for a range of anthropometric profiles. Data are stratified into 3 groups; Twater >27

o
C, 25-27

o
C 

and <25
o
C, respectively. Data do not account for an afterdrop. 

Time Mean Twater Delta Trectal % Body Fat Reference 

30 28.0 -0.3 9.2 McArdle et al., 1984* 

30 28.0 -0.2 16.8 McArdle et al., 1984* 

30 28.0 -0.1 27.6 McArdle et al., 1984* 

30 28.0 -0.2 - Mekjavic et al., 2001 

30 28.0 -0.1 9.7 Tikuisis et al., 1988 

30 28.0 -0.1 17.6 Tikuisis et al., 1988 

60 ~27.9 0.0 - Kay et al., 1999 

60 ~26.3 0.0  17.6 Marino and Booth, 1998 

60 ~26.1 -0.6 - Marino et al., 1998 

60 ~26.0 -0.3 15.8 Booth et al., 1997 

30 25.0 -0.3 - Lee et al., 1997 

30 24.0 -0.6 9.2 McArdle et al., 1984* 

30 24.0 -0.1 16.8 McArdle et al., 1984* 

30 24.0 -0.1 27.6 McArdle et al., 1984* 

30 20.0 -0.3 9.7 Tikuisis et al., 1988 

30 20.0 -0.3 17.6 Tikuisis et al., 1988 

30 20.0 -0.5 16.0 O’Brien et al., 2000 

30 20.0 -0.4  14.2 Castellani et al.,1998 

30 20.0 -0.6 9.2 McArdle et al., 1984* 

30 20.0 -0.3 16.8 McArdle et al., 1984* 

30 20.0 0.0 27.6 McArdle et al., 1984* 

30 20.0 -0.4 - White et al., 2003 

90 18.0 -0.9 10.6 Tikuisis et al., 2000 

* Water continuously circulated at unknown velocity. 
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Water is a superior conductor of energy than air (Smith and Hanna, 1975), clamping 

immersed skin temperature near that of the water. Water pre-cooling protocols can 

therefore utilise warmer temperatures than the 0–10
o
C of air cooling studies. The 

absence of shivering would also alleviate the need for intermittent rewarming periods, 

thereby improving the time efficiency of the water immersion pre-cooling process. Cold 

water immersion can also induce shivering (Tikuisis et al., 2000), so water temperature 

selection is an important consideration for pre-cooling studies. The development of a 

protocol gradually lowering water temperature has prevented the onset of shivering. 

Booth et al. (1997) employed a ~52 minute protocol that lowered water temperature 

from ~29
o
C to ~23

o
C, averaging ~26

o
C. Similar protocols were employed by others 

over 60 minutes (Marino et al., 1998; Booth et al., 2001; Booth et al., 1997) while Kay 

et al. (1999) refined the protocol such that terminal water temperature decreased to just 

~26
o
C to average ~28

o
C. With the exception of the latter investigation, Trectal (Marino 

and Booth, 1998; Marino et al., 1998; Booth et al., 1997) and Toes (Booth et al., 2001) 

were significantly lowered upon cessation of cooling and following afterdrop. Kay et al. 

(1999) failed to lower rectal temperature immediately following pre-cooling or via 

afterdrop prior to exercise but conferred lower Trectal during exercise. While shivering 

was not reported among the aforementioned investigations, Bolster et al. (1999) 

reported varying degrees of shivering among subjects when water temperature remained 

at a constant 25.6
o
C for 22–50 minutes to lower rectal temperature 0.5

o
C. The similar 

average water temperatures between Bolster et al. (1999) and the gradual cooling 

studies suggest that the initial change in skin temperature is an important stimulus for 

metabolic heat production and eventually for shivering when undertaking water 

immersion. 

 

A method of increasing convective heat loss while pre-cooling is through use of a 

shower. Drust et al. (2000) gradually decreased shower temperature from 28 to 24
o
C 

over an hour to observe a rectal temperature decrease of 37.5 to 37.2
o
C immediately 

following the shower and then to 36.9
o
C 15 minutes post-shower. Although the shower 

conferred a substantial decrease in deep tissue temperature, it required 60 minutes to 

achieve the pre-cooling effect and was weight bearing for subjects. Both factors may 

contribute to the infrequent use of showers for pre-cooling research. Despite the desired 
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body temperature responses produced by gradual cooling studies, the 60-minute pre-

cooling duration limits the appeal to athletes and teams seeking a time efficient, 

practical method of lowering body temperature prior to performance. Other 

investigators have utilised constant cold water temperatures for 30 minutes to achieve 

substantial Trectal decreases, however the potential of a 30 minute gradually decreasing 

water temperature remains to be explored. 

 

 

2.8.3.4. ICE 

The most widely used cooling mode by athletes has been ice compressed against the 

skin in jackets or vests (Figure 2.6.). Despite the use of ice containing garments to 

improve thermal comfort in occupational settings for several decades (Kamon et al., 

1986), ice pre-cooling for athletes has only recently been explored. Prior to the 1996 

Summer Olympics, Australian Institute of Sport scientists developed ice jackets that 

blunted the Tcore rise when worn during warm up periods (Smith et al., 1997; Yates et 

al., 1996). Less is understood of the response to ice jacket pre-cooling at rest. 

 

 

     
        (A)            (B) 

Figure 2.6. A. Australian Institute of Sport ice jacket. B. Commercially available ice vest (Arctic 
Heat). 
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Duffield et al. (2003) pre-cooled 7 subjects for 5 minutes before and during scheduled 

breaks of a simulated hockey protocol to lower mean skin temperature but not rectal 

temperature. Holcombe (2001) lowered mean skin temperature with a commercially 

available ice vest but unfortunately failed to measure core temperature. Others have 

cooled athletes during warm-up periods to achieve cooler core and peripheral 

temperatures prior to performance. Arngrimmson et al. (2004) applied the Australian 

Institute of Sport designed ice jacket prior to a 38 minute warm up in tropical 

conditions. Prior to the 5km treadmill running time trial, the mean rectal temperature of 

17 competitive runners was 0.2
o
C, and mean skin temperature 1.8

o
C lower than control 

trials, respectively. Moderate cycling in hot conditions with a cooling jacket resulted in 

a lower rectal temperature (0.2
o
C) following 45 minutes (Hasegawa et al., 2005) but not 

in the early stages of exercise for 9 untrained subjects. Mean skin temperature was 0.7–

1.0
o
C lower throughout cycling. The cooling effect of the ice garments appear limited 

by the surface area cooled as physical work with a 4 pack ice vest limited core 

temperature to 38.6
o
C while a 6 pack ice vest capped core temperature at 38.0

o
C 

(Bennett et al., 1995). 

 

 

2.8.3.5. PHYSICAL PERFORMANCE FOLLOWING PRE-COOLING 

Research outcomes generally support the use of cold air, cool water and ice prior to 

exercise in hot conditions to extend time to exhaustion (Gonzalez-Alonso et al., 1999; 

Lee and Haymes, 1995), increase distance covered (Myler et al., 1989; Kay et al., 

1999), sustain greater mean power (Cotter et al., 2001), and decrease time to complete a 

set amount of work (Yates et al., 1996). Table 2.3. represents the physiological and 

performance responses to pre-cooling conducted in tropical conditions. Five studies that 

substantially improved power were preceded by water immersion to produce lower core 

temperatures of 0.3-1.3
o
C inclusive of afterdrop that resulted in some remarkable 

performance improvements. Maximal, short term (70 seconds) power output of 13 

highly trained cyclists improved by 3.3±2.7% following torso water immersion (Marsh 

and Sleivert, 1999).  Booth et al. (1997) observed 8 subjects cover a mean increase of 

304±166m during a 30 minute running time trial following pre-cooling. The additional 

distance run equates to an excess running velocity 0.7km.h
-1

 concomitant to pre-
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cooling. The performance effect of Kay et al. (1999) was more impressive, as 7 

moderately trained cyclists improved total distance covered in 30 minutes from 

14.9±0.8 to 15.8±0.9km, for an increased mean velocity of 1.8km.h
-1

.   

 

Despite the potential of pre-cooling to alter endurance performance, experimental 

designs that employed prolonged exercise protocols have not statistically demonstrated 

improved performance. The phenomenon of lowered core temperature from pre-cooling 

has been described as transient, with core temperature approaching ‘control’ levels as 

heat continues to be produced (Bolster et al., 1999).  With exercise bouts of greater than 

30 minutes, the excess body heat storage following pre-cooling may account for the 

diminished performance effect. Additionally, there has been less research on the effects 

of pre-cooling for intermittent high-intensity activity that characterises many sports, and 

the findings are inconclusive. Drust et al. (2000) found little effect of a 0.5
o
C reduction 

in core temperature of 6 subjects prior to a 90-minute bout of soccer-specific treadmill 

exercise in warm vs temperate conditions. Duffield et al. (2003) evaluated the effect of 

wearing an ice jacket before and periodically throughout intermittent cycling that 

simulated the demands of field hockey in warm humid conditions. Possibly attributable 

to the small sample size of 7 subjects, mean sprint power was not statistically altered 

despite the 2.4% increase. Lowering core temperature by 0.5
o
C failed to improve 

intermittent sprint ability of 10 subjects in temperate conditions (Cheung and Robinson, 

2004). The lack of an observed effect by Cheung and Robinson (2004) is difficult to 

interpret given that their cycling protocol failed to substantially elevate core temperature 

(>38
o
C).  This limited field of research suggests that pre-cooling delivers physiological, 

perceptual and performance benefits for moderate to intense continuous exercise of less 

than 30 minutes duration, whereas the effect for prolonged intermittent high intensity 

activity is yet to be resolved. Furthermore, cool-cold air, ice and water immersion 

cooling methods are yet to be systematically contrasted on the basis of physiological, 

perceptual and performance outcomes.  
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Table 2.3. Selected variables of pre-cooling investigations conducted in tropical conditions. 

Perf. 
Time 

Temp. 
(
o
C) 

Area 
Cooled 

n Mode 
Cooling 

Time 
Phys. 
Effect 

Perf. 
Effect 

Reference 

0.75 35 T,WhB 9 
Ice Vest, Air, 

Water 
45 ↑ ↓ Sleivert et al., 2001 

1.17 29 WhB 13 Water 30 ↑ ↑↑ Marsh and Sleivert, 1999 

~4 33 T 11 IJ 30 ↑ ↑ Yates et al., 1996 

6 30 H/N,AM 8 Ice 5 ↑ ↑ Myler et al., 1989 

6.4 38 WhB 11 Fan+Water 20 ↑ ↓ Mitchell et al., 2003 

15 35 T,B,AM 9 
Ice Vest, Air, 

Water 
45 ↑ ↑↑ Cotter et al., 2001 

~17 32 T 17 IJ 38 ↑ ↑ Arngrimsson et al., 2004 * 

27 32 T 9 IJ 9 ↑ ↑ Smith et al., 1997 

30 32 WhB 8 Water 30 ↑ ? Wilson et al., 2002 

30 32 WhB 11 Water 30 ↑ ? White et al., 2003 

30 31 WhB 7 Water 60 ↑ ↑↑ Kay et al., 1999 

28-63 40 WhB 7 Water 30 ↑ ↑↑ 
Gonzalez-Alonso et al., 

1999 

60 27 WhB 6 Water 22-50 0 ? Bolster et al., 1999 

30 31 WhB 8 Water 60 ↑ ↑↑ Booth et al., 1997 

60 30 T 7 IJ 20 ↑ ↑ Duffield et al., 2003 

~66 32 T 9 IJ 38 ↑ ↑ Hasegawa et al., 2005 * 

90 26 WhB 6 Water 60 0 Nil Drust et al., 2000 

         

Size of Performance Improvement <3%↑, >3% ↑↑, * cooling applied during warm-up 
AM=Active musculature, B=Back, H/N=Head/neck, IJ=Ice Jacket, n = sample size T=Torso, WhB=Whole body  

 

 

2.9. SUMMARY 

While heat acclimatisation and fluid provision strategies have been widely studied, pre-

cooling has received less attention. The provision of cool-cold air, use of ice jackets and 

cool water immersion are pre-cooling options for athletes competing in hot conditions. 

Cool-cold air pre-cooling relies upon convective heat loss due to the lack of mechanical 

cooling power exerted by air, limiting its cooling potential. While a 30-minute bout of 

5
o
C air cooling has been utilised to lower Trectal by 0.5

o
C in lean subjects (Kruk et al., 

1990), this form of cooling tends to manifest in shivering and a concomitant increase in 

metabolic heat production. Water immersion has been effectively employed to lower 

Trectal at the relatively warm range of 24-28
o
C, due to waters superior heat conductivity. 

Thirty minute immersions in 24-28
o
C can induce a Trectal decrease of up to 0.6

o
C, 
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however the logistics of current water pre-cooling protocols limit their application to 

field settings. Ice jackets are more practical than water immersion but are less effective 

as a result of the limited body surface cooled and the finite cooling power of the small 

quantity of ice or gel.  

 

The limited field of pre-cooling research supports the use of cold air, cool water and ice 

prior to physical activity in hot conditions as a variety of performance measures have 

improved following pre-cooling. However, tenuity of data systematically comparing 

pre-cooling modes prevents the development of optimal pre-cooling protocols. 

Furthermore, responses to intermittent high intensity activity following pre-cooling are 

yet to be resolved. 
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3. METHODOLOGY 
 

INVESTIGATION A. MOTOR SPORT ATHLETE RESPONSES TO V8 

SUPERCAR RACING IN TROPICAL CONDITIONS 
 

3A.1. GENERAL DESIGN 

Round 4, 2002 and round 6, 2003 of the Australian V8 Supercar Championship were 

contested at the Hidden Valley circuit in Darwin, NT. These events provided an 

opportunity to monitor motor sport athlete responses to driving in tropical conditions. 

Peak aerobic power and anthropometric characteristics were measured the day after 

driver arrival (Table 3A.1). Driver responses to racing in tropical conditions were 

measured in the field during days 3–5. Two drivers were studied in 2002 and another 

two in 2003. 

 

Table 3A.1. Dateline of events. 

Day Event Distance Descriptor 

1 Arrive in Darwin - - 

2 Laboratory Testing - 
Maximal aerobic power & 

anthropometric testing 

3 Practice - Trialed methods 

4 
Practice 

Qualifying 
Race 1 

- 
- 

20 Laps (Short) 

Trialed methods & measured 
responses 

5 
Race 2 
Race 3 

35 Laps (Long) 
35 Laps (Long) 

Measured responses 

  

  

3A.2. SUBJECTS 

Characteristics of the four motor sport athletes who participated in this investigation are 

presented in Table 3A.2. Although elite motor sport athletes competing in the 

Australian V8 Supercar Championship (Figure 3A.7), they were not acclimatised to 

tropical conditions. Table 3A.3 describes selected environmental characteristics of the 

respective drivers’ usual residence.  
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Figure 3A.7. V8 Supercar similar to those raced by the subjects. 

 

 

Table 3A.2. Characteristics of V8 Supercar drivers. 

Characteristic 
Subject Statistic 

A B C D Mean SD 

Age (yr) 31 28 27 26 28.0 2.2 

Height (m) 1.79 1.77 1.77 1.76 1.77 0.01 

Mass (kg) 78.7 71.0 75.2 82.4 76.8 4.9 

Body Surface Area (m
2
) 1.97 1.87 1.92 1.98 1.94 0.05 

V
.
O2max (mL.kg

-1
.min

-1
)  47.3 60.0 - - 53.7 9.0 

Sum of 7 Skinfolds (mm) 77.6 39.0 67.5 98.0 70.5 24.5 

 

 

Recruitment of the subjects was initiated by contacting team management and 

discussing the project. Upon team approval, individual drivers were informed of the 
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project by telephone and e-mail communications. Those drivers interested were given 

the opportunity to read literature (Appendix D1.1) and pose questions. Subjects gave 

written informed consent (Appendix D1.2) to participate in the project that was 

approved by the Northern Territory University Human Research Ethics Committee 

(Approval code H02053). 

 

 

Table 3A.3. Selected mean environmental variables during May and June for Adelaide, Gold 
Coast and Sydney (Data are a compilation of the Australian Bureau of Meteorology reporting’s 
from Adelaide Airport, SA, 1955-2003, Southport Observatory, QLD, 1881-2001 and 
Observatory Hill, Sydney, NSW 1858-2001). 

Environmental Variable Adelaide Gold Coast Sydney 

Mean Daily Maximal Temperature (
o
C) 16.7 23.3 19.3 

Mean Daily Minimal Temperature (
o
C) 7.3 13.4 11.5 

3pm Relative Humidity (%) 77 60 58 

 

 

3A.3. EXPERIMENTAL DESIGN 

Subjects arrived at the laboratory on day 2. Following screening for contraindications to 

participation (Appendix D1.3.), athletes were tested for maximal aerobic power (during 

2002 only) and anthropometric characteristics. The laboratory session also permitted 

subject familiarisation with field-based testing procedures. Subjects were monitored 

during practice sessions on day 3 to familiarise them with the field testing protocols and 

to determine timing of data collection. On the following day, subjects were monitored 

during morning practice but not during the qualifying session. Monitoring 

recommenced prior to race 1. On the final day, drivers were monitored during races 2 

and 3. Figure 3A.8. summarises the pre-, during- and post-race procedures.  
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Figure 3A.8. Field-testing experimental design schematic. 
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LABORATORY PROCEDURES 
 

3A.4. ANTHROPOMETRIC MEASUREMENTS AND CALCULATIONS 

Heat produced during muscular contraction produces can transferred to the environment 

at the skin. Therefore, body height and mass, body surface area and thickness of 

skinfolds may account for differences in body heat storage (Havenith et al., 1995), and 

were accounted for by this investigation as described in the subsequent sections. 

 

 

3A.4.1. BODY MASS AND STATURE 

Body mass was measured in a semi-nude state (wearing underwear only) on a calibrated 

platform scale (CH150KP, A&D Mercury, Adelaide, SA, Australia). Subjects stood on 

the scale platform with an even distribution of body mass. Upon establishing a stable 

reading, body mass was recorded to the nearest 0.02kg. The accuracy of the scale was 

verified before and after the project each year by measuring the mass of three calibrated 

20kg weights (total = 60kg). On all occasions the readings were within 0.02kg of actual. 

 

Stature was measured as the greatest vertical distance between the floor and vertex of 

the head with a calibrated stadiometer (Len Blaydon, Lungarno, NSW, Australia). To 

achieve an accurate measurement, subjects stood with heels touching the stadiometer 

and were instructed to take a deep breath while looking straight ahead with their head in 

the Frankfort plane. The stadiometer headboard was lowered to contact the vertex of the 

head to permit measurement of height to the nearest millimetre (mm). The stadiometer 

was routinely calibrated against a steel rule. 

 

 

3A.4.3. SKINFOLD THICKNESS 

Skinfold thickness was measured on the right side of the body at the following sites: 

triceps, subscapular, biceps, supraspinale, abdominal, front thigh and medial calf 

(Withers et al., 1987) (Table 3A.4) by a Level 1 accredited kinanthropometrist with 

calibrated calipers (Harpenden, British Indicators Ltd, Birmingham, UK). Subjects 

refrained from exercise on the day of anthropometric assessment to prevent 
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measurement error due to cutaneous vasodilation. The seven skinfold thicknesses were 

summed. 

 

Table 3A.4. Skinfold thickness measurement sites.  

Skinfold Measurement Site and Method 

Triceps 

Intersection of the most posterior surface of the arm over the 
triceps muscle and the horizontal level of the mid-acromiale-radiale 
line. The skinfold was raised The arm was relaxed with the 
shoulder joint slightly externally rotated and elbow extended by the 
side of the body. 

Subscapular 
Raised 2cm along a line running from the subscapulare landmark 
at an approximate angle of 45

o
 as determined by the natural fold of 

the skin. 

Biceps 
As per triceps except that the anterior surface of the arm was 
measured. 

Supraspinale 
The intersection of the iliospinale mark to the anterior axillary 
border and the horizontal line of the superior border of the ilium at 
the level of the iliocristale. 

Abdominal The vertical fold 5cm right of the omphalion. 

Front Thigh 
With the subject’s knee bent at 90

o
, the site is the midpoint of the 

distance between the inguinal fold and the superior border of the 
patella. 

Medial Calf 
With knee flexed at 90

o
 and calf relaxed, a vertical fold was raised 

on the medial aspect of the calf at its maximal circumference. 

 

 

3A.4.4. BODY SURFACE AREA 

The DuBois and DuBois (1916) formula was utilised for estimation of body surface area 

from height and body mass measurements (Equation 3A.1.). 

 

BSA = 0.007184 x height
0.725

 x body mass
0.425

                                    Equation 3A.1. 
where height is reported in cm and body mass in kg 
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3A.5. MAXIMAL AEROBIC POWER TESTING 
 

3A.5.1. TESTING MODE 

Running and cycling are common maximal aerobic power (V
.
O2max) testing modes 

(Woolford et al., 1999). Both athletes noted they undertook run training while one 

subject also cycled. Since non-cyclists are susceptible to local fatigue of the quadriceps 

muscle group that can inhibit the attainment of V
.
O2max during cycling (Martinez et al., 

1993), treadmill running was the selected testing mode. 

 

 

3A.5.2. DATA COLLECTION 

 

Table 3A.5. Running protocol for determination of maximal aerobic power. 

Time (min) Speed (km.h
-1

) Grade (%) Description 

0 0 0 
Pre-test 

Verification 
1 0 0 

2 0 0 

3 10 0 

Warm-up 

4 10 0 

5 10 0 

6 10 0 

7 10 0 

8 10 0 

9 12 0 

Progressive 
Incremental Test 

10 12 0 

11 14 0 

12 14 0 

13 14 2 

14 14 2 

15 14 4 

16 14 4 

17 14 6 

18 14 6 

19 14 8 

20 14 8 
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The protocol utilised for the maximal aerobic power test is summarised by Table 3A.5. 

(Ellis et al., 2000). Running was performed on a wide-bodied treadmill (TM4-G, 

W.D.Payne, Blacktown, NSW, Australia) controlled via personal computer with 

dedicated software (Treadmill for Windows, Version 2, Payne, Australia). Athletes 

were actively encouraged to volitional exhaustion. 

 

 

3A.5.3. ENVIRONMENTAL CONDITIONS 

Laboratory environmental conditions were measured by an electronic monitor with 

digital output (4290-7 Almemo, Ahlborn, Munich, Germany) interfaced with a 

temperature and humidity sensor (FHA646) and barometer (FDA612MA). Conditions 

were manually recorded immediately prior to the 3-minute rest period (Table 3A.6.) 

 

 

Table 3A.6. Environmental conditions prior to V
.
O2max testing. 

Environmental Variable Mean (SD) 

Temperature (
o
C) 23.8 (0.4) 

Relative Humidity (%) 62.1 (4.4) 

Barometric Pressure (mmHg) 760.3 (1.6) 

 

 

3A.5.4. GAS SAMPLING AND ANALYSIS 

 

3A.5.4.1. CALIBRATION OF GAS ANALYSERS  

The zirconium oxygen and infrared carbon dioxide analysers (CPX/D, MedGraphics 

Corporation, St.Paul, MN, USA) were calibrated with two α grade gases (Table 3A.7.) 

supplied by Medical Graphics Corporation. An automated calibration procedure 

accepted gas accuracy within 2%. 
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Table 3A.7. Composition of calibration gases. 

Gas Gas A (%) Gas B (%) 

Carbon Dioxide 5.0 0.0 

Oxygen 12.0 21.0 

Nitrogen 83.0 79.0 

 

 

3A.5.4.2. CALIBRATION OF FLOW MODULE  

Airflow was measured with a bi-directional differential pressure pneumotach (preVent, 

MedGraphics Corporation, St.Paul, MN, USA). A three litre calibration syringe 

(MedGraphics Corporation, St.Paul, MN, USA) was used to assess the accuracy of the 

pneumotach by simulating five inspirations and expirations at varying flow rates (~20–

200L.min
-1

). Calibration was achieved when the average volume expired was within the 

range 2.94–3.06L (≤ 2% error). 

 

 

3A.5.5. COLLECTION OF EXPIRED GASES 

Subjects respired through a pneumotach in close proximity to the mouth interfaced with 

a rubber mouthpiece. Expired gas was collected from the pneumotach through a Teflon 

sampling line. The expirate was dried through an external drying cartridge and then 

internally by nafion tubing (Perma Pore, Toms River, NJ, USA). The expirate was 

subsequently analysed for oxygen (O2) and carbon dioxide (CO2) concentration 

(fraction of O2 in the expired gas – FEO2, fraction of CO2 in the expired gas – FECO2). 

These values in conjunction with the volume of expirate (V
.
E) were used to derive the 

volume of O2 consumed and the volume of CO2 expired per minute. 

 

FEO2, FECO2, V
.
O2, V

.
E, respiratory exchange ratio (RER) and respiratory rate (RR) 

data were displayed and saved with Breeze3 software (MedGraphics Corporation, 

St.Paul, MN, USA) as the average of 30 second increments. 
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3A.5.6. MAXIMAL AEROBIC POWER ATTAINMENT 

Satisfying two of the four criteria detailed within Table 3A.8. were necessary to ensure 

V
.
O2max attainment (Gagnon et al., 1997; Spina et al., 1996). Maximal aerobic power 

was determined as the average V
.
O2 over the two highest consecutive 30-second periods. 

 

Table 3A.8. Criteria for attainment of V
.
O2max. 

Variable Criteria 

V
.
O2 

Plateau (<200mL change) with increasing workload  

HR Within 10 beats of age predicted maximum 

RER >1.10 

RPE >18 

 

 

3A.5.7. HEART RATE 

Heart rate was continuously measured via coded transmission from a transmitter 

attached adjacent to the xiphoid process and stored by a receiver (Polar Vantage NV, 

Kempele OY, Finland) every 5 seconds. The heart rate profile was transferred to a 

personal computer by an interface (Polar Advantage, Finland) using dedicated software 

(Polar Precision Performance, Version 2.1). The data was transferred to a spreadsheet 

(Microsoft Excel for Windows, Version 97) for determination of maximal heart rate 

during V
.
O2max testing.  
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FIELD TESTING PROCEDURES 
 

3A.6. THERMAL STRAIN 

Reliable and precise indices of core body temperature are derived from the oesophagus 

and rectum (Gass and Gass, 1998). The invasive nature of these sites limit their 

application to field settings, rendering these modalities unsuitable for core temperature 

measurement of V8 Supercar drivers. Alternative sites for monitoring core temperature 

in the field are the gastrointestinal tract (Tgi) and the tympanic membrane (Ttym). 

 

 

3A.6.1. INGESTIBLE TELEMETRIC TEMPERATURE SENSOR 

An ingestible telemetric temperature sensor (CorTemp 100, HTI Technologies, Florida, 

MI, USA) was used as a measure of core body temperature by transmitting a signal 

proportional to the temperature of the gastrointestinal tract (Figure 3A.9). The telemetry 

pill consists of a temperature sensitive quartz crystal oscillator with a silver oxide 

battery, encapsulated in epoxy and covered with silicone rubber (O’Brien et al., 1998). 

Despite the encapsulating silicon possessing some heat storage potential, the pill 

demonstrates rapid response to changes in temperature (Mittal et al., 1991). The quartz 

within the sensor vibrates at a frequency that varies in accordance with its temperature 

(dependant upon temperature of surrounding tissue), producing a magnetic flux for 

signal transmission. This near-field magnetic link negates a requirement for wired 

transmission to the receiver (Section 3A.6.2.) via cable. The receiver accepts and 

converts the signal for storage.  

 

 

3A.6.1.1. INGESTIBLE TELEMETRIC TEMPERATURE ACCURACY 

Once located in the gastrointestinal tract, the thermosensitive pill is a valid indice of 

core temperature when referenced to rectal or oesophageal temperature (O’Brien et al., 

1998). During heat storage, core temperature derived from the pill is intermediate to 

Trectal and Toes (O’Brien et al., 1998). 

 

Literature obtained from HTI Technologies states that ‘the pill is accurate to 0.1 
o
C 

within a temperature range of -40 
o
C to 177 

o
C’ (HTI Manual, 2002). Although data to 
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verify this claim has not been provided, the pills are accurate to 0.12
o
C during steady 

state heating (Mittal et al., 1991) and yield correlation coefficients with bath water of 

0.999 during 3 point calibration analysis (O’Brien et al., 1998). 

 

 

3A.6.1.2. TELEMETRIC TEMPERATURE SENSOR INGESTION 

The thermosensitive pill was consumed a minimum of three hours prior to racing. This 

allowed adequate time for the pill to empty from the stomach and enter the 

gastrointestinal tract while minimising the risk of the pill being emptied from the body 

prior to racing (O’Brien et al., 1998). The pill was initially ingested with fluid prior to a 

meal. The fluid and meal act to minimise the time for the pill to pass through the pyloric 

sphincter and enter the duodenum. To confirm that the pill had cleared from the 

stomach, drivers consumed cool fluids prior to racing while the pill temperature was 

monitored. A sudden decrease in pill temperature was considered evidence of the pill in 

the stomach in which case core temperature data would be excluded from the analysis.  

 

 

3A.6.1.3. TELEMETRIC TEMPERATURE SENSOR CALIBRATION 

Each pill was factory calibrated by the manufacturer collecting temperature data points 

for each sensor over the range of 35–45
o
C. A frequency counter (5245L, Hewlett 

Packard, Palo Alto, CA, USA) interpreted the signal generated by placing the pill in a 

digitally controlled water bath accurate to ±0.05
o
C (ELTB13, Science Electronics, New 

York, NY, USA). This process was repeated several times to generate a calibration 

number that interprets the pill frequency with a unique slope and intercept. Most pills 

have similar slope constants (O’Brien et al., 1998). Upon completion of the calibration 

procedure, a final reading was taken with each sensor to verify the accuracy of the 

established calibration number. This process generated data accurate to ±0.1
o
C. The 

calibration and serial numbers were transferred to the receiver via a 3-pin cable and 

software (BCTM3, Fitsense Technologies, Southborough, MA, USA).  
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                 A.             B. 
 

Figure 3A.9. A. Ingestible thermosensitive temperature pill contents; B. Thermosensitive pill 
relative size. 

 

 

3A.6.2. BODY CORE TEMPERATURE RECEIVER 

A small receiver (Figure 3A.10) weighing 0.18 kg was attached to the exterior right 

hand surface of the drivers seat with industrial strength velcro (Dual-Lock, 3M, St. Paul, 

MN, USA). Core temperature was manually assessed with the receiver pre- and post-

race. To provide a detailed body core temperature profile while racing, the receiver was 

programmed to acquire and store core temperature data transmitted from the 

thermosensitive pill every 30 seconds. Prior to racing it was confirmed that the distance 

between the receiver and ingested pill permitted data transfer. Distances were not 

standardised between drivers as no differences have been observed for varied spacing 

between pill and receiver (Lee et al., 2000). Stored data was downloaded from the 

receiver post-race using dedicated software (BCTM Interface, Version 1) and 

transferred to a spreadsheet program for analysis (Microsoft Excel for Windows, 

Version 97).  
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Figure 3A.10. Thermosensitive pill receiver. The unit can remotely acquire and store pill 
temperature data or be used to manually assess and display gastrointestinal temperature. 

 

 

3A.6.3. BODY CORE TEMPERATURE 

The gastrointestinal tract and tympanic membrane are sites used to measure body core 

temperature (Ku et al., 2000; Shiraki et al., 1986). While the gastrointestinal tract is a 

valid and reliable measure of core temperature, the use of Ttym in uncontrolled settings 

is controversial. Located where the external auditory meatus meets the tympanic atrium, 

tympanic membrane temperature is influenced by ambient air and factors that alter the 

temperature of the region surrounding the ear (Morgans et al., 1981; Thomas et al., 

1997; Marcus, 1973). Motor sport athletes insulate their ears with radio earpieces and 

earplugs. The ear is also shielded by the fire retardant balaclava and helmet that act to 

minimise any effect for ambient conditions. Based on the aforementioned factors and 

that Ttym measurement is inexpensive and time efficient, Ttym was tested against 

gastrointestinal temperature. 

 

 

3A.6.4. TYMPANIC TEMPERATURE MONITOR 

An infrared tympanic thermometer measured Ttym (Thermoscan Pro 3000, Braun, 

Kronberg, Germany). The term tympanic temperature was utilised during this 

investigation to avoid confusion among investigations with knowledge that aural canal 

temperature influences the infrared measurement of Ttym. A sterile probe cover 

(Thermoscan PC20, Braun, Kronberg, Germany) was attached to the thermometer prior 

to lifting the ear by vertically pulling on the superior aspect of the pinna (Figure 
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3A.11.). This manoeuvre is known as the ‘ear tug’, which acted to straighten the 

auditory canal and increase the likelihood of the infrared beam reflecting from the 

tympanic membrane.  

 

 

   

Figure 3A.11. Tympanic Thermometer and ‘ear tug’ procedure for tympanic temperature 
measurement. (Thermoscan Pro 3000 Manual, Braun, Kronberg, Germany). 

 

 

The thermometer was calibrated at the time of manufacture. The researchers were not 

able to alter or check this calibration. The manufacturer reported the Thermoscan Pro 

3000 accuracy at ± 0.2
o
C within the temperature range of 35.5–42.0

o
C (Thermoscan Pro 

3000 Manual, Braun, Kronberg, Germany). The Thermoscan Pro 3000 was tested for 

reliability by performing 5 serial Ttym measurements from 10 subjects. The 

measurements were made within one minute to minimise biological variation. The 

average typical error was 0.18
o
C resulting in a coefficient of variation of 0.5% 

(Appendix D1.4.). These statistics demonstrate that the Thermoscan Pro 3000 produces 

reliable Ttym readings when used by the researcher. 

 

 

3A.7. HEART RATE 

Heart rate was measured and recorded at 5-second intervals by a band fitted across the 

driver’s chest (Team System, Polar, Kempele, Finland) during the 2003 round. A 

system requiring transmission of heart rate signals from the band to a watch had been 
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used in 2002 (Vantage NV, Polar, Kempele, Finland) but abandoned for 2003 as the 

strong electromagnetic field within the car prevented data storage. 

 

 

3A.8. FLUID BALANCE 
 

3A.8.1. INDICES OF HYDRATION STATUS 

The amount and distribution of fluid within the body (hydration status) influences the 

response to thermal stress. For example, the threshold temperature for the onset of 

sweating and its sensitivity are modulated by hydration status (Montain et al., 1995). 

Pre-race hydration status therefore has the potential to influence heat storage during 

racing. Several methods have been examined for estimating hydration status. These 

include haematological and/or urinary measurements, body mass fluctuations and 

bioelectrical impedance. The collection and storage requirements of blood specimens 

limit their application in field settings. 

 

Urinary indices of hydration status include colour, specific gravity, osmolality and 

specific electrical conductance. Rapid rehydration causes urine colour and specific 

gravity to overestimate hydration status (Kovacs et al., 1999; Figaro and Mack, 1997; 

Grandjean et al., 2000) such that these indices are best used when body fluid has 

stabilised between the respective compartments (Shirreffs and Maughan, 1998). The 

indices remain valid during exercise and mild dehydration (Armstrong et al., 1994; 

1998) and were utilised to estimate pre-race hydration status of the drivers. 

 

 

3A.8.2. PRE-RACE HYDRATION STATUS 

Drivers were approached approximately 30 minutes prior to race start and provided with 

a urine specimen collection container (Sarstedt, Ingle Farm, SA, Australia). They were 

instructed to collect a mid-stream urine sample to prevent contamination of the 

specimen from urethra contents. Drivers voided their bladders and collected urine 

specimens between 20–30 minutes prior to racing for urine colour and specific gravity 

analysis. 

 



 61

3A.8.2.1. URINE COLOUR 

Upon presentation of the urine specimen, the researcher immediately referenced it to a 

urine colour chart (Armstrong, 2000) in a well-lit area of the pits (Figure 3A.12.). 

 

 

 
 

Figure 3A.12. Urine colour chart utilised by this investigation. 

 

 

3A.8.2.2. URINE SPECIFIC GRAVITY 

Following urine colour analysis, the specimen was placed on ice until measurement of 

specific gravity could be performed in the laboratory following the day’s activities. 

Prior to analysis, specimens were allowed one hour to equilibrate with room and 

calibration fluid temperature. Urine specific gravity was assessed with a refractometer 

(Atago URC-NE, Tokyo, Japan). Refractometers permit the measurement of dissolved 

solids in liquids by passing light through a liquid sample and showing the refracted 

angle on a specific gravity scale. A greater density reflects lower hydration status. 
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3A.8.2.2.1. REFRACTOMETER CALIBRATION 

A one-point calibration with distilled water (Elgacan, Elga Ltd, Bucks, England) was 

performed prior to testing of urine specimens. Distilled water (dH2O) was allowed to 

equilibrate to room temperature for one hour prior to calibration.  Approximately 60µl 

of dH2O was placed on the specimen plate for analysis. The lid was closed gently 

ensuring a thorough and even spread of the dH2O over the specimen plate. The 

refractometer was raised to the researcher’s right eye in a well-lit laboratory and the 

refractive index was aligned with 1.000 by turning a small screw atop the refractometer.  

 

 

3A.8.2.2.2. URINE SPECIFIC GRAVITY MEASUREMENT 

The specific gravity of urine specimens was determined by observation of the scale with 

a urine sample on the specimen plate. Upon determination the specific gravity was 

manually recorded. Following specimen analysis, care was taken to thoroughly clean 

the refractometer specimen plate by washing with distilled water and drying with sterile 

gauze (Handy, BDF, Sydney, NSW, Australia). When used by the researcher, the 

refractometer reliably tested specimens (typical error = 0.000) (Appendix D1.5.).  

 

 

3A.8.3. DEHYDRATION 

Dehydration was estimated from body mass change from pre- to post-racing. Prior to 

changing into racing attire, the drivers were weighed semi-nude on the same scale used 

for the laboratory measures (Section 3A.4.1). Idle time was minimised within the 

analysis period by taking this measurement as close to racing as possible.  

 

Post-racing, athletes removed racing attire and towelled non-evaporated perspiration 

from the skin and hair prior to body mass measurement. The resultant dehydration 

estimation was expressed as a percentage of pre-race body mass by Equation 3A.2. 

 

Dehydration (%) = Body Mass Loss x 100 
       Pre-Race Body Mass                                    Equation 3A.2. 
 

Where body mass loss and pre-race body mass are reported in kg 
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3A.8.4. FLUID CONSUMPTION 

Fluid consumption was monitored between pre- and post-race weigh-ins. Four coded 

sports drink bottles (Figure 3A.13.A.) were filled with the athlete’s choice of beverage 

(water in all cases) and weighed. The bottles were chilled in a glass door refrigerator in 

the team’s pit garage that was easily accessed by drivers. Athletes exclusively 

consumed fluids from these bottles while preparing to race. The mass of the fluid placed 

in the driver’s fluid reservoir within the racecar (Figure 3A.13.B.) was measured prior 

to and following each race to account for fluid intake during racing. The driver was able 

to consume fluids from the fluid reservoir via tubing threaded through the driver’s 

helmet. Two drivers utilised a small pump to deliver fluids at a rate approximating 

50mL.sec
-1

. The pump was operated by a switch on the racecar steering wheel. The 

other drivers used manual suction on the tubing. Total fluid consumption was estimated 

as the cumulative difference between pre and post race (Equation 3A.3.). 

 

 

Fluid Consumption (kg) = (Pre-Race Sports Drink Bottle Mass – Post Race Sports Drink Bottle 
Mass) + (Pre-Race Racecar Fluid Reservoir Mass – Post-Race Racecar Fluid Mass)                                       
                   Equation 3A.3. 

 

        

         A.                          B. 

Figure 3A.13.A. Coded sports drink bottle; B. Racecar Fluid Reservoir. Some drivers utilised 
motorised pumps to deliver fluid during racing. 
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3A.8.5. URINE AND FAECAL OUTPUT  

Urine and faecal output were monitored during analysis periods to correct for mass loss 

not due to sweating. Drivers had body mass determined before and after visiting the 

toilet. The difference between the pre- and post measurements was attributed to urine 

and faecal output and accounted for by the whole body sweat loss calculation. 

 

 

3A.8.6. WHOLE BODY SWEAT LOSS  

Accounting for fluid consumption, urine/faecal output and dehydration permitted 

estimation of whole body sweat rate during the analysis period by Equation 3A.4. 

Respiratory and metabolic fluid losses were not accounted for by this investigation.  

 

 

Whole Body Sweat Loss (kg) = Dehydration + Fluid Consumption – Urine and Faecal Output      
                                                                                                                          Equation 3A.4. 

 

Where Dehydration, fluid consumption and urine and faecal output are expressed in kg. 

 

 

3A.8.7. WHOLE BODY SWEAT RATE  

Whole body sweat rate was estimated by Equation 3A.5. It was assumed that one kg 

was equivalent to one litre of fluid. 

 

Whole Body Sweat Rate (kg.hr
-1

) = Whole Body Sweat Loss / time                Equation 3A.5. 
 

Where time is represented in hours. 

 

 

3A.9. ENVIRONMENTAL CONDITIONS  
 

3A.9.1. AMBIENT CONDITIONS  

Ambient environmental dry bulb temperature (DBT), wet bulb temperature (WBT) and 

black globe temperature (BGT) were continuously assessed by an environmental 

monitor with datalogging capability (QuesTemp 36, Quest Technologies, Onoconomac, 

WI, USA). A thermometer covered by a cotton wick that remained moist via a small 
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water reservoir filled with distilled water permitted analysis of WBT. The unit was 

positioned in full sunlight adjacent to the starting grid such that the monitor was 

between pit lane and the racetrack. The monitor calculated the Wet Bulb Globe 

Temperature (WBGT) (Yaglou and Minard, 1957) index by Equation 3A.6.  

 

WBGT (
o
C) = (0.7*WBT) + (0.2*BGT) + (0.1*DBT)                                Equation 3A.6. 

 

Where temperatures are reported in 
o
C. 

 

 

3A.9.2. TRACK CONDITIONS  

Racetrack temperatures were measured by a surface probe (160-000A, Almemo 

Ahlborn, Munich, Germany) with housing to limit the influence of air (Figure 3A.14.A). 

The probe was held firmly to the surface and measured once displayed temperature 

(4290-7 Almemo, Ahlborn, Munich, Germany) had plateaued (Figure 3A.14.B).  

 

 

       

        A.                                  B. 

Figure 3A.14. A. Surface temperature probe; B. Environmental display unit. 

 

 

3A.9.3. RACECAR CONDITIONS  

A request for an environmental monitor within the car during racing was rejected on the 

basis of its mass (0.98kg). Cabin temperature measurements were therefore taken from 

a sensor lodged in the dash of the racecar (Keystone Thermometrics, St.Marys, PA, 

USA). In an attempt to account for sources of heat within the racecar, three panel 
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temperatures were measured post-race. The testing schematic is described by Figure 

3A.15. Mean panel temperature was calculated according to Equation 3A.7. 

 

Mean Panel Temperature (
o
C) = (0.3333*(Bonnet+Roof+Door))                          Equation 3A.7. 

 

Where temperatures are reported in 
o
C. 

 

Weighted mean panel temperatures were calculated from the short and long races based 

upon the duration of races. 

 

 

Figure 3A.15. Top view of V8 Supercar highlighting the panel temperature testing schematic. 
Image modified from AVESCO and used with permission. 

 

 

3A.9.4. DRIVER COOLING WITHIN THE RACECAR  

Cool air was delivered to the driver’s head by ambient air passing through a cold block 

that interfaced with their helmet (Figure 3A.16.), while torso cooling was achieved for 3 

drivers by cold water reticulation of tubes in a t-shirt (CoolShirt, Shafer Enterprises, 

Stockbridge, Georgia, USA). The ‘CoolShirt’ was interfaced with an esky that stored a 

mixture of water and ice for perfusion through the t-shirt (Figure 3A.16.). 
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Figure 3A.16. Cool shirt and cool air delivery system to driver’s helmet. 

 

 

3A.10. PSYCHOMETRIC MEASUREMENTS 

To gain insight to the subjects perceived responses to driving in the hot conditions, 

drivers rated their thermal sensation and discomfort according to the modified numeric 

and descriptive scales of Gagge et al. (1967) (Appendix D1.6.). For thermal sensation, 

drivers were asked ‘How does your body temperature feel?’ and for thermal discomfort 

“How comfortable are you with your body temperature?’ pre- and post-racing. To 

minimise learning effect, drivers were familiarised with the scales during their visit to 

the laboratory. Although whole numbers are displayed on the scale, drivers were 

informed they could rate in 0.5 increments. Drivers rating of perceived exertion was 

according to the scale of Borg (1998) (Appendix D1.7.) immediately upon exiting the 

racecar. 
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3A.11. STATISTICAL ANALYSIS 

Due to the limited sample size, descriptive measures were utilised to report dependant 

variables from the short and long races. The 4 subjects contested 3 races each resulting 

in a potential pool of 12 data sets. Mechanical issues limited the data pool to 10 sets for 

statistical analysis by the software package Statistica (Version 7, StatSoft Pacific Pty 

Ltd, Sydney, NSW, Australia).  

 

Paired t-tests were used to compare pre-and post-race Ttym, thermal sensation and 

thermal discomfort. Correlation coefficients tested relationships between Tgi and Ttym, 

thermal sensation, thermal discomfort, rating of perceived exertion, respectively, and 

were also utilised for relations between rating of perceived exertion and thermal 

sensation and thermal discomfort, respectively. Urine colour and specific gravity were 

also analysed for correlation. A 1-way ANOVA was applied to Tgi data from rest, pre-

race and post race. A Tukey Honest Significant Difference (HSD) post hoc test was 

subsequently applied with significance set at p<0.050. 
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INVESTIGATION B. RESPONSES TO ONE-DAY CRICKET IN 

TROPICAL CONDITIONS 
 

3B.1. GENERAL DESIGN 

The Australian Cricket Board (ACB) conducted the annual State Institute Challenge 

during August, 2002 in Darwin, NT. The round-robin tournament was contested by the 

Commonwealth Bank Cricket Academy (CBCA), Queensland Academy of Sport 

(QAS), New South Wales Institute of Sport (NSWIS), Victorian Institute of Sport 

(VIS), Tasmanian Institute of Sport (TIS) and a Northern Territory XI. Darwin’s 

tropical climate provided an opportunity to examine responses of talented, young 

cricketers to a one-day cricket tournament in tropical conditions. To examine the 

responses of a large cohort of cricketers, a different team was studied on each day of the 

tournament according to Table 3B.9. 

 

 

Table 3B.9. Testing dateline for participating teams. 

Day Event Team 

1 Arrive in Darwin - 

2 Game 1 VIS 

3 Game 2 QAS 

4 Game 3 CBCA 

5 Rest Day - 

6 Game 4 NSWIS 

7 Game 5 TIS 

   

 

3B.2. SUBJECTS 

Twenty five male subjects comprised the athlete groups of this investigation. 

Recruitment of the subjects was achieved by contacting each team and discussing the 

project and associated logistics of their involvement with either the coach or team 

manager. Players were informed of the project, and those interested were given the 

opportunity to read literature (Appendix D2.1. and D2.2.) and pose questions. All 

subjects gave written informed consent (Appendix D2.3.) to participate in the project 

that was approved by the Northern Territory University Human Research Ethics 
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Committee (Approval Code H02059). The subjects were stratified into three groups, 

batsmen, bowlers and wicketkeepers. Several athletes comprised more than one group. 

Of the 28 participants, seven bowlers, six batsmen and one wicketkeeper ingested a 

telemetric thermosensitive pill for measurement of core temperature.  

 

 

3B.2.1. ACCLIMATISATION STATUS 

All teams arrived in Darwin one day prior to the tournament. By monitoring a different 

team on each day of the tournament, acclimatisation status was not controlled for. 

Travelling from diverse regions of Australia, the subjects were conditioned to differing 

environments preceding the tournament. Table 3B.10. presents selected environmental 

data from the capital city of each team’s state. 

 

 

Table 3B.10. Selected mean environmental variables during August for Adelaide, SA, Gold 
Coast, QLD and Sydney, NSW (Data are a compilation of the Australian Bureau of Meteorology 
reporting’s from Adelaide Airport, SA, 1955-2003, Observatory Hill, Sydney, NSW 1858-2003, 
Brisbane Airport, QLD, 1929-2003, Hobart Airport, TAS, 1958-2003 and Melbourne Airport, VIC, 
1970-2003). 

Environmental Variable CBCA NSWIS QAS TIS VIS 

Mean daily maximal temp.(
o
C) 15.8 17.7 21.7 13.4 14.3 

Mean daily minimal temp. (
o
C) 7.5 8.9 10.0 4.6 5.8 

3pm Relative humidity (%) 75 66 63 77 78 

CBCA – Adelaide, NSWIS – Sydney, QAS – Brisbane, TIS – Hobart, VIS - Melbourne 

 

 

3B.2.2. ACQUISITION OF SUBJECT DATA 

Anthropometric and aerobic fitness data of the subjects was provided by relevant teams. 

V
.
O2max was predicted from a multistage fitness test to exhaustion (Ramsbottom et al., 

1988). The test was conducted over 20m with participants required to run at a pace 

depicted by audible ‘beeps’. The test commenced at a pace of 8km.h
-1

, increasing to 

9km.h
-1

 for the second stage with the pace increasing by 0.5km.h
-1

 for each stage 

thereafter. An athlete’s score was determined as the last stage and shuttle completed at 

the required pace. This score was converted to a relative V
.
O2max value according to 
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Leger and Lambert (1982). A limitation of pooling the predicted V
.
O2max data is that 

tests were conducted in a variety of environments that may influence the validity of the 

data. Acknowledging such limitations, the data is used as a broad measure to describe 

the aerobic fitness of the cohorts.  

  

Skinfold thicknesses were measured by level 1 qualified anthropometrists (CV<10%). 

The skinfold sites are detailed in Section 3A.4. Each site was measured a minimum of 

two times with the average for each site summed. The data were collected at varying 

times before and after the competition. The data may not accurately reflect the 

anthropometric characteristics of the athletes during the competition, but is intended to 

provide an estimate of body composition for description of the subject cohort.  

 

 

3B.2.3. DESCRIPTION 

Fifteen batsmen from 5 teams participated in the project. Their characteristics are 

presented in Table 3B.11. 

 

 

Table 3B.11. Batsmen group characteristics. 

Characteristics Mean SD 

Age (years) 21.4 2.0 

Body Mass (kg) 83.4 8.2 

Predicted V
.
O2max * 55.7 3.9  

Skinfolds (∑ of 7) ** 61.0 18.6  

* n=11, ** n=9 

 

 

Table 3B.12. describes the characteristics of the twelve pace bowlers from the 

investigation. 
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Table 3B.12. Bowler subject group characteristics. 

Characteristics Mean SD 

Age (years) 21.5 2.7 

Body Mass (kg) 82.7 10.9 

Predicted V
.
O2max * 55.5 1.7 

Skinfolds (∑ of 7) * 77.1 15.5 

* n=5 

 

 

Each wicketkeeper from the CBCA, NSWIS, QAS, TIS and VIS teams volunteered for 

the project. Table 3B.13 describes some characteristics of the wicketkeeper group. 

Three of the wicketkeepers were also members of the batsmen cohort. 

 

 

Table 3B.13. Wicketkeeper subject group characteristics. 

Characteristics Mean SD 

Age (years) 19.2 1.1 

Body Mass (kg) 81.0 11.5 

Predicted V
.
O2max *  57.3 1.3  

Skinfolds (∑ of 7) * 59.7 35.3 

* n=3 

 

 

3B.2.4. CORE TEMPERATURE GROUP 

The characteristics of the 13 subjects that had core temperature monitored at the 

gastrointestinal tract are contained within Table 3B.14. The wicketkeeper also 

participated as a batsman. 
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Table 3B.14. Core temperature subject group characteristics. Data are mean (SD). 

Characteristics Batsmen Bowlers  Wicketkeeper 

Participants 6 7 1 

Age (years) 22.7 (2.5) 23.8 (1.5) * 18 

Body Mass (kg) 83.0 (5.9) 91.0 (7.4) * 76.6 

Predicted V
.
O2max 54.9 (3.5) 55.4 (2.0) * 57.4 

Skinfolds (∑ of 7) 74.6 (18.4) * 79.0 (16.0) * - 

* n=5 

 

 

3B.3. EXPERIMENTAL DESIGN 

Subjects were familiarised with procedures on the night preceding their involvement in 

the investigation. On the following morning, selected subjects consumed a telemetric 

thermosensitive pill with breakfast in the presence of the researcher. These subjects 

were selected on the basis of predicted workload. That is, opening bowlers and batsmen 

were given preference for inclusion to enhance the probability of gaining high body 

core temperatures. At the ground, the coin toss was undertaken ~40 minutes prior to 

play to permit identification of the initial group to be monitored. Batsmen or bowlers 

and wicketkeeper had baseline measurements taken prior to their warm–up. During the 

match, researchers entered the field of play following each over to collect blood 

specimens, core temperature data and perceptual ratings of the batsman or bowler 

and/or wicketkeeper. Post-game, subjects had measures taken to complete the analysis 

(Figure 3B.17). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 74

 

Figure 3B.17. Schematic representation of data collection.  

 

 

 

 

 

 

 



 75

PROCEDURES 
 

3B.4. BODY CORE TEMPERATURE 

Body core temperature was measured at the tympanic membrane for all subjects and at 

the gastrointestinal tract for selected participants. Tympanic temperature was measured 

according to the procedures of Section 3A.6.4. following each over. Batsmen wearing 

helmets removed their headgear to permit Ttym measurement. 

 

Use of the thermosensitive pill and receiver to measure gastrointestinal temperature is 

detailed by Sections 3A.6.1–3. The pill was manually verified as ‘active’ prior to 

consumption with the receiver (Section 3A.6.2.). In cases where no frequency was 

detected, the pill was disposed of and another pill of known serial and calibration 

numbers was checked. The pill was consumed with breakfast (~4 hours pre-game) in the 

presence of the researcher. For calibration, validity and reliability issues see Sections 

3A.6.1.1–3A.6.1.3. 

 

 

3B.4.1. TIMING OF MEASUREMENT 

Bowlers had core temperature data measured following every over of each bowling 

spell. Wicketkeepers were monitored for a 10 over period. The period selected was 

based upon availability from monitoring the bowlers. Since 2–4 bowlers volunteered on 

each day, there were 10–30 overs that didn’t require bowler monitoring. Wicketkeeper 

analysis was conducted during this time which generally commenced following the 

second drinks break (Over 34). Batsmen were permitted a three over ‘settle in’ period 

prior to analysis. Following the third over, core temperature data was collected for a 

maximum of 10 consecutive overs. 

 

 

3B.5. FLUID BALANCE 
 

3B.5.1. URINE SPECIFIC GRAVITY AND COLOUR 

Subjects voided their bladder and collected a urine specimen prior to the innings during 

which they were being monitored. The sample was compared to the urine colour chart 
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as per Section 3A.7.2.1., and stored on ice. Urine specific gravity was analysed 

following the day’s play as per Section 3A.7.2.2. 

 

 

3B.5.2. BODY MASS 

Semi-nude body mass was collected for batsmen prior to innings. They were also 

weighed with full batting kit to determine batting kit mass according to Equation 3B.1. 

This permitted batsmen to be weighed immediately before their innings with batting kit. 

Although the batsmen rested in shaded areas before batting, it is likely that a small 

amount of sweat would be stored within the batting kit during this time. To prevent this 

from affecting the measurement of baseline body mass, batsmen were reweighed 

according to Table 3B.15. 

 

All body mass measurements were on a calibrated scale accurate to 0.02kg (Section 

3A.4.1.).  

 

 

Batting Kit Mass = Full Kit Mass – Body Mass           Equation 3B.1. 
where mass is recorded in kg 

 

 

Table 3B.15. Batsmen body mass collection timetable.  

Batting Designation Semi-Nude Body Mass Collection Time 

3-5 
Prior to innings. If greater than an hour passed they were 

reweighed semi-nude during drinks break 

>6 At fall of preceding wicket 

 

 

Batsmen had body mass determined immediately post innings following removal of 

batting kit and towelling of non-evaporated sweat.  

 

Bowlers and wicketkeepers had semi-nude body mass determined prior to and following 

the fielding innings. Selected opening bowlers had body mass determined post 1
st
 spell 

to identify responses to a spell of bowling. In these instances, bowlers left the field of 

play, undressed and towelled down prior to measurement of body mass. 
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3B.6. ENERGY SYSTEMS 

To gain insight into the intensity of match play, subjects were fitted with heart rate 

monitors and permitted blood collection for lactate concentration analysis. 

 

 

3B.6.1. HEART RATE 

Subjects were fitted with a heart rate transmitter (Polar Electro Oy, Kempele, Finland) 

adjacent to the xiphoid process and a heart rate receiver (Vantage NV, Polar Electro Oy, 

Kempele, Finland) to their wrist prior to warm-up. The receiver commenced measuring 

and storing data at 5-second intervals. The heart rate monitor was removed post innings 

and the data was acquired following the days play via a heart rate monitor interface 

(Advantage, Polar Electro Oy, Kempele, Finland) and dedicated software (Precision 

Performance, Version 2.1, Polar Electro Oy, Kempele, Finland). 

 

 

3B.6.2. BLOOD COLLECTION 

Blood was sampled from an earlobe via incision from a sterile, disposable lancet (Safe-

T-Pro, Roche Diagnostics, Castle Hill, NSW, Australia). The puncture site was cleaned 

with a swab containing 70% (v/v) isopropanol alcohol (Briemarpak, Koo Wee Rup, 

VIC, Australia) and dried with gauze (Handy, BDF, Sydney, NSW, Australia). 

Following incision, the initial drop of blood was wiped away to minimise the risk of 

sampling blood containing cell debris.  

 

 

3B.6.3. BLOOD LACTATE ANALYSIS 
 

3B.6.3.1. BLOOD LACTATE MONITOR 

The blood lactate monitor (Lactate Pro, Akray Corporation, Kyoto, Japan) drew 5µl of 

whole blood by capillary action onto reagent strips containing 0.096mg potassium 

ferrocyanide and 1.92 units of lactate oxidase (Lactate Pro Test Strip, Arkray 

Corporation, Kyoto, Japan). Lactate in the blood sample reacted with the lactate oxidase 

of the test strip. Simultaneously, oxidised potassium ferricyanide produced reduced 

potassium ferrocyanide in proportion to the lactate concentration in the blood sample. 
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The accumulated potassium ferrocyanide was oxidised to potassium ferricyanide and 

produced an electrical current that was used to determine the lactate concentration 

within the blood specimen (Lactate Pro Test Strip Instructions, Arkray Corporation, 

Kyoto, Japan). The procedure required 60 seconds per sample and the lactate 

concentration was displayed to one decimal point (Figure 3B.18.). 

 

 

 

Figure 3B.18. Lactate Pro blood lactate monitor with test strip. The monitor is a valid and 
reliable unit for determination of whole blood lactate concentration. 

 

 

3B.6.3.2. LACTATE PRO ACCURACY AND RELIABILITY 

The manufacturer compared the agreement for 59 blood samples using the Lactate Pro 

system and the enzymatic method for determination of lactate concentration using 

lactate oxidase (Determiner LA, Kyowa Medex Corporation, Tokyo, Japan). The 

correlation coefficient (r=0.999) and regression equation (y=0.9964x-0.01) suggested 

that the Lactate Pro is an accurate unit for determination of blood lactate concentration. 

A large-scale study to compare the Lactate Pro with other laboratory and field based 

lactate analysers supported these conclusions (Pyne et al., 2000). Additionally, Pyne et 

al. (2000) compared the agreement between 2 Lactate Pro analysers. The average 

difference was less than 0.1mM.L
-1

. 

 

The reliability of the Lactate Pro monitor was examined on low and high blood lactate 

concentrations by the manufacturer to produce the statistics of Table 3B.16. The 
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coefficient of variation (CV) was calculated as the percentage SD of the mean. CV is 

usually reported as the typical or standard error percentage of the mean (Hopkins, 

2000). Utilising this approach, the researcher analysed a specimen of low (mean 

1.1mM.L
-1

) and high (mean 10.6 mM.L
-1

) blood lactate concentration 6 times to 

produce a CV of 3.1 and 2.9% respectively (Appendix D2.4.) 

 

 

Table 3B.16. Reliability statistics of the lactate pro monitor. Data provided by Arkray 
Corporation, Kyoto, Japan. 

Statistic Sample 1 (Low) Sample 2 (High) 

Mean (mM.L
-1

) 2.2 11.6 

Standard Deviation (mM.L
-1

) 0.07 0.30 

Coefficient of Variation (%) 3.2 2.6 

 

 

3B.7. PSYCHOMETRIC MEASUREMENTS 

Thermal sensation and discomfort were rated pre-innings, following 5 and 10 overs and 

post-innings as per Section 3A.10. Perceived exertion was rated according to Section 

3A.10. following overs 5 and 10. 

 

 

3B.8. ENVIRONMENTAL CONDITIONS 

DBT, WBT and BGT were continuously monitored and logged every 60 seconds 

(QUESTemp 36, Quest Technologies, Wisconsin, MA, USA). Additionally, barometric 

pressure (FD A612 MA, Almemo, Ahlborn, Munich), wind speed (FV A814, Almemo, 

Ahlborn, Munich) and solar radiation (FL A628, Almemo, Ahlborn, Munich) were 

measured at 5 second intervals (3290-8, Almemo, Ahlborn, Munich) and stored every 

60 seconds on a laptop computer (E500 Armada, Compaq Computer Corporation, palo 

Alto, CA, USA) running dedicated software (AMR WinControl, Akrobit Software, 

Berlin, Germay). 
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3B.9. DATA TIMING AND TREATMENT 

Heart rate and environmental monitors were synchronised with a stopwatch. Innings, 

batting and bowling start times were recorded to permit accurate timing for heart rate 

and environmental data analysis. 

 

Data from each day were pooled to provide an overview of responses to one-day cricket 

in the tropics. The author acknowledges that subject acclimatisation status was not 

standardised and therefore the data represents average responses with a mean of 4 days 

acclimatisation. 

 

 

3B.10. STATISTICAL ANALYSIS 

One-way repeated measures ANOVAs were utilised to analyse the dependant variables; 

Tgi, Ttym, maximal heart rate, recovery heart rate, blood lactate concentration, thermal 

sensation, thermal discomfort and bowling velocity. The number of levels was 

determined by the quantity of measurements. Batsmen had data analysed for a period of 

5 overs (n=6) while 5 bowlers completed 5 over spells and 2 bowled 10 overs 

continuously. Tukey HSD post hoc tests were subsequently applied where main effects 

were detected with significance set at p<0.050. 

 

Correlation analysis was performed between dehydration and batting innings duration, 

and urine colour and specific gravity. A 3
rd

 order polynomial was fitted to the Tgi data of 

the bowlers completing 10 over spells. Analysis was performed with the statistical 

software package, Statistica, Version 7. 
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INVESTIGATION C. THE PHYSIOLOGICAL, PERCEPTUAL AND 

PERFORMANCE RESPONSES TO INTERMITTENT HIGH INTENSITY 

ACTIVITY IN A TROPICAL ENVIRONMENT FOLLOWING PRE-

COOLING. 
 

3C.1. GENERAL DESIGN 

The investigation consisted of familiarisation with the National Heat Training and 

Acclimatisation Centre (NHTAC) climate control chamber, measurement of baseline 

anthropometric variables, maximal aerobic power and a minimum of two practice trials 

of the intermittent high intensity cycling protocol. Four randomised experimental trials 

were subsequently conducted in the climate control chamber to assess the physiological, 

perceptual and performance responses to the intermittent high intensity cycling protocol 

following a 30-minute bout of seated rest (control trial), ice-jacket, air-jacket or water 

immersion pre-cooling. Measurement of skinfold thicknesses and V
.
O2max testing were 

also conducted following the trials to assess changes in anthropometric profile and 

aerobic fitness according to Table 3C.17, while the methodological schematic is 

represented by Figure 3C.19. 

 

 

Table 3C.17. Sequence of events. 

Session Event 

1 Climate Control Chamber Familiarisation, Anthropometric Measures 

2 Maximal Aerobic Power Testing, Maximal Cutaneous Blood Flow Testing 

3 Cycling Protocol Familiarisation – Selected measures 

4 Cycling Protocol Familiarisation – Full Protocol 

5 Randomised Pre-Cooling Trial 

6 Randomised Pre-Cooling Trial 

7 Randomised Pre-Cooling Trial 

8 Randomised Pre-Cooling Trial 

9 Anthropometric Measures, Maximal Aerobic Power Testing 
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Figure 3C.19. Schematic of experimental design. 
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3C.2. EXPERIMENTAL DESIGN 

Upon presenting to the laboratory, subjects voided their bladder, collected a urine 

specimen and established the rectal thermistor. They ingested 5mL.kg
-1

 body mass of 

chilled water shortly thereafter. Trials commenced with 30 minutes of seated rest 

(33.1±0.2
o
C, 59.1±2.3% relative humidity, 22.4mmHg water vapour pressure, WBGT 

28.4
o
C, 18W.m

-2
 simulated solar radiation at height of 1.10m, barometric pressure 

760.8±2.8mmHg). Following rest, the initial 5 minutes was spent instrumenting the 

subject with skin thermistors and the cutaneous blood flow probe. Following this 

period, resting measures for rectal and skin temperatures, blood lactate and glucose, 

plasma osmolality, systolic and diastolic blood pressure and baseline cutaneous blood 

flow were measured. Baseline responses for thermal sensation and discomfort were also 

assessed. Metabolic analysis was conducted immediately prior to and following the 

commencement of pre-cooling that consisted of a 30-minute exposure to an ice-jacket 

(IJ), cool air-jacket (AJ), cool water bath (WB) or seated rest for the control trial (C). 

Prior to termination of pre-cooling, V
.
O2 was measured. Rectal and skin temperatures 

and cutaneous blood flow data were collected continuously on-line throughout the 

experiment while thermal sensation, thermal discomfort and shivering were rated every 

5 minutes during pre-cooling.  

 

At the cessation of the pre-cooling bout, subjects towelled down, ingested 5mL.kg
-1

 of 

chilled water (~10
o
C) and measured body mass prior to commencement of the 

intermittent high intensity cycling protocol. Sweat rate capsules were affixed to the skin 

and subjects positioned the mouthpiece and commenced the intermittent high intensity 

cycling protocol. Twenty minutes elapsed from the completion of the pre-cooling bout 

to the commencement of cycling. The experimental conditions adjacent to the cycle 

ergometer were 35.5±0.4
o
C, 49.1±2.0% relative humidity, 21.9mmHg water vapour 

pressure, WBGT 33.5
o
C, and 426.9 and 794.6W.m

-2
 simulated solar radiation at 1.10 

and 1.78m, respectively. The cycling protocol consisted of 4 blocks of intermittent 

activity separated by rest periods of 2 minutes, permitting physiological and 

psychological data collection. Post cycling protocol, a 3.5-minute rest period preceded a 

performance test to exhaustion at a power output corresponding to 100% V
.
O2max. 
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PRE-TESTING PROCEDURES AND MEASURES 
 

3C.3. SUBJECTS 
 

3C.3.1. PARTICIPANT RECRUITMENT PROCEDURE 

Posters describing the project were placed in prominent public areas that included 

shopping centres, education facilities and sporting venues in Darwin and surrounding 

regions (Appendix D3.1.). Coaches and team managers of a variety of team sports were 

contacted to seek permission to inform their respective athletes of the investigation. 

Defence force personnel were informed of the study by personal training instructors 

located at the various defence bases. A radio interview (ABC 105.7 FM, Darwin) was 

also used to inform the public of the investigation and to call for volunteers. This multi-

faceted approach maximised the number of potential subjects by informing a broad 

cross section of the community.  Subjects were accepted into the study according to the 

following criteria: 

 

1. Male, 

2. Aged 18-35, 

3. Undertaking a minimum of two training bouts per week including at least one 

fartlek based session, 

4. Involved in team sport and/or cycling for a minimum of 3 months, 

5. Chronically heat acclimatised by exercising in the tropics for a minimum of 3 

months. 

 

Upon expression of interest from athletes, a subject information pack was either emailed 

or sent by conventional mail to potential subjects. The pack contained a participant 

information sheet (Appendix D3.2.), a plain language statement (Appendix D3.3.) and 

an informed consent form (Appendix D3.4.). Prospective participants were also 

provided with an opportunity to visit the NHTAC to view the testing apparatus and 

procedures. Potential volunteers were screened for contraindications to exercise testing 

and to gain insight into their individual risk profile prior to acceptance into the 

investigation using the NHTAC Health Status Assessment form (Appendix D1.3.). 
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Subjects gave written informed consent to participate in the project, upon agreeing to 

the procedures of the investigation. Ethical approval was granted by Charles Darwin 

University Human Research Ethics Committee (Approval code H02011). 

 

 

3C.3.2. CHARACTERISTICS 

Twelve chronically heat acclimatised endurance athletes that met the project criteria 

volunteered for the investigation. Their characteristics are detailed in Table 3C.18. 

 

 

Table 3C.18. Characteristics of the subject cohort. 

Characteristic Mean SD 

Age (yr) 27.1 5.6 

Height (m) 1.81 9.9 

Mass (kg) 77.9 9.9 

Body Surface Area (m
2
) 1.98 0.18 

V
.
O2peak (mL.kg

-1
.min

-1
) 

 

57.4 5.3 

Average Skinfold Thickness (mm) 8.8 3.0 

Sum of 7 Skinfolds (mm) 60.2 18.4 

Body Fat (%) 10.6 3.2 

Peak Power (W.kg
-1

) 5.2 0.4 

 

 

3C.4. LABORATORY FAMILIARISATION 

Subjects were familiarised with the settings and experimental procedures of the 

research. Following a tour of the NTIS laboratory and NHTAC, the procedures and 

protocols were demonstrated. The subjects had an opportunity to trial all procedures 

during the tour. In an attempt to minimise the possibility of a learning effect during the 

experiment, two intermittent high intensity cycling protocol familiarisation sessions 

were undertaken. During the initial session, rectal and skin temperatures, heart rate, 

blood lactate and perceptual ratings were assessed. The second session was a full test 

profile session that mimicked the subsequent pre-cooling trials including the time to 

exhaustion test. The data from this session was utilised to assess the reliability of test 

measures when compared to the pre-cooling control trial. 
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3C.5. ANTHROPOMETRIC CHARACTERISTICS 

Seven skinfold thicknesses were measured as previously detailed (Section 3A.4.3.). To 

provide greater precision of estimate for mean skinfold thickness (Allen et al., 1956), 

the midaxilla and iliac crest (Table 3A.4.) sites were also measured for a total of 9 sites 

(McArdle et al., 1984). The tricep, subscapular, bicep, supraspinale, abdominal, front 

thigh and medial calf sites were summed according to Norton and Olds (1996) for 

comparison to other cohorts. 

 

 

3C.6. MAXIMAL AEROBIC POWER TESTING 

Subjects undertook maximal aerobic power testing prior to, and following the four 

experimental trials to evaluate changes in aerobic fitness throughout the duration of the 

project. Tests were conducted at the NTIS Sport Science laboratory at a standardised 

time of day that ranged from 0800 to 1800. The average environmental conditions 

derived from pre- and post-test measurements for the V
.
O2max tests are detailed in 

Table 3C.19. 

 

 

Table 3C.19. Average environmental conditions for pre- and post-trial V
.
O2max testing. 

Environmental Variable Mean SD 

Ambient Temperature (
o
C) 24.6 0.2 

Relative Humidity (%) 55.8 1.5 

Barometric Pressure (mmHg) 759.9 1.4 

 

 

The protocol utilised for the maximal aerobic power test was a modified from Craig et 

al., (2000). The test commenced with a 5-minute warm-up at 125W that immediately 

led into a progressive incremental workload of 25W.min
-1

 until volitional exhaustion. 

  

 

Peak workload was determined according to Hawley and Noakes (1992) utilising the 

following equation: 
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Peak Workload (W) = WLfinal +         t 
                                                   60*25W                                                          Equation 3C.1. 
 

 
Where WLfinal = the last completed workload and t = duration of last incomplete workload 

(seconds). 

 

The criterion for V
.
O2max attainment is detailed in Section 3A.5.6.  

 

 

3C.6.1. GAS SAMPLING AND ANALYSIS 

Oxygen (S-3A/I, AEI Technologies, Pittsburgh, PA, USA) and Carbon Dioxide (CD-

3A, AEI Technologies, Pittsburgh, PA, USA) analysers were calibrated with and two 

certified β – grade gases (BOC Gases, Chatswood, NSW, Australia) immediately prior 

to testing. The β – grade gases were routinely analysed following a two point calibration 

with α – grade gases. 

 

The O2 analyser reference point was set to 20.93% and was spanned to 21.06 while 

analysing gas A. The CO2 analyser was zeroed to 0.03% reflecting the composition of 

gas A. The O2 analyser was adjusted to 15.16% and the CO2 analyser 5.02% while 

analysing gas B. Following calibration, the β – grade gas was analysed and compared to 

accepted ranges. If the gas varied by more than 0.02% from the set values the analysers 

were recalibrated. Average calibration values are represented by Table 3C.20. 

 

 

Table 3C.20. Calibration values prior to and following experimental trials. 

  Calibration Gas (%) 

Time n 15.16 O2 5.02 CO2 21.06 O2 0.03 CO2 

Pre 27 15.16 5.02 21.06 0.03 

Post 15 15.17 5.00 21.07 0.06 

 

The ventilation turbine (model K520, KL Engineering, Madison, WI, USA) was 

calibrated by a three litre syringe (Series 5530, Hans Rupolph, Kansas City, MI, USA) 
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prior to each test session. A minimum of seven inspiration/expiration cycles was 

required to calibrate and then verify the calibration procedure. Calibration was accepted 

if the verification error averaged less than ±1% (2971–3029mL). Average calibration 

volume was 3000.3 (9.4) mL from 27 trials. 

 

The mouthpiece unit (Figure 3C.20) was comprised of a counterbalanced head support 

(model 2726, Hans Rudolph, Kansas City, MI, USA), large bore turbine and a one-way 

respiratory valve (model 2700, Hans Rudolph, Kansas City, MI, USA). Expirate 

travelled via 50mm bore tubing of known volume to a 4.2L-mixing chamber. 

 

 

 

Figure 3C.20. Counter-balanced head support and mouthpiece unit. 

 

 

Gas was continuously sampled and dehumidified from the mixing chamber through a 

canister containing 3% cobalt chloride (8 mesh Drierite, Xenia, W.A. Hammond 

Drierite Company, OH, USA), before reaching the pick-up heads of the gas analysers 
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where the gas was assessed for oxygen and carbon dioxide concentration. Expired air 

was analysed on-line throughout the testing with all signals being converted from 

analogue to digital form each second, then averaged and displayed as the average of 30-

second periods. 

 

 

3C.6.2. VALIDITY OF THE METABOLIC CART 

Data derived from incremental steady state cycle ergometry on seven local cyclists 

(33.4 years, 81.5kg, 187.2cm, 53.3mL.kg
-1

.min
-1

 V
.
O2peak) in 2004 was compared to 

the results of an Australian Institute of Sport (AIS) investigation that utilised an 

identical V
.
O2max protocol and the same model of gas analysers and cycle ergometer 

(Excalibur Sport, Lode, Groningen, The Netherlands) on 13 elite cyclists. For cycle 

ergometer calibration certificate see Appendix D3.5. Subjects cycled against an initial 

resistance at 100W for 5 minutes with increments of 50W every 5 minutes to 

exhaustion. Environmental conditions during the validity study are summarised by 

Table 3C.21. Comparison of the data between the validation and AIS study revealed a 

typical error for O2 consumption of 110mL. Expressed as a coefficient of variation, the 

difference equated to 4.0%. The resultant validity analysis produced an intercept of 

0.083 and a slope of 0.998. The Pearson product moment correlation between studies 

was 0.994. These statistics verify the comparability of the NTIS MOXUS with the 

metabolic system of the AIS, the base of the Laboratory Standards Assistance Scheme 

(LSAS). To further test the accuracy of the MOXUS system, it was assessed against the 

MaxII Calibrator, a semi-automated system for indirect calorimetry comparison (Gore 

et al., 1997) for LSAS accreditation. The mean V
.
O2 error in was deemed acceptable at 

3.5%, thereby verifying the accuracy of the system. The LSAS report overview is in 

Appendix D3.6. 
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Table 3C.21. Environmental conditions during the MOXUS metabolic cart validity study. 

Environmental Variable Mean SD 

Ambient Temperature (
o
C) 23.6 0.2 

Relative Humidity (%) 68.8 2.8 

Barometric Pressure (mmHg) 755.9 3.9 

 

 

3C.6.3. RELIABILITY OF METABOLIC CART 

Reliability testing of the MOXUS metabolic cart was conducted on 10 athletes (Table 

3C.22.) in 2004 undertaking treadmill running to volitional exhaustion in standardised 

thermoneutral conditions (Table 3C.23.). The running protocol was identical to that 

used in the V8 Supercar study (Section 3A.5.2.). Reliability statistics were generated 

from data input to the spreadsheet of Hopkins (2000).  

 

Table 3C.22. MOXUS metabolic cart reliability subject characteristics. 

Characteristic Mean SD 

Age (yr) 28.4 7.1 

Height (cm) 178.9 11.9 

Mass (kg) 78.0 13.0 

V
.
O2peak (mL.min

-1
) 4542 709 

V
.
O2peak (mL.kg

-1
.min

-1
) 58.9 7.2 

 

 

The MOXUS metabolic cart provided reliable absolute and relative V
.
O2max, peak 

ventilation, maximal heart rate and the respiratory exchange ratio data coinciding with 

cessation of testing (Appendix D3.7.), with all measures within the limits specified by 

Gore (2000) (Appendix D3.8.).  

 

 

Table 3C.23. Environmental conditions during the MOXUS metabolic cart reliability study. 

Environmental Variable Mean SD 

Ambient Temperature (
o
C) 23.9 0.3 

Relative Humidity (%) 68.5 6.1 

Barometric Pressure (mmHg) 757.6 1.1 
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3C.6.4. RELIABILITY OF MAXIMAL AEROBIC POWER TESTING 

The average change in absolute V
.
O2max was 37mL between trials. The typical error 

was 84mL or 1.9%. Relative V
.
O2max produced a typical error of 1.5mL.kg

-1
.min

-1
 or 

2.6% of the average score between trials. 

 

Maximal ventilation changed by 0.9L between trials and produced a typical error of 

5.3L, which represents 3.5% of the average 148.3L. 

 

Heart rate varied by less than one beat per minute between trials to demonstrate a 

typical error of 1.9 beats.min
-1

 and a coefficient of variation of 1.1%. 

 

The typical error for the respiratory exchange ratio was 0.04 units or 3.3%. 
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PRE-TRIAL MEASURES AND PROCEDURES 
 

3C.7. STANDARDISATION OF TEST PREPARATION 

Participants were required to standardise their training during the project to minimise 

the effect of alterations in training status on test outcomes. A training diary (Appendix 

D3.9.) was utilised to quantify training volume by time and training intensity by ratings 

of perceived exertion from the modified scale of Borg (1998) as per Section 3A.10. The 

product of training volume and intensity (known as Session-RPE) was calculated for 

each day across the testing period and compared from test to test. The session-RPE 

system is utilised to monitor training load of athletes in the field (Impellizzeri et al., 

2004) as it is a valid method of quantifying exercise training when compared to more 

complex heart rate based designs (Foster et al., 2001). 

 

To prevent a differential thermal effect of varied diet (Young, 1995), subjects were 

required to standardise their diet preceding each test. Participants provided the type and 

quantity of all food and fluids consumed in the 24 hours preceding the initial 

experimental trial via a dietary diary (Appendix D3.10.). The diary was inspected prior 

to each test session.  

 

Despite responses to cooling showing no effect for time of day, testing bouts were 

conducted at the same time of each day to ensure normal circadian rhythm was 

maintained (Castellani et al., 1999). 

 

Prior to each testing session the following guidelines were adhered to by the subjects: 

 

1. Avoid participating in any strenuous exercise (including training) within 24 hours of 

the test; 

2. Refrain from consuming any caffeine, supplements or drugs which have potential to 

influence performance within four hours of the test; and 

3. Refrain from consuming any alcohol within 24 hours of the test. 

 

In addition to replication of diet, no food was permitted within two hours of the test. 
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Upon reporting to the laboratory, subjects provided a urine specimen for specific gravity 

and colour analysis as per Sections 3A.7.2.1. and 3A.7.2.2. The urine specimen was 

immediately refrigerated for subsequent specific gravity analysis as per Section 

3A.8.2.2.2. 

 

Subjects were provided with 5mL.kg
-1

 body mass of water served at ~10
o
C to ‘top up’ 

fluid reserves for the experiment. This volume is similar to that ingested by team sport 

athletes prior to competition (Burke, 1997).  

 

A variety of rest periods have been employed prior to collection of resting and 

therefore, baseline data. While as little as 10 minutes of rest has been utilised in similar 

investigations (Giesbrecht et al., 1997) and others have utilised 15–20 minutes 

(Castellani et al, 1999; Marino et al., 1998; 2000; Tikuisis, 2003), this investigation 

utilised 30 minutes of seated rest in the experimental conditions (Table 3C.36.) to 

ensure measurements approximated resting values (Ferretti et al., 1988). 

 

 

3C.8. THERMAL MEASURES 
 

3C.8.1. RECTAL TEMPERATURE 

The concept of a single temperature measurement representing the body’s core is 

flawed due to the temperature gradients within the torso region (Sawka and Wenger, 

1988), yet accounting for these temperature gradients is difficult owing to the limited 

sites for core temperature measurement and the invasive procedures. These factors 

result in most researchers relying on one site to index core temperature. Although 

temperature gradients exist within the body core, this investigation sought to examine 

the effect of pre-cooling on deep tissue temperature. Rectal temperature was therefore 

used as an index of core temperature. 

 

Rectal temperature was measured by a sterile disposable thermistor (400 series, Mon-a-

therm, Mallinckodt Inc, St.Louis, MO, USA) established 10cm past the anal sphincter 

by the subjects prior to the rest period. The 400 series thermistor was interfaced with an 

amplifier (SKT100C, Biopac Systems Inc., Goleta, CA, USA) by a purpose built 2 pin 
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cable (Mallinckodt Inc, St.Louis, MO, USA) fitted to a 6.3mm phone socket to touch-

proof socket converter (CBL203, Biopac Systems Inc., Goleta, CA, USA). Rectal 

temperature was measured at 1.25Hz, amplified and converted from analogue to digital 

format (MP100, Biopac Sysytems Inc., Goleta, CA, USA) for display and storage with 

dedicated software (AcqKnowledge, Version 3.7.1., Biopac Systems Inc., Goleta, CA, 

USA). Although this resolution is greater than required for the relatively stable measure 

of rectal temperature, data acquisition was synchronous with cutaneous blood flow 

(Section 3C.10.1.) that was sampled at 10Hz. Data would therefore be recorded at 10Hz 

irrespective of the sampling frequency. Hence, a measurement frequency approximating 

1 sample per second was selected. 

 

Data was converted from 0.1-second readings to the average of 1 second by a Macro 

(0.1s_to_1s Data, Microsoft Excel for Windows, Version 97). An additional Macro 

(1s_to_1m Data, Microsoft Excel for Windows, Version 97) was developed to translate 

the 1-second data to an average value for each minute. The codes for the 

aforementioned macros are contained within Appendix D3.11. and D3.12. Through the 

combination of macros, each minute was the average of 360 data points and 45 samples. 

 

 

3C.8.1.1. VALIDITY AND RELIABILITY 

To preliminarily assess the validity of the disposable rectal thermistors, 6 probes were 

compared to a National Association of Testing Authorities (NATA) certified mercury in 

glass thermometer (9872693, Amarell, Wika Australia, Rydalmere, NSW, Australia), in 

water baths of 33, 37 and 41
o
C, respectively. Thermistors were suspended in ~15cm of 

water for a minimum of 1 minute prior to temperature assessment from digital monitors 

(Model 4070, Monitor Model series, Mallinkrodt Medical, St.Louis, MO, USA). Each 

probe varied by a maximum of 0.1
o
C from bath temperature across trials (Appendix 

D3.13.). The calibration certificate of the NATA probe is contained in Appendix D3.14. 

Based upon these preliminary data, the thermistors were utilised during this 

investigation. To prove valid data, each thermistor was calibrated prior to use by 

comparison to the mercury in glass thermometer immersed in 35
o
C and 41

o
C water 

baths. The subsequent voltages were entered into the data acquisition system 
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(AcqKnowledge, Version 3.7.1., Biopac Systems Inc., Goleta, CA, USA) to calibrate 

and ensure accurate core temperature data. The mean voltages (Table 3C.24) produced 

the equation y (
o
C) = 2.9035x + 31.84.  

 

 

Table 3C.24. Voltages derived from the respective water baths of 35 and 41
o
C.  

Water Bath Temperature (
o
C) Mean SD 

35 1.089 0.023 

41 3.154 0.025 

 

 

The disposable thermistors exhibit minimal test to test variation with a typical error of 

0.1% expressed as a coefficient of variation. 

 

 

3C.8.2. SKIN TEMPERATURE 

Mean skin temperature (Tskin) was derived from four thermistors’ (TSD202, Biopac 

Systems Inc., Goleta, CA, USA) input into individual amplifiers (SKT100C, Biopac 

Systems Inc., Goleta, CA, USA). Each probe was calibrated to reflect 35.00
o
C = 1v, 

32.22
o
C = 0v via the data acquisition software (AcqKnowledge, version 3.7.1., Biopac 

Systems Inc., Goleta, CA, USA). Data was acquired and treated as per Trectal (Section 

3C.8.1.). 

 

Skin temperature was measured at sites according to Mitchell et al. (2001) based upon 

the work of Ramanathan (1964) (Table 3C.25.). The inclusion of a posterior skin 

temperature measurement improved the relevance of the 4-site model to the cooling 

techniques. The skin thermistors were attached with non-porous tape (Fixomull Stretch, 

BSN Medical, Hamburg, Germany) to minimise insulation of the probe that would 

otherwise artificially elevate skin temperatures and computed mean body temperatures. 

Thermistor heads were prevented from lifting off the skin surface by inserting through a 

slit in the tape, and affixing to desired location and reinforced by taping down the 

thermistor lead.  
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Table 3C.25. Location of skin thermistor sites. 

Skin Thermistor Location of Site 

Calf 

 
Midway between the head of the fibula and the lateral malleolus on 
the calf  

 

Thigh 

 
Midway between the greater trochanter and the lateral condyle of 
the femur on the lateral side of the thigh  
 

Chest 
 
Intersection of the axillary fold above the areola 
 

Back 
 
Inferior angle of the scapula 
 

 

 

3C.8.2.1. VALIDITY AND RELIABILITY 

Comparison of water temperatures measured with the thermistors to the NATA certified 

mercury in glass thermometer (Appendix D3.14.) generated comparable reliability 

statistics (Table 3C.26.). The thermistors are valid tools for determination of skin 

temperature with small inter-thermistor error (Appendix D3.15.).  

 

The thermistors measure temperature in a reliable manner. The typical error of 

temperature measurement was 0.1% for all thermistors.   

 

 

Table 3C.26. Skin thermistor reliability statistics. 

Skin Thermistor Chest Back Thigh Calf 

Typical Error (
o
C) 0.04 0.04 0.03 0.05 

Typical Error (%) 0.1 0.1 0.1 0.1 

 

 

3C.9. FLUID BALANCE 

Changes in body mass were used to estimate fluid balance. Prior to the commencement 

of the cycling protocol, subjects had body mass measured on a calibrated scale accurate 

to 50g (UC-321, A&D Mercury, Adelaide, SA, Australia). To minimise the influence of 

rest periods on computed sweat volumes, body mass was measured following 
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instrumentation with rectal and skin thermistors. Due to the positioning of the test 

equipment, putting on shoes was not possible, so subjects were weighed with shoes on.  

 

 

3C.10. CARDIOVASCULAR MEASURES 
 

3C.10.1. CUTANEOUS BLOOD FLOW 

Cutaneous blood flow was assessed by microvascular perfusion on a standardised site 

on the ventral aspect of the left forearm. The Laser Doppler Flow unit calculated 

microvascular perfusion by non-invasively measuring the number of blood cells moving 

under the laser multiplied by the mean velocity of these cells. Although the laser beam 

depth varies with the properties of the tissue including pigmentation (Bonner and 

Nossal, 1981), the depth is limited to ~1mm thereby excluding measurement of 

underlying muscle blood flow (Saumet et al., 1988). The laser (wavelength: 780nm ± 

10nm) samples a tissue volume of 0.5–1.0mm
3
. Since the sample tissue volume is not 

measured, the output units are arbitrary (volts) and not mL.min
-1

.g
-1

 tissue, therefore 

laser Doppler flow is used to identify relative changes in perfusion. Differences in 

cutaneous blood flow are monitored to identify the potential for each cooling mode to 

minimise thermoregulatory demand for blood flow.  

 

Laser Doppler flowmetry was sampled continuously at 10Hz from a banjo style surface 

probe (TSD140, Biopac Systems Inc., Goleta, CA, USA) throughout testing, 

commencing upon the final 30 seconds of the rest period. The probe was attached with 

self-adhesive rings and lightly secured with tape (Transpore, 3M, St. Paul, MN, USA). 

Cutaneous blood flow data was viewed while securing with tape to ensure taping did 

not limit cutaneous perfusion. The signal was acquired via a laser Doppler tissue 

perfusion monitor (LDF100C, Biopac Systems Inc., Goleta, CA, USA). Data was 

assessed for stability by calculating the standard deviation of 150 consecutive samples 

(15 seconds). The standard deviation of all mean cutaneous blood flow measurements 

was less than 20% of the average value, thereby confirming stable and valid 

measurements. 
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Backscatter was acquired as per cutaneous blood flow and used as a diagnostic signal, 

as a rapid change in signal indicated for probe detachment or location change. 

 

The cutaneous blood flow measurement site was standardised based on integument 

landmarks. The site was recorded with a digital camera (JVC9800DL, Japan Victor 

Company, Tokyo, Japan) and printed in high resolution (600dpi) to ensure test to test 

standardisation. 

 

 

3C.10.2. BLOOD PRESSURE 

Blood pressure measurements were assessed following the rest period by a mercury 

sphygmomanometer (605P, Yamasu, Tokyo, Japan), during auscultation of the brachial 

artery of the right arm. Procedures for blood pressure measurement were according to 

O’Brien et al. (2001) without prior palpation due to time constraints. A standard blood 

pressure cuff (23 x 12cm) was wrapped snugly around the upper right arm to permit the 

lower cuff border to be 2–3 cm proximal to the antecubital fossa where the stethoscope 

(1519, Assess Diagnostics, Medical Instruments Australia, Redfern, NSW, Australia) 

was positioned. The midline of the cuff was placed over the brachial artery marking. 

The right arm was positioned to approximate the level of the heart and the cuff was 

inflated to ~160mmHg during rest and cooling periods and ~220mmHg during cycling 

rest periods. The inflation values were derived during pilot testing of procedures and are 

high enough to detect stage 2 hypertension (Chobanian et al., 2003). The cuff was 

deflated to produce the key auscultatory sounds of phase I and V representing systolic 

blood pressure and diastolic blood pressure, respectively.   

 

The first appearance of faint, repetitive clear tapping sounds represent phase I and was 

recorded as systolic blood pressure to the nearest 2mmHg. The systolic blood pressure 

reading was verified by reinflation of ~20mmHg and deflation.  

 

The cuff was deflated until the presence of distinct abrupt muffling of sounds, became 

soft and blowing in quality. This period is deemed phase IV, tending to occur ~5mmHg 

above diastolic blood pressure. The cuff was deflated slowly until the point at which all 
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sounds finally disappeared completely, representing diastolic blood pressure. The cuff 

was reinflated ~10mmHg and deflated to verify the reading. 

 

Mean arterial pressure was determined from heart rate, diastolic and systolic blood 

pressure according to Equation 3C.2. (Moran et al., 1995). 

 

Mean arterial pressure = DBP + (st x PP) (mmHg)                                           Equation 3C.2. 
 
Where  

st = 0.01exp(4.14 – 40.74) 

HR 

 

DBP = diastolic blood pressure 

HR = heart rate 

PP = pulse pressure 

SBP = systolic blood pressure 

 

 

3C.10.3. HEART RATE 

Heart rate was measured and recorded at 5-second intervals throughout the entire test 

period according to Section 3A.5.7. 

  

 

3C.11. BLOOD SAMPLING AND ANALYSIS 

Blood samples were collected in the resting state via finger and ear prick incisions. The 

finger prick incision provided adequate blood for glucose analysis while blood lactate 

was assessed from the ear prick blood specimen.  

 

Whole blood glucose levels were measured to eliminate hypoglcemia (<2mM) as a 

factor inhibiting shivering responses to pre-cooling (Passias et al., 1996; Haight and 

Keatinge, 1973; Gale et al., 1981). Blood glucose was measured by a calibrated monitor 

(Accutrend GC, Boehringer Mannheim, Castle Hill, NSW, Australia) using reflectance 

photometry. 
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The blood glucose monitor was calibrated with a code strip containing information 

specific to the blood glucose test strips in bar-coded format. The blood glucose monitor 

was calibrated every 2 weeks throughout the project and prior to use of a new batch of 

strips.   

 

Approximately 20µl of whole blood was applied to the test strip (Boehringer 

Mannheim, Castle Hill, NSW, Australia) directly from the finger prick incision. A 12-

second delay occured prior to display of the blood glucose concentration. 

 

The lactate concentration in whole blood was analysed using a Lactate Pro monitor. For 

information regarding the calibration, validity and reliability of the Lactate Pro see 

Section 3B.6.3.2. 

 

 

3C.12. PERCEPTUAL MEASUREMENTS 
 

3C.12.1. THERMAL SENSATION AND DISCOMFORT 

Subjects rated their thermal sensation and discomfort following the 30-minute rest 

period according to the scales utilised in Section 3A.10. 
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PRE-COOLING BOUT MEASURES AND PROCEDURES 

Pre-cooling lowers pre-exercise body temperature via the application of air, ice and/or 

water. This investigation utilised an air conditioner and high-speed fan interfaced with a 

jacket to cool the skin of the torso. An eight-pocket jacket compressed sachets of frozen 

water ice against the torso for ice pre-cooling while water pre-cooling was achieved by 

immersion in a custom built bath. 

 

 

3C.13. AIR COOLING JACKET 

An air-cooling jacket (Kinetics, Airport City, Israel) was utilised to perfuse the 

underlying skin with cool air for pre-cooling (Figure 3C.21). The jacket (perforated 

surface area 0.253m
3
) was constructed of a canvas outer and lined with a fine mesh 

housing perforations of ~0.3cm that emitted the cool air over the skin. The perforations 

were non-uniform with more located proximal to the upper chest and back. The jacket 

was fitted as tightly as possible with the two velcro shoulder straps and one waist strap. 

 

 

 

Figure 3C.21. Air jacket utilised for pre-cooling. 
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Cooling was provided via an air-conditioner (AW121JE, Samsung Electronics 

Corporation, Korea) with the thermostat adjusted to the coldest setting and the fan set to 

high. The air conditioner was interfaced with a high-speed fan for delivery of 

conditioned air to the cooling jacket. 

 

A high speed fan (KL200L TW, Nuaire, Caerphilly, UK) was interfaced with the air 

conditioner via ducted sarking and sheetmetal (Airducter, Winnellie, NT, Australia). 

For a schematic of the system see Appendix D3.16. The cooling system generated an 

approximate airflow of 220L.min
-1

 with air delivery to the jacket modulated by a 

butterfly damper (Figure 3C.22.). For this investigation, the damper was fully closed to 

permit maximal airflow to the jacket. The jacket was interfaced to the cooling system 

outlet via a 4m length of 50mm bore tubing that was insulated by Trocellen
®

 

polyethylene foam (Fairfield, OH, USA) lined with aluminium foil to minimise radiant 

heat absorption. The insulated tubing was ducted into the climate chamber where it was 

connected to the air-cooling jacket. 

 

 

 

Figure 3C.22. High speed fan and ducting. 

 

 

3C.13.1. COOLING PROTOCOL 

The air conditioner and high-speed fan were started a minimum of three minutes prior 

to application of the jacket, thereby permitting adequate time for conditioned air to 

reach the desired temperature of ~18
o
C. Subjects were seated on a stool in the climate 
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chamber and the air jacket was applied by tightening the velcro waist and shoulder 

straps to attain a close and comfortable fit. The bottom border of the jacket was taped to 

the subject to minimise airflow lost from the lower portion of the jacket, ensuring that 

the cool air would pass over the torso. 

 

 

3C.13.1.1. RELIABILITY 

Skin thermistors are commonly utilised to assess skin temperature. The number of sites 

utilised to derive mean skin temperature varies from 3 (Burton and Bazett, 1936) to 14 

thermistors (Frim et al., 1990). A maximum of 4 skin thermistors were available for this 

investigation. To test regional variation in skin temperature during the pre-cooling 

bouts, 7 skin thermistor sites were assessed during 30 minute cooling bouts on 6 

subjects of varied body composition (Table 3C.27.) for each on the pre-cooling modes. 

Subjects rested in the climate chamber for 30 minutes prior to application of the air-

jacket, ice-jacket or immersion in the water bath. Skin temperatures from 7 sites 

(including the upper chest, upper back, thigh and calf sites to be used during the trials) 

were recorded at 5-minute intervals with statistical analysis performed on these 

measurements to produce the reliability tables in Table 3C.28. 

 

 

Table 3C.27. Subject characteristics. 

Characteristic Mean SD 

Age (yr) 28.5 5.2 

Height (cm) 184.3  16.4 

Mass (kg) 88.5 11.1 

Body Surface Area (m
2
) 2.1 0.2 

Body Mass Index (kg.m
-2

) 25.9 3.9 

 

 

The reliability of the skin cooling profile generated by the air-cooling jacket was 

evaluated by seven thermistors placed according to Appendix D3.17.1. Table 3C.28. 

contains key reliability statistics for the 30 minute cooling bout. Typical error was less 

than 2.0% for all sites tested. The thigh and calf sites were not cooled, hence the 
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observed error is due to variation in climate chamber temperature and considered as the 

minimal typical error attainable. 

 

Table 3C.28. Statistical summary for air-cooling protocol. 

Statistic Upper Chest Upper Back Thigh Calf 

TE (
o
C) 0.48 0.64 0.25 0.26 

TE (%) 1.5 2.0 0.7 0.8 

 

 

Regional variation was minimal during AJ cooling, with a difference of 0.5
o
C between 

the upper and lower chest and upper and lower back sites (Table 3C.29).  

 

  

Table 3C.29. Skin temperatures following 30 minutes of air jacket cooling. 

 
Upper 
Chest 

Lower 
Chest 

Upper 
Back 

Lower 
Back 

Arm Thigh Calf 

Ave. Temp (oC) 32.4 32.9 31.6 31.1 32.8 33.5 33.7 

 

 

3C.14. ICE JACKET COOLING 

The ice cooling jacket utilised by this investigation was developed prior to the 1996 

Summer Olympics by the AIS to cool the torso of athletes prior to, during and post 

performance (Martin et al., 1998). The neoprene jacket had a velcro waist belt and chest 

zipper to permit a close fitting (Figure 3C.23.A.). The eight pockets of the IJ (two on 

the chest, abdomen, upper and lower back) housed sachets (Isosport, Berri Ltd, Carlton, 

VIC, Australia) of frozen water (Figure 3C.23.B.). Each sachet was filled with 0.4L of 

water creating an approximate one-sided surface area of 0.012m
2 

per sachet. The 

maximal surface area available to cool the skin from the 8 sachets was 0.096m
2
. 

 



 105

      

                                              A.                                                              B. 

Figure 3C.23. A. AIS Ice-jacket with ice sachets, B. Isosport sports drink sachet utilised ice 
jacket pre-cooling. 

 

 

3C.14.1. COOLING PROTOCOL 

Subjects were sized for the ice jacket according to Table 3C.14. prior to the pre-cooling 

bout. The ice jacket was fitted with the sachets and placed in an esky for approximately 

five minutes prior to the commencement of the pre-cooling bout. Upon removal from 

the esky, the surface temperature of the sachets was ~2
o
C (n=6). Subjects donned the ice 

jacket and had the belt tightened for a body-hugging fit. 

 

 

Table 3C.30. Ice jacket sizing based on subject height. 

Subject Height (m) Ice Jacket Size 

160 – 169 3 

170 – 179 4 

180 – 189 5 

190 – 200 6 
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3C.14.1.1. RELIABILITY 

The upper chest and lower back temperature measurement sites showed the greatest 

variance during the ice jacket cooling protocol with typical errors of 3.6 and 3.7% 

respectively. The higher typical errors generated from the upper chest and lower back 

thermistors were a result of the cooling sachet bordering on the thermistor site. Slight 

movements of the subjects’ torso were sufficient to confer rapid alterations in the upper 

chest and lower back thermistors despite instructions to maintain a stable posture. 

 

 

Table 3C.31. Statistical summary for ice-jacket cooling protocol. 

Statistic Upper Chest Upper Back Thigh Calf 

TE (
o
C) 0.67 0.67 0.25 0.23 

TE (%) 3.6 2.7 0.7 0.7 

 

 

Large inter-site temperature differences were observed during ice-jacket cooling (Table 

3C.31.). The upper chest site was 8.0
o
C cooler than lower chest while upper and lower 

back exhibited a 9.3
o
C discrepancy (Table 3C.32.). These data predict that the use of the 

upper chest and back skin thermistor sites to represent average chest and back 

temperatures (Mitchell et al., 2003), over estimate the change in torso temperature and 

therefore mean skin temperature during ice-jacket pre-cooling. The impact of this 

observation is discussed in Section 5C.1., and the IJ reliability statistics are contained in 

Appendix D3.17.2. 

 

 

Table 3C.32. Skin temperatures following 30 minutes of ice-jacket cooling. 

Variable 
Upper 
Chest 

Lower 
Chest 

Upper 
Back 

Lower 
Back 

Arm Thigh Calf 

Ave. Temp (oC) 16.4 24.4 21.6 30.9 33.9 33.9 34.2 
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3C.15. WATER IMMERSION COOLING 

Subjects undertook water immersion in a custom-built bath constructed from non-

pressurised 50mm PVC tubing and moulded 2.5mm heavy-duty plastic (NT Acrylics 

and Plastics, Berrimah, NT, Australia). The liner was attached to the frame by moulded 

PVC clamps (NT Acrylics and Plastics, Berrimah, NT, Australia). The pool structure 

was supported by two vertical and one horizontal ratchet high pressure support belts 

(Figure 3C.24.). 

 

The bath dimensions were 1.60m long x 0.84m wide x 0.75m high, creating a maximal 

water volume of 1.01m
3
. The bath housed a perforated container that had ~19L.min

-1
 of 

water circulated through it via a small pool pump (#22 The Wet Set, Intex Recreation 

Corporation, Long Beach, CA, USA). Water was pumped from the left-hand side of the 

subject to the perforated container to eliminate large water temperature gradients within 

the bath. The pump also accelerated the melting of ice as the addition of cold tap water 

was not an option. 
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Figure 3C.24. A subject pre-cooling in the water bath. 

 

 

3C.15.1. COOLING PROTOCOL 

Subjects were immersed to a pre-determined depth that covered the acromion processes. 

This depth created ‘head out immersion’, covering 93% of the body surface (Hardy and 

DuBois, 1938). Subjects sat upright extending their legs while minimising their 

movement. Bath water temperature was recorded every minute with a probe (400 series, 

Mon-a-therm, Mallinckodt Inc, St.Louis, MO, USA) placed to the right hand side of the 

subject. Previous testing found a maximal 0.2
o
C difference in water temperature for a 

variety of probe placement sites within 0.5m of the subject. The initial water 

temperature was 28.1
o
C (0.1)

 
that was monotonically lowered to average 24.9

o
C (0.2) at 

the conclusion of the 30-minute immersion protocol (Figure 3C.25.). Water temperature 

decreased an average of 1.06
o
C per 10 minutes by the addition of ice to the perforated 
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container according to the schedule detailed by Table 3C.33., thereby complying with 

the condition of minimising water temperature change to less than 2
o
C per 10 minutes 

(Marino and Booth, 1998). 

 

 

Table 3C.33. Water cooling protocol. 

Time (minutes) Ice (Litres) 

0 (Start of Pre-cooling) 32 

15 8 

20 8 
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 Figure 3C.25. Water bath temperature throughout the 30-minute immersion period. Error bars 
represent SD. 

 

 

3C.15.1.1. RELIABILITY 

Skin temperatures were reliably cooled by the water immersion protocol with a peak TE 

of 2.0% at the upper back, thigh and calf (Table 3C.34.). Lower chest skin temperature 

was not assessed due to technical issues. The WB reliability statistics are contained 

within Appendix D3.17.3. 
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Table 3C.34. Statistical summary for water bath cooling protocol. 

Statistic Upper Chest Upper Back Thigh Calf 

TE (
o
C) 0.38 0.55 0.53 0.54 

TE (%) 1.4 2.0 2.0 2.0 

 

 

Since water is a superior conductor of heat (Smith and Hanna, 1975) and temperature 

gradients were minimised within the bath, minimal variation in regional skin 

temperature was observed (Table 3C.35.). 

 

 

Table 3C.35. Skin temperatures following 30 minutes of water bath cooling. 

Statistic 
Upper 
Chest 

Lower 
Chest 

Upper 
Back 

Lower 
Back 

Arm Thigh Calf 

Ave. Temp (oC) 25.8 - 26.1 25.9 25.9 25.9 25.9 

 

 

3C.16. THERMAL MEASURES 

The monitoring of Trectal and Tskin continued throughout the pre-cooling bout as per 

Sections 3C.8.1. and 3C.8.2., respectively. 

 

 

3C.17. PSYCHOMETRIC MEASURES 

Thermal sensation and discomfort were measured according to Section 3A.10. every 5 

minutes throughout pre-cooling. 

 

Shivering was self-reported and assessed by the researcher according to the 5-point 

scale of Budd et al. (1991) (Appendix D3.18.) every 5 minutes during the pre- and post-

cooling procedure.  
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3C.18. ENVIRONMENTAL CONDITIONS 
 

The average environmental conditions during the pre-cooling bout are described by 

Table 3C.36.  

 

 

Table 3C.36. Average environmental conditions during pre-cooling bouts. 

Environmental Variable Mean SD 

Ambient Temperature (
o
C) 33.1 0.2 

Relative Humidity (%) 59.1 2.3 

Water Vapour Pressure (mmHg) 22.4 0.9 

WBGT Index (
o
C) 28.4 0.5 

Simulated Solar Radiation at 1.10m (W.m
-2

) 18.0 0.0 

Air Velocity 0.0 0.0 

Barometric Pressure (mmHg) 760.8 2.8 

 

 

3C.19. PREPARATION PERIOD 

A preparation period of 20 minutes spaced the pre-cooling bout and commencement of 

the intermittent high intensity cycling protocol. 

 

 

3C.20. ORDER OF TRIALS 

Order was counterbalanced to eliminate any ordering effect (Table 3C.37.) 
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Table 3C.37. Order of testing. 

Subject Trial 1 Trial 2 Trial 3 Trial 4 

1 IJ WB C AJ 

2 IJ AJ WB C 

3 IJ C AJ WB 

4 AJ WB C IJ 

5 AJ IJ WB C 

6 AJ C IJ WB 

7 C WB IJ AJ 

8 C AJ WB IJ 

9 C IJ AJ WB 

10 WB IJ C AJ 

11 WB AJ IJ C 

12 WB C AJ IJ 
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INTERMITTENT HIGH INTENSITY CYCLING  
 

3C.21. PROTOCOL 

The intermittent high intensity cycling protocol consisted of 60 seconds at 40%, 30 

seconds at 83%, 60 seconds at 66% followed by a high intensity sprint of 30 seconds at 

100% and 15 seconds of 125% V
.
O2max cycling. The sequence was repeated with the 

addition of 60 seconds at 40%, 30 seconds at 83%, followed by 120 seconds of rest to 

conclude one block of the protocol (Figure 3C.26). Subjects finished 4 such blocks to 

complete the protocol. Information regarding protocol development may be found in 

Appendix D3.19. A time to exhaustion test at 100% V
.
O2max commenced 3.5 minutes 

after cessation of the 4
th

 block of cycling.  
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Figure 3C.26. One block of the intermittent high intensity cycling protocol. 
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The physiological variables, Trectal, Tskin, and heart rate were monitored throughout the 

cycling protocol as previously described in Sections 3C.9.1., 3C.9.2. and 3C.11.3 

respectively. 

 

 

3C.21.1. ENVIRONMENTAL CONDITIONS 

Intermittent high intensity cycling was conducted in a climate control chamber. The 

dimensions of the chamber were 3.8m wide x 5.6m long x 2.5m high. The chamber has 

a temperature range of 20–35
o
C with relative humidity of 20–80%. The stability of 

conditions within these ranges was ±1% for temperature and ±2.5% for relative 

humidity. Beyond the aforementioned ranges, simultaneous control of temperature and 

relative humidity could not be achieved with required precision. 

 

 

Figure 3C.27. Climate control chamber during testing. 
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The choice of simulated conditions was important as environmental ambient 

temperature and relative humidity affect the response to physical activity by dictating 

the effectiveness of heat loss mechanisms. An objective of this investigation was to 

simulate harsh wet season environmental conditions of Darwin, NT, Australia. 

Although the wet season weighted average for ambient temperature is 31
o
C between 

1100–1500, temperatures greater than 35
o
C are frequently reported and have been 

observed with many field investigations conducted by the author. The average 

environmental conditions during the cycling protocol are displayed in Table 3C.38. 

Appendix D3.20. contains information regarding the climate control chamber 

environmental conditions. 

 

 

Table 3C.38. Average environmental conditions during the intermittent high intensity cycling 
protocol. 

Environmental Variable Mean SD 

Ambient Temperature (
o
C) 35.5 0.4 

Relative Humidity (%) 49.1 2.0 

Water Vapour Pressure (mmHg) 21.9 0.7 

WBGT Index (
o
C) 33.5 0.5 

Solar Radiation at 1.10m (W.m
-2

) 426.9  28.6  

Solar Radiation at 1.78m (W.m
-2

) 794.6 92.9 

Air Velocity (m.s
-1

) 1.6 - 

Barometric Pressure (mmHg) 760.8 2.8 

 

 

3C.22. CYCLE ERGOMETER 

The Lode Excalibur cycle ergometer (Figure 3C.28) was fully adjustable to permit 

preferred seat and handlebar height and position. These settings were determined during 

familiarisation visits and standardised between tests. Subjects used their own pedals and 

shoes. Subjects mounted the cycle ergometer ~15 minutes following pre-cooling to 

permit attachment of sweat rate capsules and a reminder of the cycling protocol 

procedures. 
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Figure 3C.28. Lode Excalibur cycling ergometer.   

 

 

3C.23. FLUID BALANCE 

An additional fluid volume of 5mL.kg
-1 

body mass was provided prior to 

commencement of the cycling protocol. Following a thorough ‘towel down’ to remove 

perspiration following the protocol, subjects had mass determined post-test in the same 

way it was measured pre-test. Whole body sweat rate was corrected for respiratory fluid 

loss and CO2–O2 exchange by Equation 3C.3. and 3C.4 (modified from Mitchell et al., 

1972). 

 

Respiratory fluid loss (g) = (0.019 x V
.
O2) x (44-Pa) x t                                     Equation 3C.3. 

 
Where: 

V
.
O2 = volume of oxygen consumed (L.min

-1
) 

Pa = ambient water vapour pressure (mmHg)  
t  = exercise duration (minutes) 

 

Respiratory CO2-O2 exchange (g) = 0.53 x V
.
O2 x t                                           Equation 3C.4. 

 
Where: 

V
.
O2 = volume of oxygen consumed (L.min

-1
) 

t = exercise duration (minutes) 
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3C.23.1. REGIONAL SWEATING RATE 

Since skin temperature influences local sweat expulsion (Johnson et al., 1984), lower 

skin temperatures concomitant with pre-cooling during subsequent physical activity 

may account for differences in fluid balance during the trials. A system was therefore 

utilised to measure local sweating rate of the forehead, chest and back. 

 

Containers of saturated lithium chloride (LiCl) were ventilated by a four outlet pump 

(Model 9830, LifeTech, USA) to produce air over the LiCl with relative humidity of 

~12%. The LiCl saturated air ventilated capsules (Figure 3C.29.) were attached to the 

skin as per Table 3C.39. 

 

 

 

Figure 3C.29. Sweat rate capsule. 

 

 

The flow rate was manually modulated through polycarbonate flow meters (MR3000, 

Key Instruments, USA) to 0.3L.min
-1

. The outflowing air temperature and humidity was 

measured by a sensor (Humitter 50Y, Vaisala Oyj, Helsinki, Finland) to calculate the 

mass of water vapour entering the capsule (Equation 3C.5.). Differences between the 

mass of water vapour entering and leaving the capsule were interpreted to calculate the 

sweat rate of the skin region underlying the capsule by Equation 3C.6.  
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Mass of water vapour in a body of air (g.L
-1

) = pH2O.RH        Equation 3C.5. 

RW.t.100 

Where: 

pH2O = Water vapour pressure at T (mmHg) 

RH = Relative humidity (%) 

RW = Gas constant of water vapour (3.464 Torr. L.g
-1

.K
-1

) 

t = Temperature of air (
o
K) 

 

 

Regional sweat rate (g.min
-1

.cm
-2

) = ((Mout – Min).Af)                                        Equation 3C.6. 

         a 

Where: 

Mout = Mass of water vapour existing capsule (from Equation 3C.5.) 

Min = Mass of water vapour entering capsule (from Equation 3C.5.) 

Af = Air flow through capsule (L.min
-1

) 

a = area of skin under capsule (cm
2
) 

  

 

The sweat rate data were acquired via a cable input to a personal computer fitted with 

an analogue to digital converter card (National Instruments, USA). Data were displayed 

by dedicated software (Sweat 2.1., Tim Turner, University of Sydney, Sydney, NSW, 

Australia) and stored every 5 seconds. Data were averaged over 5-minute periods, 

representing 8 distinct measurement periods. 

 

 

Table 3C.39. Measurement sites for regional sweating rate. 

Sweat Rate Site Measurement Site and Method 

Forehead 
 

Midpoint of the glabella and cranial hairline 
 

Chest 
 

4cm medial to the placement of the skin thermistor 
 

Back 
 

4cm medial to the placement of the skin thermistor 
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3C.23.1.2. SWEATING THRESHOLD 

Threshold for active thermoregulatory sweating was defined as the Trectal coinciding 

with a local sweat rate ≥0.10 mg.cm
-2

.min
-1

 and began to progressively increase above 

resting values. This threshold was determined during pilot testing and is slightly higher 

than the 0.06 mg.cm
-2

.min
-1 

nominated by Montain and Coyle (1992). The higher 

threshold ensured detection of the onset of sweating, thereby avoiding spurious data. 

 

 

3C.23.1.3. RELIABILITY 

Sweat rate system reliability was assessed by monitoring the ‘sweat rate’ derived from a 

standardised volume of water in a moisture resistant material. The holes were drilled to 

a standard depth and the hydrophobic properties of the foam ensured that moisture 

absorption was not an issue. 

 

Testing was conducted with 32, 64 and 96µl of water and repeated. Regional sweat rate 

was determined for each of the initial 5 minutes and averaged for inter-trial comparison. 

The system reliably determines regional sweat rate. The average typical error expressed 

as a coefficient of variation was 1.7% (Appendix D3.21.) 

 

 

3C.24. METABOLISM 

Metabolic analysis was necessary to examine heat production between trials, however, 

pilot testing revealed that subjects struggled with the V
.
O2 apparatus when applied for 

the entire protocol. The apparatus (Figure 3C.30) was therefore applied for 6 minutes of 

each cycling block with data averaged over a 4.5-minute period that equated to 52.1% 

of overall work (Appendix D3.22.).  
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Figure 3C.30. A subject undertaking metabolic analysis during the cycling protocol.   

 

 

Blood lactate concentration was measured following the 2
nd

 and 4
th

 blocks of cycling 

according to Section 3B.6.3.2. to give an indication of the anaerobic energy contribution 

to the intermittent cycling protocol. 

 

 

3C.25. CARDIOVASCULAR MEASURES 

Cutaneous blood flow was measured immediately following the cessation of the cycling 

protocol. Subjects held their left forearm steady for 20 seconds to minimise movement 

artefact. Data was analysed over a 15-second period according to Section 3C.10.1. 

 

Systolic and diastolic blood pressures were measured on the right arm with subjects 

seated on the cycle ergometer. Measurements commenced approximately 60 seconds 

into the rest period to permit standardisation to the 2
nd

 and 4
th

 blocks of cycling where 

blood lactate concentration measurements preceded blood pressure. Blood pressure 
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assessments were made according to Section 3C.10.2., with initial cuff pressure inflated 

to 220mmHg to reflect the higher systolic pressure than at rest. 

 

 

3C.26. PHYSIOLOGICAL STRAIN INDEX  

The Physiological Strain Index was used to assess the combined role of Tgi and heart 

rate by Equation 3C.7. (Moran et al., 1998). The index score was referenced to Table 

3C.40.  

 

PSI = 5 x (Tgit – Tgi0) x 39.5 – Tgi0)
-1

 + 5 x (HRt – HR0) x (180 – HR0)
-1

             Equation 3C.7. 
 

Where  

Tgit = post race Tgi 

Tgi0  = pre-race Tgi 

HRt  = end race heart rate 

HR0 = pre-race heart rate. 

 

 

Table 3C.40. Physiological strain index classification chart.  

Strain Physiological Strain Index 

 0 

No/Little 1 

 2 

Low 3 

 4 

Moderate 5 

 6 

High 7 

 8 

Very High 9 

 10 
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3C.27. PSYCHOMETRIC MEASURES 

Thermal sensation and discomfort were measured according to Section 3A.10. every 5 

minutes throughout pre-cooling. 

 

Rating of perceived exertion was assessed during rest periods of the cycling protocol 

and following the performance test. The 0–10 scale of Borg (1998) was utilised for 

assessing rating of perceived exertion by posing the question ‘How hard did that block 

of cycling feel?’ within 30 seconds of completing a block of the cycling protocol. To 

assist subjects in relating their efferent physiological cues to a number, the end points of 

the scale were anchored to feelings of unloaded cycling (0.5) and maximal cycling (10) 

akin to that endured during the final 30 seconds of their V
.
O2max test (Swank et al., 

2003). 

 

Subjects were also required to rank the AJ, C, IJ and WB trials on the basis of perceived 

benefit during the cycling protocol. 

 

 

3C.28. STATISTICAL ANALYSIS 

Statistical analysis was performed by Statistica (Version 7, StatSoft Pacific Pty Ltd, 

Sydney, NSW, Australia). One way ANOVAs with 4 levels (AJ, C, IJ, WB) were used 

to test for inter-trial differences of the following dependant variables; resting heart rate, 

resting blood glucose concentration, urine specific gravity, whole body sweat rate, 

metabolic free energy production, internal heat production, body heat storage and time 

to exhaustion. A Tukey Honest Significant Differences (HSD) means comparison test 

criterion of p<0.05 applied for post-hoc analyses where main differences were found. 

The remaining dependant variables were analysed by separate 2-factor ANOVAs for 

repeated measures. The first factor was pre-cooling mode that had 4 levels; AJ, C, IJ 

and WB. The second factor was time with the number of levels determined by 

measurement frequency of the dependant variable. A Tukey HSD post hoc test was 

applied with significance set at p<0.050 
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Correlation coefficients tested relationships between regional sweating rate and Trectal, 

Tskin, Tchest and Tbody, respectively. Paired t-tests were used to compare pre-and post-

investigation subject characteristics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 124

4. RESULTS 
 

INVESTIGATION A. RESPONSES OF MOTOR SPORT ATHLETES TO 

V8 SUPERCAR RACING IN TROPICAL CONDITIONS 
 

 

4A.1. SUMMARY  

From the four drivers that competed in the three races, a total of 12 data sets were 

collected. Two data sets were excluded due to racecar mechanical difficulties resulting 

in 10 sets of data for all physiological variables excluding heart rate and sweat loss. 

Technical problems limited the heart rate and sweat loss data collection to six driving 

bouts. 

 

Body core temperatures were measured in the gastrointestinal tract and at the tympanic 

membrane. Post-race core temperatures rose significantly from rest (p=0.000) averaging 

39.0 (Tgi) and 38.9
o
C (Ttym) that caused the drivers to feel hot and uncomfortable.  

  

Drivers were moderately hydrated prior to the races (mean USG 1.013). Sweat was lost 

at a rate of 13.4 mg.kg
-1

.minute
-1

 or 1.06 kg.hour
-1

, contributing to an average 

dehydration of 0.55% of pre-race body mass. 

 

Heart rate responses showed that 83.2% of racing time was spent with a cardiac 

frequency greater than 160 beats.min
-1

. Overall, the drivers averaged ~88% of age 

predicted maximal heart rate while racing. 

 

The raw data are tabulated in Appendix D1.8. 
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4A.2. ENVIRONMENTAL CONDITIONS 
 

4A.2.1. AMBIENT ENVIRONMENTAL CONDITIONS 

Conditions adjacent to the racetrack were hot and dry (Table 4A.41.) for the short and 

long races. A high solar radiation load was also present as measured by BGT and track 

temperatures in excess of 41
o
C. Environmental conditions resulted in a WBGT index of 

28.9
o
C.  

 

 

Table 4A.41. Summary of race environmental conditions. 

Race Format WBT (
o
C) DBT (

o
C) BGT (

o
C) WBGT (

o
C) Track (

o
C) Minutes Time (%) 

Short 23.9 33.3 41.9 28.4 43.1 71 18.0 

Long 23.7 34.8 45.0 29.1 43.9 323 82.0 

Weighted Mean 23.8 34.5 44.4 28.9 43.7 394 - 

WBT = Wet Bulb Temperature, DBT = Dry Bulb Temperature, BGT = Black Globe Temperature, WBGT = Wet Bulb Globe 
Temperature 

 

 

4A.2.2. RACECAR ENVIRONMENTAL CONDITIONS 

Cabin temperature of the racecars was measured during seven of the races. An average 

temperature of 48.6
o
C was endured by the racecar drivers during each race (Table 

4A.42.). Mean racecar panel temperatures were 41.7
o
C. 

 

 

Table 4A.42. Summary of racecar environmental conditions. 

Race Format Cabin (
o
C) Bonnet (

o
C) Floor (

o
C) Door (

o
C) Roof (

o
C) Mean Panel (

o
C) 

Short 46.2 50.2 47.2 36.2 37.3 42.7 

Long 50.1 44.5 40.8 38.2 40.4 41.0 

Weighted Mean 48.6 47.4 44.0 37.2 38.9 41.7 
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4A.3. ANALYSIS PERIOD 

Descriptive statistics of the analysis period are detailed within Table 4A.43. Overall, the 

majority of the analysis period was spent by the drivers in their racing attire and in the 

racecar, while 33.7% of the analysis period corresponded to driving. 

 

 

Table 4A.43. Distribution of the analysis period. Data are mean (SD). 

 Race Format 

Variable Short Long Overall 

Analysis Period (h:mm.ss) 1:10.00 (3:40) 1:48.21 (22:14) 1:33.00 (25:54) 

In Nomex Overalls (%) 76.8 (8.0)  93.4 (7.1) 86.8 (11.1) 

In Car (%) 65.2 (2.5) 68.0 (15.2) 67.1 (11.5) 

Driving (%) 29.4 (6.7) 36.9 (7.8) 33.9 (8.0) 

 

 

From the six driving bouts that yielded sweat rate data, drivers were in their racing attire 

for 89.7%, in the racecar for 73.6% and racing for 31.7% of the analysis period. 

  

 

4A.4. THERMAL STRAIN 
 

4A.4.1. GASTROINTESTINAL TEMPERATURE 

All gastrointestinal pills had cleared the stomach prior to temperature measurement as 

confirmed by the cold drink test. From the 10 racing bouts investigated, six yielded 

serial 30-second measurements of Tgi. Analysis of this data revealed a linear trend for 

increases in Tgi during racing (Figure 4A.31.).  

 

There were no significant differences for Tgi at rest or pre-race (p=0.287). Despite the 

different race formats, mean post-race Tgi varied by only 0.3
o
C. Overall, mean (SD) 

post-race Tgi was 39.0 (0.4) 
o
C that increased significantly from 37.7 (0.2)

 o
C pre-race 

(p=0.000). A peak Tgi of 39.7 
o
C was observed towards the conclusion of one long race 

during the investigation (Table 4A.44.).  
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Table 4A.44. Gastrointestinal tract temperature during the races. Data are mean (SD). 

Race 

Tgi (
o
C) Short Long Overall 

Rest 37.7 (0.3) 37.8 (0.5) 37.7 (0.4) 

Pre-Race 37.9 (0.1) 38.0 (0.2) 37.9 (0.2) 

Post-Race 38.8 (0.5) 39.1 (0.4) 39.0 (0.4) * 

Peak 39.1 39.7 39.7 

∆.Tgi.min
-1

 0.042 (0.012) 0.029 (0.006) 0.034 (0.011) 

* Significant difference between Tgi measured post race and rest (p=0.000) and pre-race (0.000) 
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Figure 4A.31.  Average gastrointestinal temperature increase during short and long races.  
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4A.4.2. TYMPANIC TEMPERATURE 

Tympanic temperature was measured immediately upon removal of helmet and earplugs 

for all racing bouts (Table 4A.45.). A pre-race measurement was not possible due to 

fitting of the driver’s helmet. A dependant samples t-test revealed a significant increase 

in tympanic temperature from rest to post-race (p=0.000).  

 

 

Table 4A.45. Tympanic temperature during the races. Data are mean (SD). 

 Race Format 

Tympanic 
Temperature (

o
C) 

Short Long Overall 

Rest 37.0 (0.3) 36.7 (0.5) 36.9 (0.5) 

Post-Race 38.8 (0.5) 38.9 (0.5) 38.9 (0.5) * 

* Represents significant difference between tympanic temperature measured post race and rest (p=0.000) 

 

 

4A.4.3. GASTROINTESTINAL AND TYMPANIC TEMPERATURE 

Although measured at sites that vary with respect to tissue insulation, blood flow and 

metabolic activity, Tgi and Ttym were used as indices of core temperature. The 

relationship between Tgi and Ttym differed from rest to post-race. Prior to racing, there 

was no significant correlation between Tgi and Ttym (r=-0.010, p=0.978) (Figure 

4A.32.A.), whereas post-race measurements were significantly correlated (r=0.652, 

p=0.041) as demonstrated by Figure 4A.32.B. 
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         A.          B. 

Figure 4A.32. Agreement between corresponding measurements of gastrointestinal and 
tympanic temperature A. prior to racing and, B. post-race.  

 

 

4A.5. PERCEPTUAL STRAIN 
 

4A.5.1. THERMAL SENSATION AND DISCOMFORT 

Thermal sensation and discomfort was assessed by all drivers at rest and post-race. 

Overall, the results illustrate a significant rise in thermal sensation (p=0.001) and 

discomfort (p=0.001) from rest to post-race. There were no differences between short 

and long races for thermal sensation or thermal discomfort at any collection point. 

 

 

Table 4A.46. Pre- and post-race ratings of thermal sensation and discomfort. Data are mean 
(SD). 

 Race Format 

Perceptual Variable Short Long Combined 

Pre-Race Thermal Sensation 7.8 (0.5) 8.0 (0.9) 7.9 (0.7) 

Post-Race Thermal Sensation 10.1 (0.9) 10.4 (0.9) 10.3 (0.9) * 

Pre-Race Thermal Discomfort 1.5 (0.6) 1.2 (0.4) 1.3 (0.5) 

Post-Race Thermal Discomfort 2.8 (0.9) 3.3 (1.2) 3.1 (1.0) * 

* Denotes significant difference between pre-race value (p=0.001) 
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Pre-race data showed there was no relation between thermal sensation and discomfort 

and Tgi. While thermal sensation was not significantly correlated with Tgi post race 

(r=0.516, p=0.127), thermal discomfort attained a significant correlation with Tgi 

temperature (r=0.792, p=0.014) as represented by Figure 4A.33.  
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Figure 4A.33. B. Agreement between gastrointestinal temperature and ratings of post-race 
thermal discomfort.  

 

 

4A.5.2. RATING OF PERCEIVED EXERTION 

Significant correlations were detected between rating of perceived exertion (Table 

4A.47) and post-race Tgi (r=0.699, p=0.024) and thermal discomfort (r=0.710, p=0.021) 

but not thermal sensation (r=0.130, p=0.720).  

 

 

Table 4A.47. Rating of perceived exertion following each race. 

  Race Format 

 Short Long Overall 

Rating of Perceived Exertion 8.3 (1.2) 9.0 (1.5) 8.7 (1.7) 
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4A.6. FLUID BALANCE 
 

4A.6.1. URINE INDICES 

Estimations of pre-race hydration status from urine specific gravity measurements are 

detailed by Figure 4A.34. The relation between urine colour and specific gravity is 

reflected by the significant correlation (r=0.878, p=0.001) derived from the 10 samples 

of this investigation (Figure 4A.35.). 
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Figure 4A.34. Pre-race urine specific gravity. The dashed line represents the overall average. 
Error bars represent SD. 
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Figure 4A.35.  Agreement between pre-race urine colour and urine specific gravity.  

 

 

4A.6.3. SWEAT LOSS AND DEHYDRATION 

Technical difficulties limited the sweat loss analysis to six driving bouts. A peak sweat 

loss of 1.80kg was observed during the investigation. Overall, sweat loss averaged (SD) 

1.48 (0.25) kg that equated to a sweat rate of 1.06 (0.12) kg.h
-1

 (Figure 4A.36.). When 

normalised for body mass, sweat rates averaged 13.4 (1.2) gms.kg
-1

.min
-1

. 
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Figure 4A.36. Sweat rate during the analysis periods. Error bars represent SD. 

 

 

Whereas one driver gained mass during a driving bout due to fluid consumption 

exceeding sweat loss, the remaining nine bouts produced dehydration. A peak post-race 

dehydration of 1.1% of body mass was observed during the investigation, while the 

average (SD) was 0.5% (0.5) (Figure 4A.37). 
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Figure 4A.37.  Post race dehydration. Error bars represent SD. 

 

 

4A.7. CARDIOVASCULAR STRAIN 
 

4A.7.1. HEART RATE 

The Vantage NV system (Polar, Kempele OY, Finland) was utilised for heart rate 

measurement during the 2002 round. Due to the electromagnetic field within the 

racecar, transmission of the heart rate data from the transmitter for storage within the 

receiver was interrupted and consequently heart rate data acquisition failed. The team 

system (Polar, Kemele OY, Finland) was therefore employed during 2003 to acquire 

heart rate. The team system negated the requirement for transmission to a receiver, as 

data was stored within the transmitter. Heart rate analysis is provided for 2003 subjects. 

 

Safety car periods were excluded from the heart rate data analysis to provide race 

specific data. From the two drivers analysed during the 2003 round, 83.2% of racing 

time elicited a heart rate response between 161–180 beats.min
-1

 (Figure 4A.38.).  
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Mean weighted heart rate indicated that drivers averaged 87.2% and 88.2% of age 

predicted maximum during the long and short races, respectively. The average peak 

heart rate was 91.7% and 95.3% of age predicted maximum during the long and short 

races, respectively.  
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Figure 4A.38.  Heart rate distribution during the races. 
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INVESTIGATION B. RESPONSES TO ONE-DAY CRICKET IN 

TROPICAL CONDITIONS 

 

4B.1. SUMMARY  

The average (SD) Tgi profile of batsmen rose 1.1
o
C from rest to attain 38.3 (0.3) 

o
C 

following 5 overs of measurement. Bowlers Tgi rose to 38.5
o
C and 38.7

o
C for the 10 

over (n=2) and 5 over (n=5) bowlers, respectively. Excluding rest periods, batsmen’s Tgi 

rose at a rate of 0.09
o
C.over

-1
 while 10 over and 5 over spell bowlers Tgi rose at 0.06 and 

0.13
o
C.over

-1
 bowled, respectively. Tympanic temperature was significantly lower than 

corresponding Tgi measurements (p=0.000) but significantly correlated for batsmen 

(r=0.549, p=0.000) and bowlers (r=0.263, p=0.041). 

  

Batsmen’s peak heart rate per over of 164 (15) beats.min
-1

 was lower and more variable 

than the peak bowling heart rate per over of 172 (9) beats.min
-1

 (p=0.003). Blood lactate 

concentrations were also significantly higher for bowlers (3.2 v 2.5mM.L
-1

) when 

compared with batsmen (p=0.017).   

 

Batsmen had the highest urine specific gravity prior to their innings (1.018) that was 

significantly higher than that of the bowlers (1.012) (p=0.028) but not different from the 

wicketkeepers (1.017). Bowlers sweated 1.11 (0.14) kg.h
-1 

during their first spell and 

0.78 (0.18) kg.h
-1 

over the entire innings. Batsmen and wicketkeepers lost 0.96 (0.11) 

and 0.72 (0.12) kg.h
-1

 of sweat per hour, respectively. Despite substantial differences in 

the average dehydration between groups (bowler 1st spell 0.6, batsmen 1.0, bowler 

entire innings 1.5 and wicketkeeper 1.8% of pre-innings body mass), no statistically 

significant differences were identified (p>0.112). 

 

Bowlers increased average and peak bowling velocity from the first to subsequent overs 

(p=0.000). No deterioration for either bowling velocity variable was identified during 

the initial 5 over spell.  

 

The raw data are tabulated in Appendix D2.5. 
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4B.2. THERMAL STRAIN 
 

4B.2.1. TEMPERATURE DATA 

Of the seven batsmen to volunteer for Tgi analysis, one subject was dismissed within the 

three over ‘settle in’ period. This resulted in six batsmen contributing Tgi data to the 

project. All six batsmen completed a minimum of five overs (a total of seven overs at 

the crease due to the ‘settle in’ period.) of Tgi measurement prior to dismissal. Statistical 

analysis was therefore conducted on the initial five overs as only two batsmen 

completed 10 overs.  

 

The bowling cohort consisted of five bowlers that completed spells of five overs or less 

and two bowlers that completed continuous 10 over spells. 

 

From the 15 subjects to ingest Tgi pills, one batsman had failed to clear the pill from his 

stomach during data collection. The subject’s data demonstrated similar trends to the 

other batsmen until a scheduled drinks break, where a sudden decrease in temperature 

was identified. The Tgi data of this subject collected prior to the drinks break was 

included in the analysis.  There were no issues encountered with the measurement of 

tympanic temperature. 

 

 

4B.2.2. BATSMEN 
 

The Tgi of batsmen increased 1.1
o
C from resting values following five overs of 

monitoring to average (SD) 38.3 (0.3)
o
C (Figure 4B.39.). A peak Tgi of 38.8

o
C was 

observed during this period. The rise of Tgi was statistically significant from rest to each 

of the initial five overs to be monitored (p=0.000). The increase between overs two and 

four (p=0.050) and that of overs two and five (p=0.027) was statistically significant. 
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Figure 4B.39. Gastrointestinal temperature response to batting. Data collection commenced 
following a 3 over ‘settle in’ period. Error bars represent SD. 

 

Tympanic temperature increased from 36.8
o
C at rest to range between 37.2 – 37.4

o
C 

during the initial five overs of batting. The rise was significant from rest for each of the 

initial five overs (p<0.004). No statistically significant differences were identified for 

Ttym between overs one to five (p>0.146). From the 45 corresponding measurements of 

Tgi and Ttym during batting, a significant association was identified (r=0.549, p=0.000).   

 

 

4B.2.3. BOWLERS 

Seven bowlers were analysed for Tgi response. Two bowlers completed a 10 over spell 

while the remaining bowlers completed between three and five over first spells. Both 

groups exhibited similar Tgi profiles during the initial four overs (Figure 4B.40.). The 10 

over spell bowlers demonstrated a plateau in core temperature following four overs to 

average 38.5
 o

C thereafter. A 3
rd

 order polynomial fitted to the 10 over spell Tgi data 

depicted the plateau with high precision (r=0.988). The shorter spell bowlers Tgi rose 

linearly to attain 38.7
o
C following the fifth over (r=0.955). Overall, five over spell 
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bowlers exhibited an average rise in Tgi of 0.13 
o
C.over

-1
 opposed to 0.06 

o
C.over

-1
 for 

the 10 over spell bowlers.  
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Figure 4B.40. Body core temperature response to bowling 5 and 10 overs. 5 over spell bowlers 
n=5, 10 over spell bowlers n=2. 

 

 

Despite a maximal value of 37.6
o
C, the average post-over Ttym of bowlers did not exceed 

37.0
o
C during the opening five overs of a spell. The increase in Ttym from rest (36.6

o
C) 

was statistically significant for overs two through five (p<0.008). The average Ttym 

following the fifth over trended towards being significantly higher than the 36.7
o
C 

averaged after the first over (p=0.058). The average difference between Tgi and Ttym was 

0.87
o
C at rest and ranged between 1.29–1.64

o
C during bowling. 
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4B.2.4. WICKETKEEPER 

One wicketkeeper had core temperature measured at the gastrointestinal tract and 

tympanic membrane following the second drinks break on the final day of the project 

(overs 35–45). 

 

The sole wicketkeeper to contribute Tgi data to the investigation averaged (SD) 37.6 

(0.1) 
o
C and peaked at 37.9

o
C following the 10

th
 over. 

 

 

4B.2.5. FIELDING 

Twenty random measurements of Tgi while fielding produced a range of 37.9
o
C–38.3

o
C 

to average 38.1
o
C.  

 

 

4B.3. CARDIOVASCULAR STRAIN 
 

4B.3.1. HEART RATE 

Peak heart rate during batting (Figure 4B.41.A.) was significantly higher than pre-

batting for all overs (p=0.000), but did not vary between overs (p>0.295). 

 

Maximal heart rate during an over increased from over 1 to the subsequent 4 overs 

(p=0.000) for bowlers. Recovery heart rate increased from over 1 to overs 3 (p=0.036) 

and 4 (p=0.024) and trended higher following over 5 (p=0.069). There were no 

significant differences between maximal or recovery heart rates from overs 2–5 (Figure 

4B.41.B.).   

 

Figure 4B.42. represents the relative percentage of time spent in various heart rate zones 

during a bowling spell. The majority of the spell coincided with heart rates between 151 

and 160 beats.min
-1

.  
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Figure 4B.41.A. Peak heart rate per over during batting. B. Peak and recovery heart rate per 
over during bowling. Error bars represent SD. 
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Figure 4B.42. Relative percentage of a bowling spell coinciding with respective heart rate 
zones. 
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4B.3.2. BLOOD LACTATE 
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                              A.                        B. 

Figure 4B.43.A. Batsmen blood lactate concentrations. B. Bowler blood lactate concentrations. 
Error bars represent SD. 

 

Figure 4B.43.A. illustrates the over to over fluctuation of blood lactate concentration 

during a batting innings. The blood lactate concentration of batsmen significantly 

increased from pre-batting to overs 1 (p=0.019), 2 (p=0.042), 3 (0.014) and 5 (0.013). 

There were no differences between overs 1–5 (p=0.292). 

 

Bowlers demonstrated an average post-over blood lactate concentration (Figure 

4B.43.B.). within the range of 2.7–3.4mM.L
-1

 during overs 1–5 that was significantly 

higher than at rest (p=0.000). There were no statistically significant differences between 

overs 1–5 (p=0.318). 
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4B.3.3. URINE SPECIFIC GRAVITY AND COLOUR 

Batsmen had significantly higher pre-innings urine specific gravity scores than bowlers 

(p=0.028) but were not different from the wicketkeepers (p=0.845) (Figure 4B.44.A). 

The discrepancy between the cohorts was also reflected by the specific gravity ranges. 

Batsmen specific gravity scores ranged from 1.013–1.031, wicketkeepers 1.002–1.031 

and bowlers 1.004–1.025.  
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         A.                          B. 

 

Figure 4B.44.A. Pre-innings urine specific gravity. B. The relationship between urine specific 
gravity and urine colour. Error bars represent SD. n=12 bowlers, 15 batsmen and 4 
wicketkeepers. 

 

 

Subsequent to pooling of the data, correlation analysis produced a significant positive 

relationship between urine specific gravity and urine colour (r=0.835, p=0.000) (Figure 

4B.44.B.). Pre-innings’ urine colour scores did not differ between the groups (p=0.525).  
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4B.3.4. SWEAT RATE 

Figure 4B.45. shows the differences in sweat rates across subject cohorts. The average 

(SD) sweat rate of bowlers during their 1
st
 spell was 1.11 (0.14) kg.h

-1
. This was 

significantly higher than the 0.78 (0.18) kg.h
-1

 sweated by the bowlers during an entire 

innings (p=0.000). Batsmen sweated at a rate of 0.96 (0.11) kg.h
-1 

that was significantly 

lower than the 1
st
 spell bowlers (p=0.001) and higher than the bowlers entire innings 

(p=0.017) and wicketkeepers (p=0.018). The sweat rate of bowlers over an entire spell 

was 0.78 (0.18) kg.h
-1 

that was not different from the wicketkeepers’ sweat rate of 0.72 

(0.12) kg.h
-1 

(p=0.878). 
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Figure 4B.45. Sweat rates for the groups. Error bars represent SD. n=4 bowlers – 1
st
 spell, 15 

batsmen, 12 bowlers – entire innings, and 5 wicketkeepers. 

 

 

 

4B.3.5. DEHYDRATION 

Dehydration was related to the duration of an innings. On this basis, wicketkeepers and 

bowlers attained the highest average dehydration (Figure 4B.46.) although on the two 

occasions batsmen spent substantial time (>120 minutes) at the crease their dehydration 

was excessive (2.2%, 2.6% of pre-innings body mass).  
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Despite substantial differences in dehydration levels attained by the respective cohorts, 

the differences were not statistically significant when assessed on the basis of absolute 

values (p>0.112) or relative to innings’ time (p>0.123). 

 

The Pearson product-moment correlation between dehydration and batting time was 

strong and highly significant (r=0.887, p=0.000) (Figure 4B.47.). The relationship 

between dehydration and bowling innings duration was not as strong (r=0.541), yet 

attained statistical significance (p=0.037). 
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Figure 4B.46. Dehydration based on subject cohort. Error bars represent SD. n=4 bowlers – 1
st
 

spell, 15 batsmen, 12 bowlers – entire innings, and 5 wicketkeepers. 
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Figure 4B.47. Dehydration as a function of batting time. 

 

 

4B.4. PERCEPTUAL STRAIN 
 

4B.4.1. THERMAL SENSATION AND DISCOMFORT 
 

4B.4.1.1. BATSMEN 

Batsmen reported an increase in thermal sensation from pre-innings to 5 overs 

(p=0.017) and post innings (p=0.000). Thermal sensation significantly increased from 

over 5 to post-innings (p=0.004), while thermal discomfort increased significantly from 

pre- to post-innings (p=0.000) and trended towards a significant increase following the 

5
th

 over (p=0.054). Batsmen demonstrated a continual upward trend in perceived ratings 

(Figure 4B.48.A.) though their thermal discomfort was higher but more variable 

(p=0.489) than bowlers, despite similar thermal sensation (p=0.853). 
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    A.         B. 

Figure 4B.48.A. Thermal sensation and discomfort for batsmen and B. bowlers. Thermal 
sensation 7 = neutral, 10 = hot, 13 = unbearably hot. Thermal discomfort 1 = comfortable, 3 = 
uncomfortable, 5 = unbearably uncomfortable. Error bars represent SD. 

 

 

4B.4.1.2. BOWLERS 

The thermal sensation of bowlers increased significantly from rest to over 5 (p=0.002) 

and over 10 (p=0.002). There was no statistical difference for thermal sensation between 

overs 5 and 10. Thermal discomfort significantly increased from pre-spell to 5 overs 

(p=0.011) and bordered on achieving a statistically significant increase from pre-spell to 

over 10 (p=0.051). Following 10 overs, bowlers reported their thermal sensation as hot, 

causing them to feel slightly uncomfortable (Figure 4B.48.B.). 

 

 

4B.5. PERFORMANCE  
 

4B.5.1. BOWLING VELOCITY 

There were significant increases in mean and peak bowling velocity during a 5 over 

spell (Figure 4B.49.). The significance of increases in mean bowling velocity were from 

over 1 to over 2 (p=0.003), over 3 (p=0.000), over 4 (p=0.006) and over 5 (p=0.001). 
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Peak bowling velocity from over 1 to over 2 did not attain statistical significance 

(p=0.053). Peak bowling velocity of overs 3 (p=0.039), 4 (p=0.008) and 5 (p=0.039) 

were significantly higher than over 1.  
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Figure 4B.49. Peak and mean bowling velocity per over. Error bars represent SD. 

 

 

4B.6. ENVIRONMENTAL CONDITIONS 

The average environmental conditions for the five batting and bowling innings are 

summarised by Table 4B.48 and Table 4B.49. 
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Table 4B.48. Batting environmental conditions. Data are mean (SD). 

Innings DBT WBT BGT WBGT RH Solar Radiation Wind Speed 

 (
o
C) (

o
C) (

o
C) (

o
C) (%) (W.m

2
) (m.s

-1
) 

2
nd

 32.7 (0.4) 17.6 (0.4) 41.4 (1.2) 23.9 (0.5) 12.8 (1.3) 744.5 (61.1) 2.9 (1.4) 

2
nd

 29.4 (1.5) 18.3 (1.2) 38.1 (4.9) 23.3 (1.7) 24.5 (7.3) 537.4 (244.4) 2.6 (1.4) 

1
st
 27.7 (0.8) 21.7 (0.7) 35.9 (2.1) 24.7 (0.7) 46.4 (4.6) 754.4 (224.0) 5.0 (1.5) 

1
st
 29.0 (0.9) 23.5 (0.8) 38.9 (3.2) 27.1 (1.1) 44.5 (4.5) 704.6 (270.3) 3.0 (1.7) 

1
st
 29.4 (0.5) 22.5 (1.0) 40.4 (2.1) 26.8 (1.0) 39.9 (4.6) 831.9 (163.2) 3.3 (1.7) 

Weighted 
Mean 

29.6 20.5 38.8 25.0 33.1 708.8 3.4 

 

 

Table 4B.49. Bowling environmental conditions. Data are mean (SD). 

Innings DBT WBT BGT WBGT RH Solar Radiation Wind Speed 

 (
o
C) (

o
C) (

o
C) (

o
C) (%) (W.m

2
) (m.s

-1
) 

1
st
 30.0 (1.1) 17.2 (0.4) 38.5 (1.2) 22.8 (0.4) 18.4 (2.6) 836.9 (81.6) 5.1 (1.3) 

1
st
 29.4 (1.1) 17.3 (1.1) 39.3 (1.8) 22.9 (0.8) 18.5 (5.2) 883.8 (101.6) 3.8 (1.4) 

2
nd

 28.6 (0.6) 18.9 (1.0) 36.9 (2.9) 23.5 (1.3) 30.1 (3.1) 400.3 (219.9) 3.6 (1.5) 

2
nd

 28.9 (0.4) 24.6 (0.4) 38.6 (2.1) 27.8 (0.7) 51.5 (2.9) 643.9 (151.5) 4.8 (0.8) 

2
nd

 29.2 (0.9) 21.4 (0.8) 37.0 (3.6) 25.3 (1.3) 39.7 (4.3) 539.8 (217.5) 4.7 (1.9) 

Weighted 
Mean 

29.2 19.4 38.0 24.2 29.8 662.1 4.3 
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INVESTIGATION C. THE PHYSIOLOGICAL, PERCEPTUAL AND 

PERFORMANCE RESPONSES TO INTERMITTENT HIGH INTENSITY 

ACTIVITY IN A TROPICAL ENVIRONMENT FOLLOWING PRE-

COOLING. 
 

4C.1. SUMMARY 

Thirty minutes of WB pre-cooling resulted in a significantly larger Trectal decrease 

compared to C (p=0.000), IJ (p=0.006) but not AJ (p=0.102). Twenty minutes of rest 

during instrumentation produced an afterdrop of 0.4
o
C for the WB to attain a Trectal of 

36.7
o
C compared to 37.2 – 37.4

o
C for the other modes (p=0.000). Responses for Tskin 

and Tbody were similar for WB and IJ during pre-cooling, but following preparation for 

cycle ergometry, Tskin, Tbody and body heat storage remained significantly lower for the 

WB trials only (p=0.000).  

 

Subjects rated their thermal sensation on average as slightly cool during the AJ and IJ 

trials, while the WB elicited a progressive decrease to attain a rating of cold to very cold 

at the 30
th

 minute of immersion. The intermittent cycling protocol increased Trectal to 

38.9
o
C for the AJ, C and IJ trials, that was significantly higher than the 38.6

o
C of the 

WB trials (p=0.000) and contributing to the significantly higher body heat storage of the 

WB trials (p=0.000). Cutaneous blood flow increased by a significantly greater margin 

following water immersion (p<0.016), however absolute values were not different 

among the trials. During the initial 15 minutes of cycling, local sweat rate on the chest 

and back remained depressed following WB pre-cooling (p<0.026) contributing to 

lower whole body sweat rate (p<0.022). Ratings of thermal sensation were similar 

beyond the 10
th

 minute of cycling and subjects perceived the WB to have a greater 

positive effect upon responses to the cycling protocol than the other trials (p<0.001). 

Nine of the subjects rated the WB as the preferred trial based upon their perception of 

the intermittent cycling. Time to exhaustion at 100% V
.
O2max following the cycling 

protocol was not different between trials (p=0.992). 
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INTRODUCTION  

The raw data are tabulated in Appendix D3.23. Reliability statistics that include average 

change in the mean between trials, typical error and coefficient of variation are reported 

throughout this chapter where applicable. 

 

Overall, pre-test measures verified that subjects presented to the laboratory with 

analogous physiological profiles prior to each trial as the dependant pre-test measures 

exhibited no significant differences. Furthermore, absolute and relative V
.
O2max, body 

mass, sum of seven skinfolds and peak power output was not significantly different 

between pre- and post-project testing.   

 

 

PRE-TEST  
 

4C.2. HYDRATION 

Pre-test hydration status estimated by urine specific gravity measurements rated the 

subjects as moderately hydrated (Casa et al., 2000). The specific gravity measurements 

ranged from 1.003–1.031, averaging (SD) 1.011 (0.007), 1.014 (0.007), 1.014 (0.009) 

and 1.015 (0.007) for the AJ, C, IJ and WB trials, respectively, that were not 

significantly different (p=0.659).  

 

 

4C.3. BODY TEMPERATURES 

No differences were detected for Trectal, Tskin and Tbody prior to pre-cooling. The average, 

range and p-value of the resting data are shown in Table 4C.50.  

 

 

Table 4C.50. Average resting body temperatures for the experimental trials.  

Variable AJ (
o
C) C (

o
C) IJ (

o
C) WB (

o
C) Range p Value 

Trectal 37.3 37.4 37.3 37.3 37.0 – 38.0 0.821 

Tskin 35.0 34.9 34.8 35.0 33.8 – 36.0 1.000 

Tbody 36.5 36.6 36.5 36.6 36.0 – 37.2 1.000 
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4C.4. METABOLISM 

Volume of oxygen consumed at rest ranged from 0.23 – 0.48L.min
-1

 with no statistical 

difference between the means (SD) of 326 (46), 335 (58), 361 (59) and 340 (58) 

mL.min
-1

 for the AJ, C, IJ and WB trials, respectively (p>0.841).  

 

No statistical differences were detected by a 1-way ANOVA for blood lactate 

concentration at rest (p=0.877), where the mean values ranged from 1.3 (WB) to 

1.5mM.L
-1

 (IJ).  

 

Subjects commenced the pre-cooling trials in an euglycaemic state as mean (SD) blood 

glucose concentrations across modes ranged from 5.2 (0.5) to 5.5 (1.2) mM.L
-1

, 

exhibiting no inter-mode differences (p=0.774).  

 

 

4C.5. CARDIOVASCULAR 

Average resting heart rate was statistically not different between the modes (p=0.886) 

with means (SD) of 61.8 (13.7), 60.4 (14.5), 62.7 (14.9) and 58.5 (12.5) for AJ, C, IJ 

and WB modes, respectively.  

 

Systolic and diastolic blood pressures were not different between modes at rest 

(p>0.874), with mean values within the range 123.0–123.5 and 77.8–80.0mmHg 

respectively. Mean arterial pressure did not differ between modes at rest (p>0.742). 

 

Resting cutaneous blood flow (Table 4C.51.) did not differ statistically between the 

experimental modes (p=1.000).  

 

Table 4C.51. Statistical summary of cutaneous blood flow at rest. Data are millivolts. 

Pre-cooling Mode Mean SD Range 

AJ  48.4 21.0 15.3 – 92.3 

C 41.7 18.9 18.9 – 111.8 

IJ  50.0 31.8 16.0 – 118.2 

WB  43.5 23.6 12.5 – 94.1 
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4C.6. THERMAL SENSATION AND THERMAL DISCOMFORT 

Ratings of thermal sensation were not statistically different between pre-cooling modes 

at rest (p>0.996), averaging 7.3 (0.5), 7.1 (0.8), 7.3 (0.8) and 7.4 (0.6) for the AJ, C, IJ 

and WB modes, respectively. 

 

Prior to 45 of the 48 experimental trials, subjects rated their thermal discomfort as 

comfortable (1.0), with the remaining ratings at 1.5. There were no statistical 

differences between pre-cooling modes (p=1.000). 
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PRE-COOLING  
 

4C.7. SUBJECT TEMPERATURES 
 

4C.7.1. RECTAL TEMPERATURE  

Despite the small variation at rest, subsequent analysis examined the change in Trectal 

from rest to account for different resting Trectal values in addition to the absolute 

temperature analysis. 

 

A significant interaction between pre-cooling mode and time was evident for Trectal 

during pre-cooling (p=0.000). Time also exhibited a significant main effect (p=0.000), 

though there was no effect for pre-cooling mode (p=0.442). 
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Figure 4C.50. Rectal temperature responses to pre-cooling. * denotes significantly lower than C 
(p=0.000). + denotes significantly lower than C and IJ (p<0.006). ^ denotes significantly lower 
than AJ, C and IJ (p=0.000).  
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Rectal temperature responses (Figure 4C.50.) were comparable among modes (p>0.821) 

until the 25
th

 minute of pre-cooling, where a significantly lower mean value was 

observed during the WB compared to the C mode (p=0.000). Immediately prior to the 

cessation of pre-cooling, mean WB Trectal had fallen to 37.1
o
C; a value significantly 

(p<0.006) lower than the C (37.4
o
C) and IJ (37.3

o
C) modes but not the 37.3

o
C of the AJ 

(p=0.102). 

 

Following 20 minutes of preparation for the cycling protocol, an afterdrop of 0.4
o
C 

resulted in WB Trectal averaging 36.7
o
C prior to cycling. This value was significantly 

lower (p=0.000) than the mean Trectal of the other modes (37.2 – 37.4
o
C) despite a 0.1

o
C 

afterdrop for the IJ. Trectal for the IJ mode was significantly lower than for the C mode 

(p=0.012) prior to cycling. 

 

Statistical analysis of the change in Trectal scores from rest revealed significant main 

effects for pre-cooling mode (p=0.016) and time (p=0.000) and a significant interaction 

(p=0.000). 

 

Tukey HSD post-hoc testing showed that Trectal decreased significantly; more so during 

the WB mode at the 30
th

 minute of pre-cooling and immediately prior to the cycling 

protocol than for the other trials (Table 4C.52.) 

 

 

Table 4C.52. The change in rectal temperature during pre-cooling from rest. Data are mean 
change (Statistical difference from WB mode).  

 Pre-cooling Modality (
o
C) 

Timing of Measurement AJ C IJ WB 

30
th 

minute Pre-cooling 0.0 (p=0.102) 0.0 (p=0.002) 0.0 (p=0.006) -0.2 

Pre Cycling 0.0 (p=0.000) 0.0 (p=0.000) -0.1 (p=0.000) -0.6 

 

 

Delta Trectal from rest to pre-cycling was significantly correlated with several subject 

characteristics (Table 4C.53.) Of these characteristics, estimated body fat percentage 

yielded the highest correlation (Figure 4C.51.). Excluding the preparatory period from 

the analysis to examine the correlation to Trectal at the 30
th

 minute of pre-cooling, 
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demonstrated a significant association between mean skinfold thickness (r=0.602, 

p=0.036), but not percentage body fat (r=0.532, p=0.077).  

 

 

Table 4C.53. Correlation of selected characteristics and delta rectal temperature from rest to 
pre-cycling. 

Characteristic 
Statistic 

r p value 

Mean Skinfold Thickness 0.721 0.008 

Body Fat  0.785 0.002 

BSA  0.187 0.561 

Body Mass  0.361 0.249 

BSA.Mass
-1

  -0.546 0.066 

BMI  0.582 0.047 

V
.
O2max  -0.532 0.075 

 

 

y = 9.9173x + 16.665

R
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Figure 4C.51. Scatterplot of delta rectal temperature from rest to pre-cycling and % body fat. 
The variables were significantly correlated (r=0.785, p=0.002). 
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4C.7.2. MEAN SKIN TEMPERATURE  

A repeated measures 2-way ANOVA detected significant main-effects for pre-cooling 

mode (p=0.000) and time (p=0.000) and a significant interaction (p=0.000).  

 

Figure 4C.45. displays the immediate reduction in Tskin that occurred upon application 

of the IJ and immersion in WB, respectfully, resulting in significantly lower mean 

values than C mode at the commencement of pre-cooling (p<0.048). 
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Figure 4C.52. Mean skin temperature response to the pre-cooling bouts. * denotes IJ and WB 
were significantly lower than AJ and C, respectively (p=0.000). + denotes significantly lower 
than AJ, C and IJ (p=0.000). 

 

 

At the 5
th

 minute of pre-cooling, significant (p=0.000) and substantial reductions in Tskin 

resulted from IJ and WB trials compared with C and AJ (p=0.000) trials. The AJ mode 

resulted in a significant 1.3
 o

C (p=0.013) difference compared with C at this 

measurement point. 
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Following the 5
th

 minute, Tskin for the AJ stabilised within the range of 33.7 to 33.4
o
C, 

whereas IJ (29.2 to 26.9
o
C) and WB (29.0 to 26.8

o
C) trial saw Tskin continue to decline 

in a similar manner (p>0.944). The average Tskin of the IJ and WB trials remained 

significantly lower than the AJ and C trials throughout pre-cooling (p=0.000). At the 

cessation of pre-cooling, average Tskin differed significantly (p=0.000) from C trials by 

1.6
o
C (AJ), 7.7

o
C (IJ), 8.4

o
C (WB).  

 

Prior to the cycling protocol, Tskin for the AJ, C and IJ trials had rewarmed to 35.8, 35.9 

and 35.1
o
C respectively, with the Tskin for the WB trials remaining significantly lower at 

32.4
 o

C (p=0.000).   

 

Both pre-cooling mode and time exerted significant main effects (p=0.000), with the 

effect of pre-cooling mode being influenced by time (p=0.000). 

 

Thirty minutes of water immersion produced an 8.2
o
C Tskin decrease from rest that was 

significantly greater than the average change observed for AJ and C trials (Table 

4C.54.). While the Tskin decrease conferred by the IJ was not significantly different from 

that of the WB trials at the cessation of pre-cooling (p=0.076), rewarming during the 

preparation period caused the Tskin to increase above resting values for the AJ, C and IJ 

trials, representing significantly greater change in Tskin than for the WB trials (p=0.000).  

 

 

Table 4C.54. The change in mean skin temperature during pre-cooling from rest. Data are 
mean change (statistical difference from WB trial).  

 Pre-cooling Modality (
o
C) 

Timing of Measurement AJ C IJ WB 

30
th 

minute Pre-cooling -1.4 (p=0.000) 0.3 (p=0.000) -7.3 (p=0.076) -8.2 

Pre Cycling 0.7 (p=0.000) 1.0 (p=0.000) 0.3 (p=0.000) -2.7 

 

 

4C.7.3. BODY TEMPERATURE  

Time altered the influence of pre-cooling mode on Tbody (p=0.000) with significant main 

effects detected by 2-way ANOVA for pre-cooling mode and time (p=0.000). 
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The pattern of Tbody response to pre-cooling was similar to Tskin. Both IJ and WB 

interventions produced substantial reductions in Tbody from rest within 5 minutes of pre-

cooling commencement (p=0.000). The Tskin for the AJ trials stabilised following the 5
th

 

minute while further reductions occurred for IJ and WB trials, rendering the mean body 

temperature data from these trials significantly lower than the means of AJ and C trials 

(p=0.000). Such differences remained throughout the pre-cooling bout with the greatest 

difference observed at the 30
th

 minute. 

 

33.0

33.5

34.0

34.5

35.0

35.5

36.0

36.5

37.0

37.5

Rest 0 5 10 15 20 25 30 Pre

Cycling

Time (minutes)

M
e
a
n

 B
o

d
y
 T

e
m

p
e
ra

tu
re

 (
o
C

)

AJ C IJ WB

+*

*
*

*
*

*

* //

 

Figure 4C.53. The mean body temperature response to the pre-cooling bouts. * denotes IJ and 
WB significantly lower than AJ and C (p=0.000). 

+
 denotes significantly lower than AJ, C and IJ 

(p=0.000). 

 

 

The change in Tbody exhibited significant main effects for pre-cooling mode and time 

(p=0.000) while time significantly altered the effect of pre-cooling mode (p=0.000). 
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Figure 4C.53. details the substantial decrease in Tbody for the WB trials at the cessation 

of pre-cooling that caused Tbody to remain below resting values prior to the cycling 

protocol.  

 

 

Table 4C.55. The mean body temperature change from rest during pre-cooling. Data are mean 
change (Statistical difference from WB trial).  

 Pre-cooling Modality (
o
C) 

Timing of Measurement AJ C IJ WB 

30
th 

minute Pre-cooling -0.5 (p=0.000) 0.1 (p=0.000) -2.4 (p=0.001) -2.8 

Pre Cycling 0.4 (p=0.000) 0.5 (p=0.000) 0.3 (p=0.000) -0.8 

 

 

4C.8. METABOLISM 

A significant effect for time (p=0.013) and interaction between time and pre-cooling 

mode (p=0.000) were detected by the 2-way ANOVA. Pre-cooling modality trended 

(p=0.062) towards a main effect.  
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Figure 4C.54. Volume of oxygen consumed per minute at rest, start and end of the pre-cooling 
bouts. 

+
 denotes significantly higher than AJ and C (p=0.000). * denotes significantly higher than 

AJ, C and IJ (p<0.016). 
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Immersion in the WB resulted in a 24.1% elevation in V
.
O2 above resting values 

(p=0.001). The AJ and IJ trials exhibited slight increases of 3.9% and 2.9%, 

respectively, while a 3.9% decline from baseline data was found for the C trials. The 

augmentation of V
.
O2 during the WB trials rendered AJ (p=0.001) and C (p=0.000) V

.
O2 

values significantly lower by 81–100mL.min
-1

 or 24–31%, respectively (Figure 4C.54.). 

In the final minutes of the pre-cooling bout, WB V
.
O2 remained elevated by 26% above 

rest (p=0.000) but was similar to that at the start of pre-cooling (p=1.000) while the V
.
O2 

data from the other trials varied by less than 4% from resting values (p>0.994). 

Consequently, WB V
.
O2 was significantly higher than AJ (p=0.000), C (p=0.000) and IJ 

(p=0.016) trials prior to the cessation of pre-cooling. The V
.
O2 elicited by the IJ trials 

was significantly higher than that of the AJ (p=0.030) but not the C trials (p=0.088) at 

the conclusion of pre-cooling.    

 

Compared to the C trials, AJ, IJ and WB interventions caused excess metabolic free 

energy production of 5, 16 and 32%, respectively (Figure 4C.55.). Despite these 

discrepancies and differences in oxygen consumption, metabolic free energy production 

was not statistically different between the experimental groups (p=0.167). 
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Figure 4C.55. Metabolic free energy production during the pre-cooling bout. No statistically 
significant inter-trial differences were noted (p=0.167). Error bars represent SD. 

 

 

Mean internal heat production during the WB trials exceeded that of the AJ, C and IJ by 

26.5, 31.5 and 14.5%, respectively. Despite not achieving statistical significance, a 

trend for higher WB internal heat production compared to C (p=0.062) was noted. 

 

 

Table 4C.56. Internal heat production during the experimental trials. Data are expressed as 
W.m

-2
. 

Pre-Cooling Modality Mean (SD) 

AJ 115.5 (21.1) 

C 111.1 (26.1) 

IJ 127.6 (34.1) 

WB 146.1 (46.2) 
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4C.9. BODY HEAT STORAGE  

Substantial and significant differences existed between modes for pre-cooling body heat 

storage (Figure 4C.56.). The C trials resulted in heat storage of 9.5 W.m
-2

, that was 

significantly greater than the negative heat storage of the AJ (p=0.015), IJ (p=0.000) 

and WB (p=0.000) trials. The WB trials resulted in the greatest negative heat storage of 

-202.3 W.m
-2 

that was similar to the -186.8 W.m
-2 

for the IJ trials (p=0.800). The IJ and 

WB body heat storage were respectively greater than that produced by the AJ trials 

(p=0.000). 
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Figure 4C.56. Body heat storage resulting from the pre-cooling modes. * denotes significantly 
greater than AJ and C trials (p=0.000). Error bars represent SD. 

 

 

A significant effect for time (p=0.000) and interaction between time and pre-cooling 

mode (p=0.000) were detected for body heat storage. Pre-cooling modality failed to 

exhibit a main effect (p=0.706).  
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Table 4C.57. Change in body heat content during pre-cooling. Data are expressed kJ. * 
denotes significantly different from AJ, C and IJ (p=0.000). 

Time (minutes) AJ C IJ WB 

0 -13 8 -84 -106 

5 -109 14 -402 -486 

10 -119 7 -498 -544 

15 -129 -3 -548 -601 

20 -141 13 -579 -649 

25 -146 23 -611 -711 

30 -125 32 -643 -774 

Pre-cycling 64 84 25 -347 * 

 

 

A 1-way ANOVA comparing the cooling efficiency means of the AJ, IJ and WB trials 

(Table 4C.58.) showed no statistically significant differences between the pre-cooling 

modes (p=0.218). On average, the WB was 55% more efficient cooling Trectal than the 

IJ, however the IJ response was highly variable. This inconsistency can be attributed to 

the relatively small surface area cooled by the IJ (5%) compared to 93% by the WB, 

amplifying small changes in Trectal.  

 

 

Table 4C.58. Cooling efficiency of the pre-cooling techniques. Data are Trectal change per body 
surface area cooled (delta Trectal 

o
C.m

-2
) referenced to the C trials. No significant differences 

were detected. 

Pre-Cooling Modality Mean (SD) 

AJ 0.01 (0.23) 

IJ -0.22 (0.80) 

WB -0.34 (0.14) 

 

 

Cooling mode acted as a significant main effect for total body insulation at the cessation 

of the pre-cooling bout (p=0.000). Tukey HSD post-hoc analysis revealed that collective 

differences existed between the means of the IJ and WB and those of the AJ and C 

trials, respectively (p<0.002) as represented in Table 4C.59. 
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Table 4C.59. Total body insulation at conclusion of pre-cooling. Data are expressed as 
o
C.W.m

-

2
. * denotes significantly higher than AJ and C (p<0.002). 

Pre-Cooling Modality Mean (SD) 

AJ 0.017 (0.006) 

C 0.011 (0.005) 

IJ 0.050 (0.028) * 

WB 0.042 (0.015) * 

 

 

4C.10. CARDIOVASCULAR RESPONSES 

Systolic blood pressure was not altered by the pre-cooling interventions (p=0.899), 

whereas 30 minutes of water immersion resulted in a 7.7% increase in diastolic blood 

pressure (p=0.000). Mean arterial pressure increased by 4.9% following WB pre-

cooling to 97.1mmHg, that was not different to the AJ, C and IJ trials (94.5, 91.9, 

93.4mmHg) (p=0.681). 

 

In contrast to time (p=0.001), pre-cooling mode did not act as a significant main-effect 

on the cutaneous blood flow transition from rest to the end of pre-cooling (p=0.652). 

The interaction of time and pre-cooling mode did not to attain statistical significance 

(p=0.136). 

 

The transition of cutaneous blood flow from rest to the end of pre-cooling is shown in 

Figure 4C.57. The WB was the sole experimental condition to cause a significant 

decrease in cutaneous blood flow from rest to the cessation of pre-cooling (p=0.046). 

The 53% decrease in mean cutaneous blood flow following the WB exceeded the 

reduction induced by the other trials (7–25%), that did not attain statistical significance 

(p>0.086). Following pre-cooling, the mean WB cutaneous blood flow was 20.7mv, and 

therefore 54, 39 and 45% lower than the AJ, C and IJ trials, respectively.  
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Figure 4C.57. Cutaneous blood flow transition from rest to following pre-cooling. * denotes 
significantly lower than WB rest (p=0.046). 

 

 

4C.11. PSYCHOMETRIC MEASURES 
 

4C.11.1. THERMAL SENSATION AND THERMAL DISCOMFORT 

A 2-way repeated measures ANOVA revealed significant effects for thermal sensation 

during pre-cooling within (p=0.000) and between (p=0.000) pre-cooling modes. There 

was a significant interaction between pre-cooling mode and ratings over time (p=0.000). 

 

Figure 4C.58. illustrates that ratings of thermal sensation were similar among trials prior 

to the commencement of pre-cooling (p>0.996). Post-rest ratings during the C trials 

were significantly higher at all time points from the AJ, IJ and WB trials (p<0.007). 

Significantly lower ratings were also noted during the WB than those of the AJ and IJ 

trials for each of the 5–30 minute ratings (p=0.000). 
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Figure 4C.58. Ratings of thermal sensation during the pre-cooling bout. Thermal Sensation 
Rating Scale 7=Neutral, 5=Cool, 3=Very Cold. * denotes significantly lower than AJ, C and IJ 
(p=0.000). 

+
 denotes C significantly higher than AJ, IJ and WB (p=0.000). 

 

 

The decrease in ratings of thermal sensation with application of the AJ were statistically 

significant from rest to all subsequent ratings (p<0.007). Ratings plateaued following 

the 5
th

 minute, thereafter averaging 6.0–6.4 and exhibited no change (p>0.996). Mean 

thermal sensation ratings ranged from 7.1–7.2 for the control trials and did not 

demonstrate any significant change (p=1.000), suggesting conditions during the C trials 

‘pre-cooling’ bouts were perceived as being similar throughout. 

 

Donning the IJ prompted a significant decrease in thermal sensation ratings from the 

rest value of 7.4 to all subsequent rating points (p=0.000). Following the initial rating 

with the IJ at the 5
th

 minute, ratings were relatively stable, ranging from 6.1 to 5.8, 

exhibiting no significant change (p=1.000). The WB trials elicited a significant decrease 

in ratings of thermal sensation from rest to ensuing rating points (p=0.000). The 

decrease in thermal sensation ratings from rest was progressive (4.8 to 3.6), and greatest 
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of the trials, with a significant decline in ratings between the 5
th

 and 15, 20, 25, 30
th

 

minute (p<0.046) and between the 10
th

 and 20, 25, 30
th

 minutes (p<0.019). No 

differences were noted following the 15
th

 minute (p>0.205), as ratings tended to 

plateaued.  

 

Ratings of thermal discomfort displayed significant main effects for pre-cooling mode 

(p=0.000) and time (p=0.000) and for their interaction (p=0.000). Ratings of thermal 

discomfort were not different prior to the pre-cooling trials (p=1.000). Neither the AJ 

(p=1.000), C (p=1.000) or IJ (p>0.652) trials resulted in altered thermal discomfort from 

rest values throughout the pre-cooling bout. In contrast, all post-rest ratings for WB 

thermal discomfort significantly increased (p<0.022). Water bath thermal discomfort 

continued to rise until the 25
th

 minute of pre-cooling, attaining an average of slightly 

uncomfortable to uncomfortable. At this measurement point thermal discomfort was 

significantly higher than the 5
th

, 10
th

 and 15
th

 minutes ratings (p=0.000). Such increases 

in WB thermal discomfort resulted in significantly higher thermal discomfort ratings as 

shown in Figure 4C.59.  
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Figure 4C.59. Ratings of thermal discomfort during the pre-cooling bout. Thermal Discomfort 
Rating Scale 1=Comfortable, 2=Slightly Uncomfortable, 3=Uncomfortable. * denotes 
significantly higher than AJ and C trials (p<0.006). 

+
 denotes significantly higher than IJ 

(p=0.000). 

 

 

Statistical analysis was not conducted upon ratings of shivering as 46 of the 48 ratings 

did not change from nil. The two instances of slight shivering (rating of 1) occurred 

during the 25
th

 and 30
th

 minutes of water immersion, respectively. 
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INTERMITTENT HIGH INTENSITY CYCLING PROTOCOL 
 

4C.12. SUBJECT TEMPERATURES 
 

4C.12.1. RECTAL TEMPERATURE 

Rectal temperature during the intermittent high intensity cycling protocol exhibited a 

significant interaction between pre-cooling mode and time while also exhibiting 

significant main-effects for pre-cooling mode (p=0.000) and time (p=0.000). 
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Figure 4C.60. Rectal temperature response to cycling protocol. * denotes significantly lower 
than AJ, C and IJ (p=0.000). 

 

 

The Trectal difference between the WB and AJ, C and IJ trials prior to the cycling 

protocol was 0.5 – 0.7
o
C (p=0.000). Following 40 minutes of cycling, the Trectal 

difference (0.3
o
C) remained significant (p=0.000), despite a significant narrowing of 

Trectal difference between WB and C (p=0.000), IJ (p=0.039) but not AJ (p=0.102) trials 
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over the 40 minutes (Figure 4C.60.). The AJ, C and IJ trials exhibited similar Trectal 

values throughout the cycling protocol (p=0.532). The typical error of Trectal 

measurement ranged between 0.16 and 0.26
o
C at each analysis point that equated to a 

0.4 – 0.7% coefficient of variation. The average change in the mean Trectal between the 

second familiarisation and control trials was -0.04
o
C. 

 

The change in Trectal from pre-cycling demonstrated a main effect for time (p=0.000) 

and time significantly moderated the effect of pre-cooling mode on the change in Trectal 

from pre-cycling Trectal between trials (p=0.000). No main effect was observed for pre-

cooling mode (p=0.503). 

 

 

Table 4B.60. The change in rectal temperature during cycling protocol. Data are mean change 
(statistical difference from WB).  

 Pre-cooling Modality (
o
C) 

Minutes of Cycling AJ C IJ WB 

20 0.8 (p=1.000) 0.8 (p=1.000) 0.8 (p=1.000) 0.8 

40 1.7 (p=0.000) 1.5 (p=0.000) 1.6 (p=0.000) 1.9 

 

 

The change in Trectal from the start of the cycling protocol (Table 4B.60.) was 

significantly greater during the WB trials than for AJ (p=0.013, p=0.000), C (p=0.000, 

p=0.000) and IJ (p=0.002, p=0.000) at the 35
th

 and 40
th

 minutes, respectively.  

 

Rates of Trectal change ranged from 0.038 (C) to 0.045
o
C.min

-1
 (WB) over the 40 minute 

cycling protocol that were not statistically different using a 1-way ANOVA (p=0.186).  

 

Analysis of the block to block rate of Trectal change by a 2-way repeated measures 

ANOVA revealed significant main effects for pre-cooling mode (p=0.049) and time 

(p=0.000) with a significant interaction (p=0.007). 

 

The rate of Trectal change increased by 40.9, 26.6, 19.8 and 85.0% from block 1 to block 

2 for the AJ (p=0.033), C (p=0.654), IJ (p=0.879) and WB (p=0.000) trials, 
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respectively.  The slight increase in WB rate of Trectal change (4.0%) from block 2 to 

block 3 coincided with minor decreases for the other experimental trials (-2.0 – -

10.4%), resulting in significant difference between WB and C (p=0.031) and trends for 

AJ (p=0.080) and IJ (p=0.102) for block 3. The WB peak Trectal change of 0.053
o
C.min

-1
 

of block 3 was the highest of all trials as peaks for AJ, C and IJ trials were 0.047, 0.042, 

0.044
o
C.min

-1
 attained during block 2, respectively (Figure 4C.61.).  
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Figure 4C.61. Rate of rectal temperature change per block of cycling protocol. * denotes 
significantly higher than C (p=0.031). 

 

 

4C.12.2. MEAN SKIN TEMPERATURE  

Pre-cooling mode and time exerted significant main effects on Tskin (p=0.000), while 

also interacting significantly (p=0.000). 

 

The IJ (35.1±0.6
o
C) and WB (32.4±1.3

o
C) trials resulted in a significantly lower Tskin at 

the commencement of the cycling protocol than AJ (35.8±0.5
o
C) and C (35.9±0.5

o
C) 
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trials, respectively (p=0.000). At the 5
th

 minute of cycling, a significant increase in IJ 

(p=0.002) and WB (p=0.000) Tskin occurred in the absence of significant change for the 

AJ (p=0.879) or C trials (0.406). The Tskin in the IJ trials was lower than in the C trials 

(p=0.009) at the 5
th

 minute with no significant differences thereafter. The Tskin in the 

WB trials remained significantly lower than the AJ, C and IJ trials (p<0.008), 

respectively, for the remainder of the cycling protocol (Figure 4C.62.). 

 

The Tskin of the AJ, C and IJ trials plateaued following the 10
th

 minute as temperatures 

ranged between 36.2 and 36.6
o
C (p>0.986), whereas the Tskin in the WB trial reached 

35.6
o
C at the 20

th
 minute, and did not significantly increase over the remainder of the 

cycling protocol (p=1.000). Typical error range for Tskin was 0.26–0.52
o
C (0.7–1.4%) 

with a mean change of 0.00
o
C between reliability trials. 

 

The Tskin change from pre-cycling was similar (p=0.982) for AJ and C trials (Table 

4C.61.). Conversely, the IJ trials produced a significantly higher delta Tskin than AJ or C 

trials (p=0.000), while WB delta Tskin was significantly higher throughout cycling than 

the other experimental trials (p=0.000). 
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Figure 4C.62. Mean skin temperature response to cycling protocol. * denotes significantly lower 
than AJ, C and IJ (p<0.008). 

+
 denotes significantly lower than AJ and C (p=0.000). 

^
 denotes 

significantly lower than C (p=0.009). 

 

 

Delta Tskin exhibited a significant interaction between pre-cooling mode and time 

(p=0.000), with a significant main-effect for time (p=0.000) in the absence of a main-

effect for pre-cooling mode (p=0.503).  

 

 

Table 4C.61. The change in mean skin temperature during the cycling protocol. Data are mean 
change. * denotes significantly lower than IJ (p=0.000). 

+
 denotes significantly lower than WB 

(p=0.000).  

 Pre-cooling Mode (
o
C) 

Minutes of Cycling AJ C IJ WB 

10 0.7*
,+

 0.7*
,+

 1.3
+
 2.3 

40 0.6*
,+

 0.6*
,+

 1.5
+
 3.3 
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4C.12.3. MEAN BODY TEMPERATURE  

Statistical analysis found a significant main effect for pre-cooling mode (p=0.000), such 

that absolute body temperature increased over time (p=0.000), and an interaction was 

evident between time and pre-cooling mode (p=0.000). 

 

Figure 4C.63. graphs the Tbody response of the experimental trials during the cycling 

protocol. The Tbody in the WB trials was significantly lower than the AJ, C and IJ trials 

(p=0.000) throughout cycling. The Tbody difference narrowed from 1.0–1.3
o
C at 

initiation of cycling to 0.4
o
C at cessation of the protocol. 
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Figure 4C.63. Mean body temperature response to cycling protocol. * denotes significantly 
lower than AJ, C and IJ (p=0.000). 

+
 denotes significantly lower than C (p=0.000).  

 

 

A 2-way repeated measures ANOVA detected a significant interaction between pre-

cooling mode and time (p=0.000) and significant main-effects for pre-cooling mode and 
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time (p=0.000). The WB trials produced the greatest rise in Tbody at 20 and 40 minutes 

of cycling (Table 4C.62.), resulting in significant differences from AJ, C and IJ trials 

(p=0.000). 

 

Table 4C.62. The change in mean body temperature during the cycling protocol. Data are mean 
change. * denotes significantly lower than WB (p=0.000). 

+
 denotes significantly lower than IJ 

(p=0.000).  

 Pre-cooling Modality (
o
C) 

Minutes of Cycling AJ C IJ WB 

20 0.8 * 0.7 *
,+

 0.9 * 1.3 

40 1.4 * 1.3 *
,+

 1.6 * 2.2 

 

 

 

4C.13. METABOLISM 

Analysis of oxygen consumption revealed a significant main effect for time (p=0.000) 

in the absence of a main effect for pre-cooling mode (p=0.980) or an interaction 

between time and pre-cooling mode (p=0.707). 

 

Average V
.
O2 during the cycling protocol represented an 8.8–9.7 fold elevation over 

resting consumption. The average block 1 V
.
O2 following WB immersion was 

significantly higher than that elicited following AJ (p=0.014) and IJ (p=0.012) pre-

cooling. Although the mean block 1 WB V
.
O2 exceeded the C trials by 2.4%, this 

difference was statistically non-significant (p=0.096). The 2
nd

 block of cycling saw the 

mean V
.
O2 of each pre-cooling condition increase from block 1 (p<0.036) with the 

exception of AJ (p=0.058), thereby maintaining the significant difference between AJ 

and WB for block 2 V
.
O2 (p=0.008). Thereafter, no differences were noted between the 

V
.
O2 values of the respective pre-cooling modes (p>0.171) as mean block 3 and block 4 

V
.
O2 values for AJ, C and IJ rose by 4.3–5.0% and 5.0–6.3% compared to the respective 

rise of 3.7 and 3.9% for the WB (Figure 4C.64.). 

 



 177

Comparison of the second familiarisation and control trial V
.
O2 responses demonstrated 

good reproducibility. The change in mean V
.
O2 between trials averaged -4.2mL with the 

typical error of measurement ranging averaging 76.3mL or 2.6%. 
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Figure 4C.64. Volume of oxygen consumed per block of cycling protocol. * denotes significantly 
higher than AJ and IJ (p<0.014). 

+
 denotes significantly higher than AJ (p=0.008). 

 

 

No significant differences were detected by 1 way ANOVA of metabolic free energy 

production between trials (p=0.998), while internal heat production was similar across 

trials (p=0.994).  

 

Blood lactate concentration increased significantly over time (p=0.000) without varying 

between pre-cooling modes (p=0.989) or demonstrating an interaction between time and 

pre-cooling mode (p=0.999). 
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Figure 4C.65. Blood lactate concentration in response to the cycling protocol. Blood lactate 
concentrations were not statistically different between pre-cooling modes (p=0.989). 

 

 

Figure 4C.65. represents the blood lactate response to cycling protocol following pre-

cooling, demonstrating the transition from ~7.0mM.L
-1

 to ~9.0mM.L
-1

 for block 1 to 4 

regardless of pre-cooling mode. 

 

The block 1 to block 4 increase was not statistically significant for any condition 

(p>0.114). The blood lactate measured following the time to exhaustion bout was 

significantly higher than each block of cycling (p<0.001) but not different between 

modes (p=1.000). Blood lactate concentration typical error was 0.2–0.9mM.L
-1

 (8.3–

17.4%) throughout the cycling protocol and 0.8mM.L
-1

 (6.3%) following the time to 

exhaustion test. 
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4C.14. BODY HEAT STORAGE  

Body heat storage differed significantly among the experimental trials (p=0.000). Figure 

4C.66. depicts the significantly higher body heat storage for WB trials compared to AJ, 

C and IJ trials (p=0.000). Body heat storage during the WB trials exceeded the AJ, C 

and IJ trials by 76, 92 and 50% respectively, with all subjects recording peak body heat 

storage during the WB trials. 

 

Body heat storage during the IJ trials were significantly higher than during the C trials 

(p=0.032) but not the AJ trials (p=0.225), while the AJ and C trials were comparable 

(p=0.804).    
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Figure 4C.66. Body heat storage during the cycling protocol. * denotes significantly higher than 
AJ, C and IJ (p=0.000). 

+
 denotes significantly higher than C (p=0.032). 
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4C.14.1. BODY HEAT CONTENT 

Statistical analysis of body heat content data demonstrated a significant main effect for 

time (p=0.001) but not pre-cooling mode (p=0.947). The main-effect for pre-cooling 

mode was significantly modified by time (p=0.000). The body heat content results are 

presented by Table 4C.63. 

 

 

Table 4C.63. Change in body heat content during the cycling protocol. Data are expressed kJ. * 
denotes significantly different to AJ, C and IJ (p=0.000). 

Time (minutes) AJ C IJ WB 

0 10117 10152 10169 9689 

5 10167 10211 10148 9777 

10 10245 10281 10254 9942 

15 10272 10293 10281 10038 

20 10321 10345 10343 10124 

25 10340 10371 10366 10160 

30 10405 10430 10428 10216 

35 10420 10444 10450 10259 

40 10476 10489 10502 10325 

 

 

4C.15. CARDIOVASCULAR RESPONSES 
 

4C.15.1. HEART RATE 

A statistically significant increase in mean heart rate was detected over time (p=0.000) 

without an effect for pre-cooling mode (p=0.991) or an interaction between time and 

pre-cooling bouts (p=0.526).  
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Figure 4C.67. Average cardiac frequency per block of cycling protocol. Mean heart rates were 
not statistically different between pre-cooling modes (p=0.991). 

 

 

The mean heart rate during the 1
st
 block of cycling during the WB trials was 2.1, 3.9 

and 3.8 beats.min
-1

 lower than the AJ, C and IJ trials respectively, although these 

differences were not statistically significant (p>0.301). The mean heart rate for each 

mode generally exhibited significant block to block increases (p<0.020) that were 

similar among each mode as graphically represented in Figure 4C.67. The exception 

was the WB trials block 3 to block 4 increase (p=0.060). Table 4C.64. shows the 

relative intensities for each block of cycling. Block 4 elicited a high average workload 

equivalent to ~84% of maximal heart rate irrespective of pre-cooling intervention. 
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Table 4C.64. Percentage of maximal heart rate per block of cycling. The data is statistically not 
different (p>0.482). 

Pre-cooling Mode Block 1 Block 2 Block 3 Block 4 

AJ 69.9 77.2 81.6 84.4 

C 70.8 77.4 81.4 84.4 

IJ 70.8 77.2 81.2 84.1 

WB 68.8 76.4 81.6 84.2 

 

 

Peak heart rate educed by the cycling protocol exhibited similar trends to the average 

heart rate data. No main effect was noted for pre-cooling mode (p=0.996) or interaction 

between pre-cooling mode and time was detected (p=0.256), however peak heart rate 

significantly increased over time (p=0.000). Mean and peak heart rate exhibited similar 

reliability statistics with typical error of 4.2 (2.8%) and 4.5 (2.7%) beats.min
-1

 

respectively. 

 

 

4C.15.2. BLOOD PRESSURE 

Systolic, diastolic and mean arterial blood pressure significantly increased over time 

(p=0.000). No differences were observed between modes during the cycling protocol, 

with average block 4 systolic, diastolic and mean arterial pressure ranging between 

177.3–180.9mmHg, 58.3–60.5mmHg and 112.8–115.6mmHg, respectively.  

 

Systolic blood pressure typical error range was 4.2–5.8mmHg (2.5–3.2%) while 

diastolic blood pressure typical error varied between 3.8–4.6mmHg (6.9–8.8% during 

protocol rest periods. The small variations between trials were within the error ranges. 

 

 

4C.15.3. CUTANEOUS BLOOD FLOW 

Time exerted a significant main effect upon absolute cutaneous blood flow (p=0.000) in 

the absence of an effect for pre-cooling mode (p=0.783) or an interaction between pre-

cooling mode and time (p=0.901). 
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Following the pre-cooling bout, cutaneous blood flow significantly increased for the C 

(p<0.009) and IJ (p<0.026) trials when compared to all subsequent measurement points 

(Figure 4C.67.). Cutaneous blood flow did not significantly change during the AJ trials 

(p>0.325), whereas a significant increase above pre-cooling was observed at the 20, 30 

and 40-minute measurement points for the WB trials (p<0.039). Peak measurement for 

the respective modes is shown in Table 4C.65. Although appearing to plateau, the 

cutaneous blood flow maximal value occurred at 40 minutes in the WB trial while the 

other trials peaked at the 20 or 30 minute measurement point. 
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Figure 4C.68. Cutaneous blood flow response to cycling protocol. There were no statistically 
significant inter-mode differences for absolute cutaneous blood flow. 
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Table 4C.65. Comparison of peak and time to peak cutaneous blood flow for the experimental 
modes. 

Pre-cooling Mode Peak (mv) Time (minutes) 

AJ  114.7 20 

C 122.6 30 

IJ  113.3 30 

WB  98.2 40 

 

 

A repeated measures 2-way ANOVA detected a significant main effect for time 

(p=0.023) but not pre-cooling mode (p=0.272). An interaction between time and pre-

cooling mode was not identified (p=0.176). 
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Figure 4C.69. Relative change in cutaneous blood flow response to cycling protocol. * denotes 
significantly higher than AJ and IJ (p<0.027). 

+
 denotes significantly higher than AJ, C and IJ 

(p<0.016). 
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While the relative change in cutaneous blood flow was similar for AJ, C and IJ trials 

following pre-cooling (p>0.414), it was significantly greater for WB compared with AJ 

and IJ trials after 20 minutes (p<0.027), and higher than AJ, C and IJ trials at 40 

minutes (p<0.016) as depicted by Figure 4C.69. 

 

 

4C.16. SWEATING 
 

4C.16.1. WHOLE BODY SWEAT RATE 

A significant effect for pre-cooling mode on whole body sweat rate (p=0.006) was 

detected by a 1-way ANOVA. Whole body sweat rate corrected for respiratory fluid 

loss and CO2–O2 exchange per hour was comparable (1.29 – 1.31kg.h
-1

) between AJ, C 

and IJ trials (p=0.999). Conversely, the average absolute sweat rate during the WB trials 

was 1.00kg.h
-1 

(Figure 4C.70.), significantly lower than the AJ (p=0.015), C (p=0.021) 

and IJ (p=0.022) trials. 

 

The lower absolute sweat rate values for the WB trials translated into significantly less 

dehydration expressed as percent of body mass than that of the AJ trials (p=0.046). The 

C (p=0.051) and IJ (p=0.066) trials trended towards being significantly lower than WB.   
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Figure 4C.70. Whole body sweat rate expressed relative to time (left axis) and time and body 
mass (right axis). * denotes significantly lower than AJ, C and IJ (p<0.024). 

 

 

Expressing sweat rate relative to body mass demonstrated similar results to absolute 

sweat rate due to symptotic inter-trial body mass values (p=0.999) and sweat rate 

analysis periods (p=0.194).  The WB trials produced the lowest relative sweat rate of 

12.8mL.hour
-1

.kg body mass
-1 

that was significantly lower than the 16.6 of AJ 

(p=0.014), 16.4 of C (p=0.018) and 16.3 (p=0.024) for IJ trials. 

 

 

4C.16.2. REGIONAL SWEAT RATE 
 

4C.16.2.1. CHEST SWEAT RATE 

Technical difficulties prevented chest sweat rate data collection during two trials, 

resulting in 46 of 48 data sets. Where an observation was missing, all chest sweat rate 

data for that subject was removed from statistical analysis to prevent sample bias. 

Therefore, 6 sets of data were removed to produce 40 sets from 10 subjects.  
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Pre-cooling mode and time significantly interacted (p=0.000). A main effect was 

detected for time (p=0.000) but not for pre-cooling mode (p=0.213). 
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Figure 4C.71. Chest regional sweat rate following pre-cooling and during the cycling protocol. 
Data from 10 subjects. * denotes significantly lower than C (p=0.001). 

+
 denotes significantly 

lower than AJ, C and IJ (p<0.011). ^ denotes significantly lower than AJ (p=0.031). 

 

 

Immediately following pre-cooling, the WB chest sweat rate was significantly lower 

than the C trials (p=0.001). Chest sweat rate in the AJ, C and IJ trials increased by 0.53–

0.70mg.cm
-2

.min
-1

 from rest to the 5
th

 minute of cycling (p>0.086). Such increases were 

greater than the rise for the WB trials (0.17mg.cm
-2

.min
-1

), rendering the WB chest 

sweat rate significantly lower than AJ (p=0.000), C (p=0.000) and IJ (p=0.011) trials for 

the initial 5 minute block of cycling (Figure 4C.71.). Significant differences remained 

for the 5–10 minute block between WB and AJ (p=0.000), C (p=0.000) and IJ (p=0.001) 

trials. The AJ and WB trials varied significantly for the 10–15 minute block of the 

cycling protocol (p=0.031).  
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Figure 4C.72. Scatterplot of chest sweat rate and mean body temperature across all trials. 
Chest sweat rate was significantly correlated with mean body temperature (r=0.648, p=0.000). 

 

 

Figure 4C.72. displays the significant correlation between chest sweat rate and Tbody 

(r=0.648, p=0.000) across all trials. Correlation analysis of individual trials generally 

found that the 79% Trectal and 21% Tskin weighting of Tbody had the greatest relation to 

chest sweat rate among the body temperature variables (Table 4C.66.)  

 

 

Table 4C.66. Chest sweat rate and temperature correlation matrix. * Denotes significant 
correlation (p<0.002). 

Thermal 
Variable 

Correlation Coefficient (r) 

AJ C IJ WB 

Trectal 0.554 * 0.493 * 0.445 * 0.810 * 

Tskin 0.348 * 0.065 0.593 * 0.774 * 

Tchest 0.331 *  0.036 0.707 *  0.692 * 

Tbody 0.562 * 0.520 * 0.504 * 0.866 * 
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Pre-cooling mode exerted a significant effect on the time to onset of sweating 

(p=0.000). Eight of the 10 subjects analysed for chest sweat rate exhibited a delayed 

onset of sweating following the WB. The resultant delay of 177±169 seconds (range 0–

405 seconds) was higher than the other modes, as only one instance of a delay was 

evident during the remaining trials (IJ, 30 seconds). 

 

 

4C.16.2.2. BACK SWEAT RATE 

Three back sweat rate data sets were lost due to technical difficulties, requiring listwise 

deletion as per chest sweat rate (Section 4C.15.2.1.) Statistical analysis was conducted 

on 36 data sets (9 subjects). The back sweat rate exhibited main effects for pre-cooling 

mode (p=0.003) and time (p=0.000). The effect of pre-cooling mode was moderated by 

time (p=0.009). 
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Figure 4C.73. Back regional sweat rate following pre-cooling and during the cycling protocol. 
Data from 9 subjects. * denotes significantly lower than AJ, C and IJ (p<0.007). 

+
 denotes 

significantly lower than C and IJ (p<0.026). ^ denotes significantly lower than C (p=0.028). 

 

 

The back sweat rate elicited following WB immersion did not change from pre-cycling 

protocol to the 5
th

 minute (p=1.000). This is in contrast to the AJ, C and IJ modes, that 

resulted in significantly higher back sweat rate for the initial 5 minute cycling period 

(p=0.000) as demonstrated by Figure 4C.73. Such differences remained for the 5–10 

minute and 10–15 minute blocks (p<0.007). Statistical differences thereafter existed 

between WB and C and for IJ modes in the 15–20 and 20–25 minute periods (p<0.014) 

and 25 minutes (p<0.026). The back sweat rate for the WB trials remained lower than 

the C trials at 30 minutes (p=0.028) but not 35 or 40 minutes (p>0.061). 
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Figure 4C.74. Scatterplot of back sweat rate and mean body temperature across all trials. Back 
sweat rate was significantly correlated with mean body temperature (r=0.715, p=0.000). 

 

 

Pooling of the data resulted in a significant correlation (r=0.715,p=0.000) between back 

sweat rate and Tbody (Figure 4C.74.). As for chest sweat rate, back sweat rate generally 

correlated highest with Tbody when analysed per pre-cooling mode (Table 4C.67.). 

 

 

Table 4C.67. Back sweat rate and temperature correlation matrix. All correlations were 
significant (p=0.000) except where noted. * denotes significant correlation (p=0.046). 

+
 denotes 

significant correlation (p=0.016).  
^
 denotes significant correlation (p=0.001). 

Thermal  
Variable 

Correlation Coefficient (r) 

AJ C IJ WB 

Trectal 0.664 0.545 0.469 0.758 

Tskin 0.603 0.275 
+
 0.536 0.786 

Tback 0.499 0.229 * 0.368 
^
 0.724 

Tbody 0.708 0.560 0.508 0.887 
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The WB trials significantly delayed the onset of sweating until 264±171 seconds of 

cycling (p=0.000), with 8 of the 9 subjects exhibiting a delay (range 0–590 seconds). 

Although there was a delay of 13±40 seconds for the IJ trials, this was based upon one 

subject exhibiting a delay of 120 seconds and was not significantly higher than the AJ 

and C trials (p=0.988) despite both AJ and C trials failing to report any delay.  

 

 

4C.17. PHYSIOLOGICAL STRAIN INDEX 

Statistical analysis of the physiological strain index data demonstrated a significant 

main effect for pre-cooling mode (p=0.001) and time (p=0.000). The main-effect for 

pre-cooling mode was significantly modified by time (p=0.001). 

 

The physiological strain index as derived from rectal temperature and heart rate data 

was similar for AJ, C and IJ trials (p=1.000) during the cycling protocol (Figure 

4C.75.). While the physiological strain index significantly increased over time 

(p=0.000) for each condition, the AJ, C and IJ trials significantly varied from the WB 

trials physiological strain index over each of the 4 blocks of cycling (p=0.000). The 

distinction between WB and other pre-cooling modes in terms of physiological strain 

index was such that WB values corresponded to the AJ, C and IJ scores of the previous 

block. That is, block 2 WB physiological strain index was comparable to block 1 of the 

AJ, C and IJ trials (p>0.799). The observed differences cannot solely be ascribed to 

measurement error as reliability testing showed an average -0.31 units change in the 

mean and a typical error of 0.47 units (10.1%). 
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Figure 4C.75. Physiological strain index during the cycling protocol. * denotes significantly 
lower than AJ, C and IJ (p=0.000). 

 

 

4C.18. PSYCHOMETRIC MEASURES 
 

4C.18.1. THERMAL SENSATION AND THERMAL DISCOMFORT 

The thermal sensation data exhibited significant main effects for pre-cooling mode 

(p=0.007) and time (p=0.000) without significant interaction (p=0.113). 

 

Ratings of thermal sensation during the cycling protocol following WB pre-cooling 

were lower than the AJ, C and IJ trials at all measurement points (Figure 4C.76.). 

However, the WB trials’ ratings of thermal sensation were significantly lower than the 

C trials (p=0.005) at rest, and lower than AJ, C and IJ trials following block 1 

(p<0.002). Typical error of thermal sensation ratings was 0.33–0.68 units (3.2–9.1%). 

The mean change between reliability trials was -0.13 units. 
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Figure 4C.76. Ratings of thermal sensation during the cycling protocol. * denotes significantly 
lower than C (p=0.005). 

+
 denotes significantly lower than AJ, C and IJ (p<0.002). 

 

 

Time exerted a significant main effect for thermal discomfort (p=0.000). Unlike thermal 

sensation, pre-cooling mode did not qualify as a significant main-effect (p=0.172). Time 

and pre-cooling mode did not significantly interact (p=0.134). 

 

Ratings of thermal discomfort increased from similar values prior to cycling (p=1.000) 

by 88, 62, 36 and 21% respectively for the AJ, C, IJ and WB trials at the 10
th

 minute 

(Figure 4C.77.). The smaller increase for thermal discomfort ratings during the WB trial 

saw the 10-minute value significantly lower than the AJ and C trials (p<0.028). Ratings 

thereafter differed by less than 0.6 or 23% (p>0.122). A mean thermal discomfort rating 

change of –0.19 units occurred between reliability trials, with typical error of 0.37–0.40 

units (10.1–26.3%). 
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Figure 4C.77. Ratings of thermal discomfort during the pre-cooling bout. * denotes significantly 
lower than AJ and C (p<0.028). 

 

 

4C.18.2. RATING OF PERCEIVED EXERTION 

Statistical analysis found that ratings of perceived exertion increased over time 

(p=0.000). No effect existed for pre-cooling mode (p=0.682) and there was no 

interaction between time and pre-cooling mode (p=0.913). 

 

Ratings of perceived exertion were similar (p>0.434) for all trials following each block 

of cycling (Figure 4C.78.). Ratings progressed from moderate following block 1, to 

very hard following block 4. At this point, the AJ trials averaged an RPE of 7.7 

compared to 7.3 for C trials, 7.2 for WB trials while IJ trials averaged 6.6 (p>0.223). 

Typical error ranged between 0.54 and 0.80 units during the cycling protocol (10.8–

15.8%). The mean change between modes was 0.06 units. 

 

 



 196

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

1 2 3 4

Block of Cycling 

R
a
te

 o
f 

P
e
rc

e
iv

e
d

 E
x
e
rt

io
n

AJ C IJ WB

 

Figure 4C.78. Ratings of perceived exertion during the cycling protocol. Rating of perceived 
exertion Scale 4=Somewhat Hard, 7=Very Hard, 10=Maximal. 

 

 

4C.18.3. SUBJECT PREFERENCES FOR PRE-COOLING MODE  

A 1-way ANOVA with 4 levels revealed significant differences among subject mode 

preferences. The WB mode was most preferred, rating significantly lower than the AJ 

(p=0.000), C (p=0.000) and IJ modes (p=0.001). The penchant for the WB was reflected 

by 9 of 12 subjects ranking it as the most preferred mode. The IJ mode was ranked 

significantly better (p=0.001) than the AJ but not the C mode (p=0.368). This 

discrepancy may be explained by examination of individual rankings where the IJ mode 

varied from 1
st
 to 4

th
 ranking, thereby increasing standard deviation and variance (Table 

4C.68.). The C mode received two 1
st
 rankings that increased variance and limited 

statistical differences among preferences. The C mode trended toward a higher 

classification than the AJ trial (p=0.080). 
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Table 4C.68. Rankings of mode preference. Lower scores reflect higher rankings. * denotes 
significantly lower than AJ, C and IJ (p<0.001). 

+
 denotes significantly lower than AJ (p<0.002). 

Pre-Cooling Modality Mean (SD) 

AJ 3.6 (0.5) 

C 2.8 (1.1) 

IJ 2.3 (0.8) 
+
 

WB 1.3 (0.5) * 
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PERFORMANCE 
 

4C.19. TIME TO EXHAUSTION 

 

0 50 100 150 200 250 300 350

AJ

C

IJ

WB

M
o

d
e

Time to Exhaustion (seconds)

94.4 - 399.0

95.5 - 396.4

106.4 - 438.2

92.2 - 425.7

 

Figure 4C.79. Time to exhaustion following the cycling protocol. Range represented within bars. 
No statistically significant differences existed between the experimental modes (p=0.992). 

 

 

Despite the differing Trectal and Tskin prior to the 100% V
.
O2max time to exhaustion test, 

durations were similar among all modes (p=0.992) as Figure 4C.79. demonstrates. The 

means for the C, IJ and WB trials were separated by less than one second whilst the AJ 

trial averaged ~13 second shorter duration than the aforementioned tests. Second 

familiarisation session and control trials exhibited a mean change of 1.9 seconds with 

typical error of 17.8 seconds (7.9%).    
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5. DISCUSSION 
 

INVESTIGATION A. MOTOR SPORT ATHLETE RESPONSES TO V8 

SUPERCAR RACING IN TROPICAL CONDITIONS 
 

5A.1. INTRODUCTION 

This investigation sought to quantify the physiological and perceptual responses of non-

heat acclimatised V8 Supercar drivers racing in tropical conditions. In doing so, the 

hypothesis that V8 Supercar drivers endure a high risk of thermal injury due to the 

uncompensable cabin conditions in tropical climates was tested. The experimental 

design utilised annual V8 Supercar competition rounds contested at Hidden Valley, 

Darwin during 2002 and 2003 to monitor the drivers. While this setting provided the 

opportunity to assess responses to racing in hot conditions, the uncontrolled 

environment resulted in some incomplete data sets and limited the size of the cohort. 

Therefore, this investigation is considered preliminary, providing descriptive 

information on selected physiological and perceptual responses of non-heat acclimatised 

V8 Supercar drivers to racing in tropical conditions.   

 

 

5A.2. ENVIRONMENTAL CONDITIONS 

A substantial solar radiation load during the races was confirmed by a BGT of 44.4
o
C 

and a mean radiant temperature of 40.1
o
C, while ambient water vapour pressure was 

16.9 mmHg. The ambient conditions adjacent to the racetrack averaged a WBGT of 

28.9
o
C. These conditions were classified as presenting an extreme risk of heat injury to 

sporting participants according to the Sports Medicine Australia Heat Illness Policy 

(2001). While ambient conditions contribute to the environment within the racecar, 

cabin conditions are even hotter. Research conducted with similar ambient temperatures 

to this investigation, but unknown solar heat load showed the cabin temperature of 

enclosed passenger sedans can increase 11–16
o
C during the initial 10 minutes of full 

sunlight exposure and stabilise at 60
o
C after 40 minutes (Gibbs et al., 1995). This 

phenomenon is known as ‘heat soak’, as windscreens and panels act like a greenhouse, 

trapping heat within the cabin. High cabin temperatures (67
o
C) have also been reported 
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during short exposures to Australia’s hot, radiant conditions (King et al., 1981). 

Together these investigations provide indirect evidence of the thermal radiative 

potential within a passenger motor vehicle, as shell temperature of the cars was 

presumably ~60
o
C for thermal equilibrium to occur.   

 

The mean external panel temperatures of the V8 Supercars from this investigation 

averaged 42.7
o
C approximately 5 minutes post-race. While the V8 Supercars tested by 

this study closely resemble the Holden Commodore, the panel temperatures were not as 

high as predicted from the studies of Gibbs et al. (1995) and King et al. (1981). This is 

likely a reflection of the convective flow of air over the panels during racing and a rapid 

drop in shell temperature secondary to the removal of solar energy (in the pit garage). 

Such factors would be offset to some degree by the heat release of the engine and 

exhaust to the bonnet, floor and firewall contiguous with the dashboard (Figure 5A.80.). 

Floor temperatures could not be measured by this investigation but would be high given 

the temperatures observed within other motoracing categories (77
o
C) (Anon, 2000). 

Yet, despite the apparently moderate panel temperatures, the temperature within the 

cabin averaged 48.6
o
C with a peak of 52.1

o
C, thereby confirming the anecdotal reports 

of Klarica (2001), and providing comparable cabin temperatures to rally and stock cars 

(Walker et al., 2001a; Baroody and Thomason, 1975). Acceptance of the 50
o
C cabin 

temperature hypothesis classifies V8 Supercar racing as one of the few sports where 

athletes are required to endure such conditions when competing in a tropical 

environment. 

 

The distinction between the conditions within the cabin and those surrounding the skin 

surface should be noted. While the environmental conditions within the cabin influence 

those immediately adjacent to the skin, this investigation could not measure the 

temperature or moisture content of this microenvironment. Research examining 

NOMEX
®

 protective ensembles shows that the driver’s microenvironment would be 

slightly cooler, but with higher moisture content than the cabin due to the heat retardant 

and low vapour permeability characteristics of the fabric (Sullivan and Mekjavic, 1992; 

Kakitsuba et al., 1988). Therefore, the consequences of the tropical ambient conditions 

are extreme cabin temperatures with a hot and moist environment surrounding the 
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integument of the V8 Supercar drivers, to generate a demanding environment for 

thermoregulation. 

 

 

Figure 5A.80. Factors determining cabin temperature within a V8 Supercar. Image modified 
from AVESCO and used with permission. 

 

 

5A.3. THERMAL STRAIN 

The results of this investigation demonstrate that non-heat acclimatised V8 Supercar 

drivers approach hyperthermic core temperatures from driving bouts in tropical 

conditions. Such results were hypothesised based upon the combination of a three-layer 

protective full body ensemble and high cabin temperatures that created a setting where 

the required evaporation rate of sweat is greater than the evaporative capacity of the 

environment. Such conditions are termed uncompensable heat stress as heat storage is 

inevitable (Givoni and Goldman, 1972). To the author’s knowledge there are no 

published reports describing the body core temperature response to V8 Supercar racing 

in compensable or uncompensable heat stress. Since core temperature is the paramount 

single physiologic predictor for heat exhaustion (Sawka et al., 1992), the tenuity of data 

prevented knowledge of the thermal injury risk. In turn, this thwarted the development 

of evidence based strategies to minimise thermal strain of V8 Supercar drivers. This 

discussion addresses the aforementioned shortcomings of the literature. 
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The high core temperatures were observed despite the use of cooling by all drivers. 

Cool air was delivered to the driver’s head Drivers reported that the cool air delivered 

via their helmet provided a slight improvement for thermal comfort. Torso cooling was 

achieved for 3 drivers by use of the ‘CoolShirt’, that has been utilised by motor sport 

athletes for the past four decades to alleviate driver heat stress (Collins, 1963), although 

the ice volume of the esky limited the heat storage capacity of the cool shirt such that it 

was perfused intermittently throughout the races. Intermittent use of the cool shirt not 

only prolongs its cooling capacity, but increases its effectiveness by augmenting the 

cutaneous blood volume available to cool (Cheuvront et al., 2003). Although the small, 

unmatched sample of V8 Supercar drivers of this investigation do not permit thorough 

cross-sectional analysis, drivers utilising the cool shirt exhibited a rise in Tgi of 

0.030
o
C.min

-1
 to attain 38.8

o
C at the conclusion of racing. Torso cooling has the 

potential to attenuate the rise in core temperature and increase tolerance times while 

enduring protective clothing mediated uncompensable heat stress (Vallerand et al., 

1991; Bomalaski et al., 1995; McLellan et al., 1999a).  

 

The sole driver without torso cooling (Subject A), averaged a post race Tgi of 39.4
o
C 

that had increased at a rate of 0.043
o
C.min

-1
. Similar rates of heat storage (0.036

o
C.min

-

1
) during protective clothing uncompensable heat stress were induced by 2 minutes of 

jogging, 4 minutes of walking and 4 minutes of seated rest (Kraning and Gonzalez, 

1991). In that study, an average Trectal of 39.2
o
C coincided with volitional exhaustion 

after 65 minutes. Subject A commenced racing with a substantially higher core 

temperature, sustained a higher rate of heat storage and higher post-race core 

temperature than the data of Kraning and Gonzalez (1991). Yet, he completed the race 

in a competitive position and did not complain of heat exhaustion. Unfortunately, 

measurement of skin temperatures and cutaneous blood flow was not possible during 

this investigation. The combination of high core and skin temperatures that are 

commonly observed during uncompensable heat stress, promote the likelihood that 

blood pools in the cutaneous circuit, thereby making it difficult to sustain blood 

pressure (Carter et al., 2006). In addition to core temperature, knowledge of acute 

physiological measures such as blood pressure could assist to resolve the discrepancy 

between the data of this investigation and that of Kraning and Gonzalez (1991). While 
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the Tgi of subject A was considered high, hotter core temperatures have been reported 

for stock car and open wheel racers (Collins, 1963; Jareno et al., 1987). Jareno et al. 

(1987) reported that two drivers suffered heat stroke during two hours of prototype 

racing conducted in midday heat (31
o
C, 53%). The longer races of this investigation 

were limited to 45 minutes, however based upon the rate of Tgi change, the potential for 

similarly hyperthermic core temperatures exists if race duration was extended. 

 

Overall, the range of post race Tgi was 38.4–39.7
o
C, resulting in high to very high 

physiological strain and causing drivers to feel hot and uncomfortable. Analogous 

internal temperatures (Trectal 38.6–39.4
o
C) have been associated with exhaustion during 

uncompensable heat stress (Table 5A.69.). In fact, a tolerable core temperature limit for 

physical activity of comparable duration to the longer races has been suggested as 39
o
C 

(Nag et al., 1997). However, physical exhaustion in compensable environments tends to 

occur at Toes of ~40
o
C (Gonzalez-Alonso et al., 1999; Nielsen et al., 1993; 1997). These 

findings raise the possibility that protective clothing lowers the core temperature 

threshold for exhaustion compared to more favourable conditions. If such a concept 

were verified, the V8 Supercar drivers would have been operating with internal 

temperatures suggestive of a near-exhaustive state in the absence of blood pressure data, 

classifying them at a high risk of suffering thermal injury.  

 

 

Table 5A.69. Rectal temperatures at exhaustion during uncompensable heat stress. 

Subjects V
.
O2max n Body Fatness (%) Core Temp. (

o
C) Reference 

Trained 59.0 (6.2) 13 12.6 (4.5) 39.4 (0.2) Tikuisis, et al., 2002 

Trained 59.8 (2.8) 8 11.5 (2.9) 39.2 (0.2) * Cheung and McLellan, 1998 

Trained 52.3 (1.9) 12 18.8 (1.0) 39.2 (0.1) Selkirk and McLellan, 2001 

Untrained 46.4 (2.1) 12 12.4 (1.0) 38.6 (0.2) Selkirk and McLellan, 2001 

- 46.1 (2.9) 9 - 39.1 (0.2) McLellan et al, 1999a 

Untrained 46.1 (2.9) 15 20.9 (4.0) 38.8 (0.3) Chueng and McLellan, 1998 

Untrained 43.6 (3.8) 13 18.1 (5.3) 38.7.(0.6) Tikuisis, et al., 2002 

Untrained 41.9 (1.0) 12 21.2 (1.0) 38.8 (0.2) Selkirk and McLellan, 2001 

Soldiers - 12 20.0 (6.0) 38.9 (0.6) Sawka et al., 2001 

* Ethical limit of 39.3
o
C 
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Observations of exhaustion coinciding with core temperatures of ~40
o
C in compensable 

conditions have established an upper threshold temperature for human performance 

(Nielsen and Nybo, 2001b). This criterion is not universally reported, as some cohorts 

attain exhaustion with core temperatures of less than 39
o
C (Sawka et al., 1992). Causes 

of the inter-investigation discrepancy are thought to be related to the physical fitness, 

anthropometric and acclimatisation status of the subjects. The aforementioned measures 

may also explain variations in exhaustive core temperatures for subjects exercising in 

uncompensable heat stress.   

 

 

5A.3.1. PHYSICAL FITNESS 

It is tempting to speculate that the augmentation of blood volume with increased 

maximal aerobic power confers a superior ability to tolerate heat stress. The expansion 

of general circulation would permit a higher cutaneous blood volume for a given cardiac 

output (Rowell, 1986). Yet others (Sawka et al., 1992; Selkirk and McLellan, 2001) 

found no relation between V
.
O2max relative to lean or total body mass and Trectal at 

exhaustion in uncompensable heat stress. Furthermore, increasing V
.
O2max by 15% to 

an average of 46mL.kg
-1

.min
-1

 and presumably expanding blood volume by 10–15% 

(Mier et al., 1996) confers no benefit for Trectal, heart rate or tolerance times at 

uncompensable heat stress exhaustion (Aoyagi et al., 1994). Two weeks of training 

improves physiological responses to compensable conditions yet no changes are 

observed during uncompensable heat stress (Cheung and McLellan, 1998). So rather 

than the ability to maintain cardiac output during heat stress, the habituation to 

elevations in core temperature that occur with chronic endurance training may confer 

high internal temperature tolerance (Selkirk and McLellan, 2001). Table 5A.69. 

suggests the superior thermal tolerance for trained subjects. This paradigm is further 

supported by observations of trained individuals under perceiving their physiological 

strain relative to the untrained (Tikuisis et al., 2002).  

 

Although both drivers described themselves as trained, it is probable that subject B 

undertook more intense physical training. Comparison with Table 5A.70. suggests 



 205

subject A was moderately trained. Due to technical limitations, V
.
O2max could not be 

measured for the 2003 subjects. The 2002 subjects had their maximal aerobic power 

determined with a MedGraphics metabolic cart that may have underestimated their  V
.

O2max (Gore et al., 2003). Notwithstanding the possibility of conservative estimates of 

maximal aerobic power, this is the first investigation to report V
.
O2max values for V8 

Supercar drivers. Subject B possessed a higher V
.
O2max that was comparable to 

recreational triathletes and elite soccer, squash, sailing and field hockey athletes. 

Subject A had comparable maximal aerobic power to untrained cohorts and other motor 

sport athletes. In spite of his low aerobic power, subject A tolerated a Tgi of 39.1 and 

39.7, 39.3
o
C during the short and longer races respectively. The apparent dissociation 

between physical training history and thermal tolerance of subject A could be due to the 

systematic increases in core temperature during racing throughout the V8 Supercar 

season that would act to confer high core temperature tolerance. Other factors that could 

account for the differences are anthropometric, acclimatisation, test specificity and 

differences between core temperature measurement sites that are discussed in 

subsequent sections. 
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Table 5A.70. Maximal aerobic power continuum. Data are mean (SD). 

Sport Cohort n V
.
O2max (mL.kg

-1
.min

-1
) Reference 

Distance 
Runners 

Elite 6 78.4 (2.1) Billat et al., 2003 

Cyclists Jnr Elite 10 74.2 (2.3) Woolford et al., 1999 

Distance 
Runners 

Sub-Elite/Elite 9 71.9 (3.3) Heinicke et al., 2001 

Rowing Elite 9 69.1 
Hagerman and 
Staron, 1983 

Triathalon Elite 19 68.6 (7.6) Heinicke et al., 2001 

Cyclists Elite 16 67.4 (3.3) Heinicke et al., 2001 

Field Hockey Elite 9 61.8 (1.8) Boyle et al., 1994 

Squash Elite 10 61.7 (3.4) Chin et al., 1995  

Sailors Elite 15 61.4 (2.0) Larsson et al., 1996 

Triathalon Recreational 10 61.3 (3.2) Zhou et al., 1997 

Various Recreational 25 60.0 (4.4) Heinicke et al., 2001 

Subject B Elite - 60.0 This Investigation 

Soccer Elite 24 59.1 (4.9) Chin et al., 1992 

Gaelic Football Elite 32 58.6 Watson, 1995 

Soccer Jnr Elite 21 58.6 (2.9) Chin et al., 1994  

Rugby League Sub-Elite 17 57.9 (3.6) Coutts et al., 2003 

Tennis Sub-Elite 20 57.3 (5.1) Smekal et al., 2001 

Swimmers Elite 11 57.2 (5.8) Heinicke et al., 2001 

Cyclists Recreational 15 55.3 (6.4) Brearley et al., 2001 

Gymnastics Jnr Elite 25 54.7 (5.3) 
Baxter-Jones et al., 

1993 

Wrestling Jnr Elite 18 52.6 (2.0) Horswill et al., 1989 

- Untrained 9 51.0 (3.0) Gore et al., 1996 

Weightlifters Elite 11 50.7 (6.1) Fahey et al.,1975 

Subject A Elite - 47.3 This Investigation 

Motor sport Elite 7 47.6 (6.9) Jacobs et al., 2002 

- Untrained 12 45.3 (3.2) Heinicke et al., 2001 

Motor sport Jnr Amateur 12 43.9 (6.1) Schwaberger, 1987 

Motor sport Elite 10 31.7* Dawson, 1979 

* Predicted V
.
O2max 
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5A.3.2. ANTHROPOMETRIC MEASURES 

In addition to the role of physical fitness in tolerance to uncompensable heat stress, 

measures of body fatness have been related to the Trectal attained at exhaustion (Selkirk 

and McLellan, 2001). Adipose tissue also has a lower heat capacity than lean tissue that 

causes body temperature to rise as a function of body fat for a given rate of heat storage 

(Bar-Or et al., 1969). The well established role of subcutaneous fat acting as a resistance 

to dry heat exchange supports this concept. The V8 drivers studied here vary greatly 

with respect to their subcutaneous adiposity as estimated from the total of 7 skinfold 

thicknesses (39–98mm). Since workload was not quantified, a systematic analysis of the 

role adiposity played in the core temperature responses to racing was not possible. It is 

known however, that the risk of thermal injury increases with body fatness during 

uncompensable heat stress (Cheung and McLellan, 1998), and V8 Supercar drivers 

should therefore mitigate their thermal injury risk by minimising adipose tissue mass. 

 

 

5A.3.3. ACCLIMATISATION STATUS 

Drivers were not heat acclimatised prior to the investigation as they resided in regions 

that averaged maximal temperatures of 16–24
o
C for the months of testing. Heat 

acclimation mimicking the heat stress of uncompensable conditions lowers Trectal and 

physiological heat strain for a given workload (McLellan and Aoyagi, 1996). Many of 

the adaptations to hotter environments are conferred within a week (Aoyagi et al., 

1994), although it is acknowledged that longer durations produce greater adaptation 

(McLellan, 2001; McLellan and Aoyagi, 1996). Therefore, it is recommended that 

drivers travel to tropical environments a minimum of 7 days prior to racing, undertaking 

a heat acclimatisation regimen that incorporates high intensity activity to induce heat 

storage.  

 

 

5A.3.4. SPECIFICITY OF UNCOMPENSABLE HEAT STRESS TRIALS 

Thus far, this discussion has assumed that core temperatures occurring at exhaustion in 

uncompensable laboratory trials can be compared to observations for V8 Supercar 

racing. However, subjects from field investigations have greater physiological tolerance 
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to uncompensable heat stress than their laboratory-based counterparts. This conclusion 

was drawn from an analysis of over 850 experimental trials that identified a median 

0.9
o
C discrepancy for Trectal at exhaustion between settings (Sawka et al., 2001). A 

higher field based core temperature at exhaustion is in agreement with the data of this 

investigation. Although drivers reported high levels of perceived exertion during the 

short and long races (~9), no complaints of exhaustion during or post-race were noted. 

The higher Trectal in the field could be a result of motivation stemming from actual 

events as opposed to simulations in a laboratory, or to the chronic acclimatisation status 

of the field trial subjects. Severely high core temperatures (>41
o
C) can be observed 

following competitive running events (Richards et al., 1979; Maron et al., 1977), where 

motivation may overwhelm the drive for thermoregulation. Although not stringently 

researched, motivation (monetary rewards) can induce greater thermal stress tolerance 

to extreme conditions (Johnson and Cabanac, 1983). Field subjects and competing 

athletes may therefore suppress the afferent perception derived from warm 

thermoreceptors, to tolerate higher core temperatures at exhaustion than subjects in 

laboratory studies. These data pose the question; can field-based, outcome oriented 

thermal stress be compared to findings within the laboratory? Although not addressed 

by this investigation, the incongruence between the laboratory and field thermal 

tolerance suggests future research should attempt to quantify responses at exhaustion in 

the field. 

 

 

5A.3.5. CORE TEMPERATURE MEASUREMENT SITE 

No single internal temperature site represents ‘core temperature’ (Sawka and Wenger, 

1988), however multi-site internal temperature measurement is difficult in controlled 

settings and not possible during V8 Supercar racing. In fact, this is the first investigation 

to report the core temperature profile of motor sport athletes during racing. This profile 

permits identification of changes in core temperature transitions that would otherwise 

remain unidentified due to the limitation of pre- and post-race measurements. The 

internal tissue temperature indice of this investigation was provided by gastrointestinal 

temperature transmitted from a small pill to a receiver within the car (Mittal et al., 

1991). Although temperature gradients exist within the body core, they are minimised 
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during whole body exercise (Gass and Gass, 1998). Direct comparisons between core 

temperature measurement sites validated the use of Tgi as a core temperature indice as it 

corresponds to increased heat storage (peak Tgi 38.2
o
C) in an intermediate manner to 

Toes and Trectal, respectively. Although hyperthermic data is not available, consideration 

of the relative positions of the measurement sites suggests that inter-site variation 

should not preclude valid Tgi measurement. With the proximity of the oesophagus to the 

aorta, Toes is considered to represent the temperature of the blood perfusing the heart 

(Shiraki et al., 1986). The specific heat of blood is higher than lean tissue (DuBois and 

Hardy, 1938), however, the superior convective and conductive properties of blood 

result in rapid alterations in Toes (Mitchell et al, 2003). 

 

Rectal temperature transition is more reliant on conduction of heat, and therefore reacts 

slower to variations in temperature due to its deep position and lower blood flow 

(Mairiaux et al., 1983). The gastrointestinal tract is not as well insulated as the rectum 

and receives higher blood flow (Mortensen et al., 1998). The Tgi reported for V8 

Supercar drivers are therefore considered comparable to other investigations that utilise 

Trectal and/or Toes. 

 

 

5A.3.6. THERMAL STRESS AND DRIVING PERFORMANCE 

The cognitive potential of V8 Supercar drivers may be susceptible to heat induced 

alterations based upon the core temperatures observed by this investigation. Although 

driving performance measures were not possible in this study, four days of specific heat 

acclimatisation attenuated body heat storage that coincided with faster lap times and 

less driver errors of elite motor sport athletes during simulated racing (Walker et al., 

2001a). Furthermore, moderate heat storage can result in decreased driver vigilance 

within a moving automobile (Wyon et al., 1996). However, simulated driving in 50
o
C 

that elicited comparable core temperatures to the V8 Supercar drivers failed in increase 

simulated lap times or driver errors (Walker et al., 2001b). Therefore, the role of heat 

stress influencing automobile racing performance is yet to be thoroughly addressed but 

based on empirical evidence, the core temperatures of this investigation suggest that 

cognitive potential may be susceptible to heat induced alterations. It is not clear whether 
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motor sport athletes develop a mental reserve to maintain ‘normal’ cognitive function 

while suffering heat stress (Hocking et al., 2001), hence, future research is required to 

provide direction on this issue. 

 

 

5A.3.7. SUMMARY 

Despite the use of cooling, V8 Supercar drivers can attain core body temperatures that 

approach hyperthermic values from races of up to 45 minutes duration. The internal 

temperature change is linear and likely to cause heat exhaustion and possibly heat stroke 

with extended duration of races if driving intensity is maintained. 

 

 

5A.4. CARDIOVASCULAR STRAIN 

Advancements in metabolic measurement technology permitted quantification of 

metabolic variables of Championship Auto Racing Teams (CART) open wheel racecar 

drivers (Jacobs et al., 2002). The data supported the vast majority of heart rate response 

at race velocities were due to physical work and validated the heart rate response as an 

accurate measure of physiological load during test sessions (Jacobs et al., 2002). The 

V8 Supercar cohort of this investigation possess similar anthropometric and 

chronological characteristics to the open-wheel racers described by Jacobs et al. (2002). 

The CART drivers averaged heart rates of 152 beats.min
-1

 during test sessions on road 

courses, demonstrating substantially lower average heart rates than those elicited during 

races by the V8 Supercar drivers (169 beats.min
-1

). Similarly high cardiac frequencies 

are a common observation during automobile racing (Schwaberger, 1987; Baroody et 

al., 1973; Baroody and Thomason, 1975; Dawson, 1979; Federici, 1973). Much 

controversy has stemmed from speculation about the responsible factors. While 

measurements of metabolism during racecar driving were not available until recently, 

data establishing high levels of anxiety or psycho-emotional stress has existed for two 

decades, leading several authors to propose that a substantial component of the elevated 

heart rates were psycho-emotionally governed (Schwaberger, 1987; Dawson, 1979). If 

psycho-emotional factors were a key determinant of cardiac frequency during racecar 

driving, the prediction of work intensity and physiological strain from heart rate 
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measurements of motor sport athletes would be invalid. Several mechanisms are likely 

to account for the chronotropic discrepancy between the CART and V8 Supercar 

drivers. 

 

The heart rate–V
.
O2 relationship described by Jacobs et al (2002) was determined during 

racing and laboratory ergometry without knowledge of driver body temperature. The 

environmental conditions of the study by Jacobs et al (2002) are not reported but are 

likely to have ranged from 9–24
o
C based on average minimum and maximal conditions 

for Bartow, Florida during test times (Weather Underground, 2004). The cooler 

environmental conditions, smaller engine capacity and open wheel design should have 

limited the drivers’ microclimate to more favourable temperatures than those reported 

for the V8 Supercar drivers. In addition, the intermittent nature of test sessions (12–20 

minutes duration) is likely to have prevented the CART subjects from attaining the core 

temperatures elicited by V8 Supercar drivers.  

 

High body temperatures promote increased cardiac frequency by several putative 

mechanisms. Firstly, a shift in blood volume to the cutaneous region reduces central 

blood volume (Rowell, 1986). In turn, a reduction in the volume of blood entering the 

left ventricle results in lower stroke volume, central venous pressure and mean arterial 

pressure that must be compensated for by a higher cardiac frequency to maintain cardiac 

output (Rowell, 1986). This classical explanation of a cutaneous blood flow mediated 

increase in heart rate with hot temperatures is not well-supported by direct evidence. 

More recent research is suggestive of a lesser role for augmented cutaneous blood flow 

in stroke volume decline as core temperature is also strongly related to heart rate 

(Gonzalez-Alonso et al., 2000). Observations of a cutaneous blood flow plateau 

coinciding with core temperatures of ~38
o
C (Gonzalez-Alonso et al., 1999; 

Brengelmann et al., 1977; Montain and Coyle, 1992; Smolander et al., 1987) with 

subsequent decline in stroke volume at higher internal temperatures (Gonzalez-Alonso 

et al., 1997; 2000) support the notion that cutaneous blood flow is only moderately 

related to changes in heart rate. While cutaneous blood flow could not be measured for 

the V8 Supercar drivers, the aforementioned mechanism may be related to their excess 

heart rate when referenced to the CART drivers. 
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Secondly, core temperature exerts a direct effect on the frequency of myocardium 

contraction. The temperature of the blood emptying the vena cava acts upon the sino-

atrial (SA) node to modulate the frequency of the cardiac cycle (Rubin, 1987; Jose et 

al., 1970). Precise knowledge of how blood temperature increases the rate of 

spontaneous discharges from the SA node is lacking, although alterations in 

sympathetic nerve activity, neurotransmitter release and receptor binding are 

possibilities (Rubin, 1987). Regardless of the mechanism, increased rate of heart 

contractility limits ventricular filling time and end diastolic volume, thereby potentially 

accounting for the observed decreases in stroke volume during maximal exercise in the 

heat (Turkevich et al., 1988). This direct influence is thought to account for an increase 

in heart rate of 7–9 beats.min
-1

.
o
C increase in body core temperature (Jose et al., 1970, 

Gonzalez-Alonso et al., 1999). A combination of the aforementioned temperature 

related mechanisms could account for differences between the data of Jacobs et al., 

(2002) and the V8 Supercar drivers. Additional mechanisms related to the physical and 

psycho-emotional demands of racing could also explain the discrepancies. 

 

Racing at high speed requires isometric contraction of neck, trunk and abdomen 

musculature (Falkner, 1972), while dynamic arm and leg movements are performed. 

Anecdotal responses from motor sport athletes suggest that racing within a group of cars 

requires substantially more driving movements than driving on a clear track (Jason 

Richards, David Ling – personal communications). The additional physical effort of 

intense racing would act to increase sympathetic drive, heart rate and the metabolic heat 

load. Competition would also act to heighten the psycho-emotional response to racecar 

driving (Schwaberger, 1987). While this investigation cannot partition the role of 

physical and psycho-emotional stress in determining driver heart rate, psychial stress is 

greater during competition than practice (Schwaberger, 1987) due to increased anxiety, 

and this could account for some of the heart rate discrepancy reported here (Harrison et 

al., 2001). Therefore, the higher heart rates observed for V8 Supercar racing could be a 

result of additional work and/or greater psycho-emotional stress as the lack of 

competition during the CART test sessions would limit chronotropic stimulation for the 

open wheel racers. 
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If the psycho-emotional theory were veritable, the prediction of work intensity and O2 

consumption from heart rate during V8 Supercar racing would be invalid. The ratio of 

norepinephrine to epinephrine is an indice of the relative contributions of mental and 

physical stress that indicates a role for psycho-emotional stress in moptorsport athlete 

heart rate response (Schwaberger, 1987). Hence, the physical work intensity and 

metabolic heat production of the V8 Supercar subjects cannot be indirectly elucidated. 

The discrepancy between the heart rate findings of Jacobs et al (2002) and Schwaberger 

(1987), Baroody et al. (1975) and this investigation are likely multi-factorial with a 

conceivable role for body temperature. It is improbable that an absolute reduction in 

blood volume was responsible for the higher heart rates of the V8 Supercar drivers, as 

the fluid balance data does not support such an outcome.  

 

 

5A.5. FLUID BALANCE 

Although the pre-race urine specific gravity values were not statistically different 

between short and long events, the small cohort limits the power of statistical analysis. 

The difference between the average urine specific gravity for the short and long races 

(1.010 v 1.014) may be of physiological importance. Dehydration increases body heat 

storage and lowers tolerance to high core temperatures (Sawka et al., 1992). The trend 

for deteriorating hydration status prior to the long races could be associated with team 

schedules limiting the opportunity for fluid consumption. Team briefings, meetings and 

media commitments are common for drivers between races. Drivers need to prioritise 

fluid consumption to achieve rehydration before the following race. The urine colour 

data support these conclusions and the high correlation between urine colour and 

specific gravity suggests that in the absence of a refractometer, urine colour is an 

acceptable measure of hydration status (Armstrong et al., 1994a). 

 

The mandatory racing ensemble limits the driver’s maximal evaporative capacity for 

which the body attempts to compensate with an increased sweat rate (Kraning and 

Gonzalez, 1991). The average V8 Supercar driver sweat rate of 1.06kg.h
-1

 (n=6) seems 

to be at odds with a high sweat production secondary to uncompensable heat stress. 

However, the reported sweat rates are considered to be conservative estimates, as only 
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~32% of the analysis period was racing with the majority of time coinciding with 

inactivity within the racecar. By comparison with Table 5A.71, the sweat rates reported 

here are considered moderate, influenced by inactivity and torso cooling during the 

analysis period.  

 

 

Table 5A.71. Competition sweat rates for a variety of sports. 

Sport 
Amb. 

Temp. (
o
C) 

RH (%) Sweat Rate (kg.h
-1

) Reference 

Rugby-
Forwards 

25 32 2.6 Cohen et al., 1985 

Australian 
Rules 

38 25 2.1 
Pyke and Hahn, 1981 

27 52 1.8 

Australian 
Rules 

32 62 1.8 Marsden et al., 2001 

Basketball 23 41 1.6 Broad et al., 1996 

Rugby-Backs 25 32 1.6 Cohen et al., 1985 

Soccer 12-15 - 1.4 Rehrer and Burke, 1996 

Soccer 25 41 1.2 Broad et al., 1996 

Soccer 25 41 1.2 Broad et al., 1996 

V8 Supercar 
Racing 

35 40 1.1 This Investigation 

Netball  22 66 1.0 Broad et al., 1996 

 

 

Although core temperature provides the greatest afferent input to determine whole body 

sweat rate (Sugenoya and Ogawa, 1985), skin temperature provides some regulation of 

localised sweating (Johnson et al., 1984; Libert et al., 1978). The large surface area 

covered by the cool suits would act to reduce torso sweating thereby limiting whole 

body sweat rate. A similar apparatus to the cool shirt decreased whole body sweat rate 

by 38% when worn under protective ensembles in uncompensable heat stress (Vallerand 

et al., 1991). The one sweat rate bout available from subject A was 1.20kg.h
-1

. The 

moderate sweat rate of V8 Supercar drivers competing in tropical conditions reduces the 

risk of developing dehydration and associated thermoregulatory consequences. The 

minimal dehydration reported in this study is not consistent with anecdotal reports 

(Klarica, 2001). Factors contributing to this discrepancy are the track layout and sprint 

format that limits race duration to approximately 45 minutes. Fluids are usually 
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consumed on straight sections of the track, as cornering requires isometric contractions 

(Falkner, 1972) that increase intra-abdominal pressure (Grew, 1980), limiting the ability 

to drink. The straight section of track used in this study accounted for 38% of the 

distance and ~20% of lap-time, thereby providing opportunity for fluid consumption via 

the motorised fluid delivery system within the racecar. While a dehydration threshold 

for endurance and skill performance decrement has been estimated at 2–3% (Walsh et 

al., 1994; Devlin et al., 2001), laboratory investigations suggest that dehydration of ~1% 

may be sufficient (Ekblom et al., 1970) to alter physiological responses.  

 

A method of thermal injury risk assessment is modelling the effect of a higher than 

expected sweat rate on subsequent fluid balance. Sweat rates exceeding 2L.h
-1

 are 

considered excessive (Torii, 1995), and without fluid consumption would lead to 

dehydration of ~2.6% body mass per hour for the cohort of this research. Therefore, the 

maximal dehydration possible for the short and long races is 2.3% and 3.1%, 

respectively. Greater dehydration would presumably be possible during longer races, 

yet these are generally conducted in cooler conditions where smaller fluid losses are 

expected. Based upon the fluid balance data of this study, V8 Supercar drivers exhibit a 

moderate risk of suffering substantial dehydration during races of less than 1 hour in 

tropical conditions.  

 

 

5A.6. RECOMMENDATIONS 

This study quantifies previously anecdotal reports that V8 Supercar drivers endure high 

body core temperatures, heart rates and thermal strain during driving bouts in tropical 

conditions. The ambient tropical conditions produce uncompensable conditions within 

the cabin, exceeding 50
o
C on occasions. While microclimate cooling might have limited 

heat storage, it is unlikely to eliminate the risk of thermal injury during V8 Supercar 

racing as the post-race core temperatures reported here are analogous to those observed 

at exhaustion for moderately-untrained subjects in uncompensable heat stress. This 

investigation therefore recommends that drivers maximise their potential to tolerate the 

high core temperatures associated with racing in hot conditions by: 
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• undertaking chronic endurance training of sufficient intensity to induce core 

temperature elevations; 

• medium term (>7 days) acclimatisation in the tropics prior to racing; 

• maintaining optimal hydration; 

• minimising adipose tissue, and 

• preceding in-car cooling with pre-cooling. 

 

The radiative potential of the car should be minimised by using Nextel
®

 (3M, St. Paul, 

MN, USA) or a similarly effective product to insulate the cabin from exhaust and 

engine heat.  Windscreen covers should be employed while the racecar is idle on the 

grid and the use of infrared paint may minimise heat imparted to the car by solar 

radiation. Inhalation of carbon monoxide can augment heat storage within the racecar  

such that methods of filtering carbon monoxide are worthy of investigation. 

 

The effect of thermal strain on physical and motor skill proficiency of motor sport 

athletes is poorly understood. A systematic research program should address such issues 

to determine if the responses reported by this investigation negatively impact racing 

performance in tropical conditions.  
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INVESTIGATION B. RESPONSES TO ONE-DAY CRICKET IN 

TROPICAL CONDITIONS 
 

5B.1. INTRODUCTION 

Despite annual tournaments in Australia’s tropical north contested by elite international, 

state and sub-elite cricketers, responses to batting, bowling and wicketkeeping in the 

tropics remain unquantified. The absence of data prevents informed development of 

strategies for maintenance of health and optimal cricket performance in the tropics. This 

investigation sought to address this dearth of knowledge by analysing a group of 

talented, young cricketers during a limited overs tournament in Darwin, NT. The 

hypotheses of this study were that talented young batsmen and pace bowlers endure 

high core temperatures (>39
o
C) during sustained performance bouts in hot conditions 

and that the high body core temperatures are associated with substantial dehydration 

through large sweat losses and restricted fluid consumption. 

 

 

5B.2. APPLICABILITY OF DATA 

The cohort of this investigation possessed similar physical (Table 5B.72.) and 

endurance (Table 5B.73.) characteristics to other groups of young, talented cricketers. 

The findings of this investigation are therefore applicable to developing sub-elite 

Australian cricketers. 

  

Table 5B.72. Summary of physical characteristics of young, talented Australian cricketers. 

 Mass (kg) Sum of 7 Skinfolds (mm) 

Group n Mean SD Range Mean SD Range 

Batsmen 
a
 63 77.6 8.3 62.9 – 91.5 62.1 7.0 62.9 – 91.5 

Batsmen 
b
 68 77.6 7.1 59.0 – 91.5 66.1 18.3 37.0 – 118.6 

Pace Bowlers 
a
 46 86.4 4.3 68.1 – 107.5 56.2 8.3 68.1 – 107.5 

Pace Bowlers 
b
 91 85.6 8.4 63.9 – 107.7 60.6 17.7 26.4 – 104.1 

Wicketkeepers 
a
 17 77.7 4.6 - 59.1 11.9 - 

Wicketkeepers 
b
 13 78.5 4.3 71.7 – 85.2 56.7 4.3 71.7 – 85.2 

a 
Ellis et al., 2000; 

b 
Savage et al., 2000 
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Table 5B.73. Summary of multistage fitness tests scores for cricketers. 

Group n Mean SD Range Predicted V
.
O2max 

(mL.kg
-1

.min
-1

) 

Batsmen 46 112.6 24.0 54 - 149 55.7 

Pace Bowlers 34 104.3 26.8 45 - 139 53.1 

Wicketkeepers 10 111.4 34.0 45 - 147 55.1 

 

 

5B.3. BODY CORE TEMPERATURE 
 

5B.3.1. USE OF TYMPANIC TEMPERATURE 

The cost effectiveness, ease of measurement and relatively non-invasive nature of Ttym 

measurement promote the tympanum as a core temperature measurement site. Although 

agreement between Ttym and other core temperatures has been reported (Amoateng-

Adjepong et al., 1999; Christensen and Boysen, 2002), the data of the present 

investigation do not support such a claim. On average, Ttym was 1.29–1.64
o
C lower than 

Tgi during bowling, exceeding the discrepancy reported by others for Ttym to Trectal 

comparisons (Musumba et al., 2005) and confirming that large discrepancies occur 

between Ttym and deep tissue temperature (Armstrong et al., 1994b). It is reasonable to 

expect greater variation for Ttym and Tgi in the field compared to the laboratory as 

fluctuating environmental conditions would influence tympanic temperature (Fraden 

and Lackey, 1991). Air flow that averaged 4.3m.s
-1

 during bowling, augments 

convective cooling of the face that lowers Ttym (Desruelle and Candas, 2000; Marcus, 

1973). This factor could account for the lower Tgi and Ttym correlation for the present 

study compared to that measured in controlled clinical settings for Trectal and Ttym 

(Cronin and Wallis, 2000; Smitz et al., 2000). 

 

The present discussion poses the question whether Ttym measurement can be applied to 

cricket or sport in general. The use of tympanic probes (Sato et al., 1996) and insulation 

of the ear (Muir et al., 2001), whatever their application to the sporting arena, appears 

limited due to the requirement for exact positioning, irritability of placement proximal 

to tympanic membrane and a decreased ability to detect aural cues. Additionally, the use 

of Ttym is limited by the ability to straighten the auditory canal via the ‘ear tug’ 

manoeuvre and permit access to the tympanic membrane (personal observations). The 
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data of this investigation therefore supports the outcome that infrared Ttym measurement 

is an unacceptable index of core temperature (Cattaneo et al., 2000; Stavem et al., 

1997). Subsequent discussion of core temperature exclusively reports Tgi.   

 

 

5B.3.2. BATSMEN 

Batting workload is random and it is difficult to develop a core temperature profile that 

is applicable across a variety of scenarios, thereby providing the rationale for wide-scale 

profiling of Tgi response to batting. Despite the lack of data, to the author’s knowledge 

this is the first investigation to report core temperature of cricketers during actual 

competition. Batsmen averaged 38.11 (0.34)
o
C during the 5 overs of analysis following 

the settle in period (overs 3–7). Data from a simulated match in ~33
o
C demonstrated 

higher average Trectal of 38.6
o
C (Gore et al., 1993). In that study, batsmen ‘played’ for 3 

sessions comprising a total of 6 hours. Hence, the higher overall workload and 

dehydration (1.2% body mass) may have contributed to the higher core temperatures. 

Batsmen are theoretically at risk of excess heat storage due to their requirement for 

protective garments and mandatory playing attire. The protective clothing increases Tskin 

while helmets raise head and core temperatures (Ayton and McVeigh, 2003; Todd et al., 

2003), while limited access to fluids can induce dehydration (Section 5B.5.1.). 

Additional core temperature data is required to confirm such speculation. The data of 

this investigation shows that deep tissue temperature increases rapidly during short 

batting spells, however the core temperature response to prolonged innings remains to 

be identified. Further research should also isolate acclimatisation status as a dependant 

variable to quantify the effect upon core temperature while batting. 

 

 

5B.3.3. BOWLERS 

Seven bowlers were analysed for Tgi response to pace bowling. Five of the bowlers 

completed a 5 over spell while the remaining 2 bowlers bowled 10 overs continuously 

from the same end of the pitch. The core temperature profile of the 5 and 10 over spell 

bowlers was not different during the initial 4 overs of bowling (increase of 1.1
o
C). 

Following the 5
th

 over, the core temperature measurements diverged as the 10 over spell 
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bowlers demonstrated a plateau. The small groups prevent comprehensive analysis of 

core temperature profile to bowling 5 and 10 over spells in tropical conditions, rather 

providing tentative evidence that pacing may have been evident. Overall, the 5 and 10 

over spell bowlers increased Tgi by 0.13 and 0.06
o
C.over

-1
, respectively.  

 

Unlike batting which is a combination of random and self determined workload, 

bowling is self paced. Bowlers therefore have the opportunity to limit heat storage to 

sustainable levels by decreasing metabolic heat production. This could be in the form of 

a shorter and/or slower approach to the crease and less effort during the actual delivery 

of the ball. A search of the literature failed to reveal any research addressing pacing 

during cricket. Pacing literature is confined to pure endurance events such as road 

cycling. Pacing was evident during 30 minute cycling time trials in hot or temperate 

conditions as similar Trectal was reported at the end of the cycling bout despite a 6.5% 

lower power output in the heat (Tatterson et al., 2000). Pacing of effort by bowlers 

would have implications for managing bowling workload in the heat to maximise 

performance. Shorter intense spells may be preferred to the sustained spells of the 2 

subjects of this study.  

 

Conversely, the 10 over bowlers may have balanced heat production with heat loss by 

the 5
th

 over in the absence of pacing, and this effect may have occurred with the 5 over 

spell bowlers had they performed additional deliveries. Bowling velocity data (utilised 

in this context as an index of pacing) is inconclusive and more data is required to 

address this issue. 

 

 

5B.4. METABOLISM 
 

5B.4.1. BLOOD LACTATE AND HEART RATE 

To the author’s knowledge, this investigation is the only study to report blood lactate 

concentrations of cricketers during competition. Since specimen collection commenced 

within seconds of the last delivery of an over, the author believes the data reported by 

this investigation to be a valid representation. While bowlers demonstrated a relatively 

stable post over blood lactate concentration, batsmen’s blood lactate response was 
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statistically lower than the bowlers and more variable, reflecting the random component 

of their workload. The stable blood lactate concentrations of the bowlers was 

anticipated given the repetitive nature of their effort with recovery periods of ~35 

seconds between efforts during and over and ~4 minutes following an over. Such 

recovery periods appear adequate to prevent progressive blood lactate accumulation 

during short bowling spells in the heat, as post-over blood lactate concentrations of 2.7-

3.4mM.L
-1

 are considered moderate and below a purported threshold for lactate 

accumulation in the blood of 4mM.L
-1

 (Sjodin and Jacobs, 1981).  The heart rate data of 

this investigation complements reports that bowlers sustain high heart rates during 

bowling spells (Burnett et al., 1995; Stretch and Lambert, 1999). Heart rate plateaued in 

a similar manner to the blood lactate data for the bowlers and did not demonstrate the 

cardiac drift synonymous with exercise in hot conditions. It appears that either the 

bowlers paced their effort to prevent the decrease in SV and V
.
O2max (Winjo and 

Cureton, 2006) or the interaction between bowling spell intensity and duration were 

insufficient to manifest in progressive cardiovascular strain. 

  

The heart rate data of batsmen also failed to demonstrate cardiac drift although the 

workload of batsmen is variable, determined by a variety of factors that include 

individual batting style, state of the game, quality of bowling and batting style of 

partner. It should be noted that both batsmen complete the length of the pitch to register 

a run, so the influence of physiological cues regulating effort may be ignored as the 

batting partner has called for a run. While the average heart rate and blood lactate 

concentration of batsmen appear moderate, a peak of 8.1mM.L
-1

 was recorded during an 

over where multiple running efforts were required. If such efforts were consistently 

undertaken during an innings, it is likely that cardiovascular and thermal strain would 

eventuate as the additional protective clothing of batsmen (helmet, pads, gloves) limits 

their potential for heat loss.   
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5B.5. FLUID BALANCE 
 

5B.5.1. SWEAT RATE AND DEHYDRATION 

A novel aspect of this investigation was the ability to determine the sweat rate for pace 

bowlers during their initial spell and the entire innings. Despite beginning the sweat rate 

analysis period shortly before the commencement of play and rushing the bowler off the 

ground immediately post spell, the reported sweat rates are conservative estimates due 

to idle time incorporated in the sweat rate period. Notwithstanding this influence, pace 

bowlers sweated ~1.1L.h
-1

 and 0.78L.h
-1

 during their first spell and entire innings, 

respectively. The bowlers’ entire innings sweat rate was comparable to those of 

simulated bowling in warm conditions (Gore et al., 1993), yet were well short of those 

induced by more severe conditions (~33
o
C, 30% RH). In that study, bowlers sweated 

1.7L.h
-1

 during the first session of actual play, contributing to dehydration of 4.3% body 

mass following two sessions (Gore et al., 1993). Over a similar time frame, the bowlers 

of the current study attained an average of 1.4% body mass. Education regarding fluid 

consumption in hot climates is now standard among the Australian State 

Institute/Academy of Sport network and was likely to have contributed to the lower 

dehydration. A related factor is the greater access to fluids afforded during the modern 

game by strategic placement of fluids around the playing arena. Bowlers can be sent to 

field on the boundary and hydrate during ‘rest’ overs. 

 

Overall, dehydration was related to innings’ duration. Wicketkeepers therefore 

exhibited greater dehydration compared with batsmen since they fielded for the entire 

innings, exhibiting similar results to pace bowlers. Although their acute workload was 

low during any period of play, it was relatively constant for the entire 50 overs, whereas 

pace bowlers had a mixture of inactive and intense periods. Batsmens’ dehydration 

averaged 1.0% body mass. This seemingly low result is due to the abbreviated nature of 

batting demonstrated during the project. On the two occasions that batsmen maintained 

their wicket in excess of 2 hours, their dehydration was 2.2 and 2.6% respectively. 

Unfortunately, batsmen cannot access fluids as readily as bowlers and strategies to limit 

dehydration of batsmen appear necessary, particularly in longer versions of cricket 

where 6 hours of batting can be undertaken in one day.  
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5B.6. PERCEPTUAL RESPONSES 

Five overs of bowling caused the pacemen to perceive their body temperature as hot 

causing them to feel slightly uncomfortable. Interestingly, ratings of thermal sensation 

and discomfort following 10 overs were not different to those reported after 5 overs. 

This response is in contrast to the batsmen whose perception of thermal sensation 

continued to increase following 5 overs (p=0.004). It is likely that batsmen endured 

higher Tskin than the bowlers due to greater clothing insulation (Todd et al., 2003) and 

since Tskin has a relatively large influence on thermal sensation (Frank et al., 1999), 

contributing to the progressively higher ratings over time. Complimentary research 

measuring Tskin during batting innings is warranted. Such research should evaluate the 

effectiveness of ‘breathable’ playing attire and protective equipment to produce a better 

thermal outcome for batsmen.  

 

 

5B.7. BOWLING VELOCITY 

Excluding the initial over of the bowling spell, bowling velocity remained stable during 

the subsequent 4 overs. While the core temperature response to bowling rose linearly, 

the average of 38.7
o
C following 5 overs may be below the core temperature required to 

cause bowlers to pace their effort. Devlin et al. (2001) found that substantial pre-

innings’ hypohydration equivalent to 2.8% of euhydrated body mass did not statistically 

reduce bowling velocity (104.8 v 101.5km.h
-1

). Unfortunately, Devlin et al. (2001) did 

not measure the core temperature of their cohort. Hypohydration caused a higher RPE 

while bowling that suggests bowlers endured greater thermal strain but that cannot be 

confirmed. The data of Devlin et al. (2001) and the present investigation analysed 

bowling spells of up to 6 overs. Longer bowling spells may be more susceptible to 

physiologically induced limitations of bowling velocity and since extended bowling 

spells are common in traditional forms of the game, future research should take this into 

account. Additional thermal research should also examine bowling line and length, as 

Devlin et al. (2001) reported a detrimental influence of hypohydration for these skill 

variables. 
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5B.8. RECOMMENDATIONS 

The research outcomes prompt the following recommendations: 

• Cricketers need to improve their pre-innings hydration status, particularly bowlers 

and wicketkeepers that bat during the 1
st
 innings and batsmen that have a high 

workload in the field prior to batting. Pre-innings’ hydration status goals should 

be set at 1.000 – 1.010 urine specific gravity and 1 – 2 for urine colour.  

• Cricketers ought to utilise existing breaks in play to consume fluids while also 

creating additional breaks in play to permit them to match sweat losses with fluid 

intake. A batting pair could achieve this by changing gloves at 5 over intervals 

that would permit 3 breaks in play per hour. 

• Batsmen, bowlers and wicketkeepers should undertake specific physical 

preparation for sub-elite limited overs cricket to cope with the physiological 

demands identified by this investigation. Such programs should develop anaerobic 

energy pathways for the high intensity efforts and aerobic power to permit 

accelerated recovery between efforts. 

• The conditions experienced during the limited overs tournament were milder than 

predicted by historical records. Responses to hotter conditions are therefore 

worthy of investigation. Limited over tournaments on the subcontinent would 

provide an ideal location for such research. 

• This investigation shows potential for cricketers to experience moderate thermal 

stress in hot conditions. Traditional forms of cricket permit an unlimited number 

of overs to be bowled and extended batting stints, thereby potentially increasing 

workload of the cricketers. Test match cricket played in hot conditions should be 

analysed with a similar design to the present study, as such research may 

demonstrate higher core temperatures and levels of dehydration. 

• Future research should quantify batting and bowling workload through the 

variables of total distance, peak and average running velocity and duration of 

recovery periods.   
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INVESTIGATION C. THE PHYSIOLOGICAL, PERCEPTUAL AND 

PERFORMANCE RESPONSES TO INTERMITTENT HIGH INTENSITY 

ACTIVITY IN A TROPICAL ENVIRONMENT FOLLOWING PRE-

COOLING. 
 
 

INTRODUCTION  

The hypotheses of this investigation were that; 1. air jacket, ice jacket and water bath 

pre-cooling would increase heat storage capacity, to manifest in improved thermal, 

cardiovascular and perceptual strain during 40 minutes of intermittent high intensity 

cycling in tropical conditions; 2. Lower body core and mean skin temperature would be 

evident prior to intermittent high intensity cycle ergometry and remain lower compared 

with a non-cooled state throughout the cycling protocol and 3. Subsequent to 40 

minutes of intermittent high intensity cycling, time to exhaustion would be improved 

following pre-cooling. 

 

The major findings of the present study were that 30 minutes of 28–25
o
C water 

immersion lowers Trectal, Tskin, Tbody, body heat content, cutaneous blood flow, 

perception of thermal sensation and discomfort, increases metabolic heat production and 

results in negative heat storage. The AJ and IJ lowered Tskin and Tbody, yet failed to 

reduce Trectal.  The lower Trectal, Tskin, Tbody conferred by the WB were maintained 

throughout 40 minutes of intermittent high intensity cycling while other variables 

demonstrated more transient responses. Irrespective of the improved thermal status 

conferred by water immersion, time to exhaustion at 100% V
.
O2max following the 

cycling protocol was not different between interventions.  

 

 

PRE-COOLING 
 

5C.1. BODY TEMPERATURE MEASUREMENTS 

Body core temperature is the paramount physiological measure to assess thermal strain 

(Sawka et al., 1992), however there is no consensus as to the ideal measurement site. 

The aural canal (Thomas et al., 1997), sublingal sulcus (Lackovic et al., 1988), 



 226

gastrointenstinal tract (O’Brien et al., 1998), oesophagus and rectum (Gass and Gass, 

1998) have been used in various studies. While a sole measurement site is incapable of 

truly representing ‘core’ due to temperature gradients within the internal tissues (Sawka 

and Wenger, 1988), pre-cooling investigations should seek to assess changes in deep 

tissue temperature to indicate body heat storage potential. Although the large heat 

capacity of the pelvic region delays the response of Trectal to body temperature 

alterations (Mittleman and Mekjavic, 1988), meaningful adjustments in heat storage 

capacity are reflected by Trectal, making it a valid site to assess pre-cooling interventions. 

Skin temperatures of the upper chest, upper back, thigh and calf were measured by four 

thermistors in a array modified from Ramanathan (1964), to reflect ‘shell’ temperature 

that included anterior and posterior aspects of the upper body (Mitchell et al., 2001).  

 

 

Table 5C.74. Coefficients applied to Tcore and Tskin in the calculation of Tbody. 

Tcore Weighting Tskin Weighting Reference 

0.65 0.35 Bolster et al., 1999 

0.67 0.33 Colin et al., 1971 

0.80 0.20 Kruk et al., 1990 

0.87 0.13 Lee and Haymes, 1995 

0.90 0.10 Stolwijk and Hardy, 1966 

 

 

With 4 measurement sites, the calculation of mean skin temperature was susceptible to 

local cooling that occurs with the AJ and IJ. Although subjects were assigned IJ sizes 

based upon their stature, some subjects had ice packs adjacent to the thermistors while 

others had the thermistors away from the vicinity of the ice packs. Therefore Tskin data 

shows large inter-subject variability (see Section 3C.14.1.1.) that also influenced Tbody 

as Tskin comprised 33% of its calculation during pre-cooling. To the author’s knowledge 

there are no reports of Tskin weighing formulae for 4 skin thermistors during localised 

cooling. Comparison of Tbody was further complicated by the variety of coefficients 

applied to Tskin (Table 5C.74.), despite Colin et al. (1971) calculating optimal 

weightings for cold, normothermia and heat stress more than 3 decades ago. 

Interpretation of thermal data was conducted acknowledging these factors, with Trectal 

considered the primary dependent variable during pre-cooling. 
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5C.1.1. BODY TEMPERATURE RESPONSES  
 

5C.1.1.2. RECTAL TEMPERATURE  

The objective of pre-cooling is to augment the potential for heat storage during 

subsequent physical activity, thereby permitting greater internal heat production prior to 

attainment of a ‘critical’ core temperature. Based upon this premise, optimal pre-cooling 

strategies would confer a physiologically significant decrease in core temperature. Of 

the three 30-minute cooling strategies evaluated by this investigation, the AJ and IJ 

failed to change deep tissue temperature during the cooling period, producing similar 

core temperature profiles to cooling as the C trial. Aggressive air cooling (5-10
o
C) 

protocols applied to the entire body surface area have also failed to lower Trectal during 

the cooling bout (Oksa et al., 1993; 1997; Lee and Haymes, 1995) and Toes (Hessemer et 

al., 1984; Olschewski and Bruck, 1988; Schmidt and Bruck, 1981). In fact, core 

temperature has been observed to increase during cooling (Hessemer et al., 1984; Oksa 

et al., 1993; Schmidt and Bruck, 1981) but fall below baseline following redistribution 

of blood flow from re-warming and/or physical activity. The afterdrop for air-cooling is 

suggestive of inefficient temperature conduction through the body compartments 

(Webb, 1986) and limited convective heat loss (Giesbrecht and Bristow, 1992) during 

cooling. This present investigation observed an unchanged Trectal at the cessation of AJ 

pre-cooling (37.26 v 37.26
o
C) or following preparation for cycling (37.25

o
C) where an 

afterdrop would have been expected. Hence, the air cooling of this study was specific to 

the body surface. The lack of Trectal change may be due to inferior thermal conduction 

properties of air, limited surface area cooled and the narrow temperature gradient 

between the torso surface and air. 

 

An AJ of similar surface area to that utilised by this investigation (0.25m
2
) prevented 

heat storage in subjects wearing protective clothing at rest in hot (50
o
C) conditions 

(Epstein et al., 1986). Air cooling also limits the Trectal response to light and moderate 

physical work (Pimental et al., 1987; Muza et al., 1988; Vallerand et al., 1991) via high 

sweat efficiency from the torso (Epstein et al, 1986; Shapiro et al., 1982). However, the 

aforementioned responses are unlikely to have lowered the core temperature in cooler 

conditions or at low metabolic rates, as the onset of sweating that requires an increase in 

core temperature had not occurred (Sawka et al., 1989). Therefore, negative feedback 
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regulation of sweating prevents substantial lowering of pre-exercise core temperature at 

low metabolic rates via evaporation. The AJ resulted in stable Trectal and metabolic rate 

and the lack of perspiration accumulation during the C trials, indicates that the 

environment was not so as to induce substantial heat storage during inactivity. Sweat 

efficiency during the pre-cooling bouts was simply not a factor. Though the AJ may be 

effective for limiting Trectal during physical activity (Epstein et al., 1986), its lack of 

mechanical cooling power prevents a decrease in Trectal unless a greater body surface 

area is incorporated for pre-cooling (Lee and Haymes, 1995; Oksa et al., 1993, 

Olschewski and Bruck, 1988).  

 

The small body surface area cooled (27%) may have limited the effectiveness of the AJ, 

as whole body air-cooling tends to result in small decreases in Trectal, albeit following an 

afterdrop. When examining the change in Trectal (including afterdrop) normalised for 

surface area cooled, the AJ was inefficient (+0.01
o
C Trectal.m

-2
) compared to the IJ (-

0.22
o
C Trectal.m

-2
) and WB (-0.34

o
C Trectal.m

-2
). Therefore, the ability of the AJ to lower 

core temperature was not limited by the surface area alone. The lack of deep tissue 

temperature change with the AJ emphasises that a slightly lowered torso temperature 

elicited by cool air, is not sufficient to reduce deep tissue temperature at low metabolic 

rates in tropical conditions (Epstein et al., 1986). Unlike the AJ, the practical advantages 

of portability and lack of external cooling apparatus permit use of an IJ during a wide 

range of occupational (Bennett et al., 1995; Holmer, 1989; Epstein et al, 1986; Kamon 

et al., 1986; Kwon et al., 1998; Muir et al., 1999) and sporting tasks (Armstrong et al., 

1995; Arngrimsson et al., 2004; Hasegawa et al., 2005; Yates et al., 1996). Less is 

known of the core temperature response to ice cooling prior to rather than during 

physical activity. Without pre-cooling and utilising an IJ during warm-up, athletes are 

failing to maximise their heat storage potential prior to performance. The IJ failed to 

change Trectal during pre-cooling, yet lowered Trectal by 0.1
o
C prior to cycle ergometry. 

Although not of statistical significance, the afterdrop is of physiological importance 

when analysed in conjunction with the small body surface area cooled (5%). The -

0.22
o
C Trectal decrease per metre of body surface area cooled is evidence of the potential 

for pre-cooling by the IJ that is not realised because of the small area cooled. The IJ has 

been evaluated during a 5 minute pre-cooling bout to show no effect on Trectal (Duffield 
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et al., 2003), while a similar IJ that cooled 7% body surface area also failed to alter 

Trectal following 30 minutes of use (Hasegawa et al., 2005). A comparison of ice 

containing garments has shown that a 6 ice pack vest confers greater effect in limiting 

Trectal (38.0
o
C v 38.6

o
C) during light, intermittent work in a hot environment than a 4 ice 

pack version (Bennett et al., 1995). Although the tenuity of pre-cooling data prevents 

firm conclusions, based upon the cooling efficiency data and the research of Bennett et 

al. (1995), an IJ incorporating more ice sachets to cool a greater surface area may have 

increased the change in Trectal observed by this investigation. 

 

The most effective pre-cooling intervention for lowering Trectal was the WB, causing a 

statistically significant 0.2
o
C decrease in Trectal during the pre-cooling bout (p=0.031). 

Rectal temperature remained unchanged until the 25
th

 minute where a 0.12
o
C decrease 

was noted. The initial plateau of core temperature with an exponential drop in Trectal as 

immersion approached 30 minutes, was similar to several investigations (Castellani et 

al., 1998; Ferretti et al., 1998; Marino et al., 1998; Mittleman and Mekjavic, 1988; 

Tikuisis et al., 1988; White et al., 2003) but not to those that demonstrated either no 

change (Kay et al., 1999; Tikuisis et al., 2000) or a linear decrease in Trectal during 

immersion (Bolster et al., 1999; Lee et al., 1997; O’Brien et al., 2000). Kay et al. (1999) 

failed to lower Trectal during immersion or to demonstrate a post-immersion afterdrop 

with water temperature transition from 29.7 to 25.8
o
C over ~59 minutes. An alternate 

protocol of the same duration lowered water temperature from 29.0 to 23.3
o
C to cause a 

0.6
o
C fall in Trectal with a 0.4

o
C afterdrop (Marino et al., 1998). The different Trectal 

response of Kay et al. (1999) appeared to be water temperature related, as their subject 

characteristics were similar to the participants of Marino et al. (1998) and to subjects in 

the present investigation (difference of 0.01m
2
 body surface area, 2.1mm mean skinfold 

thickness, 1.8kg body mass). In this regard, provisional water temperature thresholds for 

Trectal decrease exist at mean water temperatures of 24, 26 and 28
o
C (Table 2.2.) as 

immersion in ~26
o
C water tends to lower Trectal to a lesser extent than ≤24

o
C but not as 

much as ~28
o
C. Although McArdle et al. (1984) achieved a similar Trectal change for 

low and moderate body fat subjects in 28
o
C compared with subjects in the present 

study, McArdle et al. (1984) continuously circulated water at an unknown velocity. 

Movement of water over the skin prevents boundary layer development (Boutelier et al., 
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1977), augmenting the Tcore to Tskin gradient to accelerate heat exchange. An additional 

factor to consider is the chronic heat acclimatisation status of the cohort, which alters 

responses to exercise induced heat storage (Duncan and Horvath, 1988) with evidence 

of a differential physiological effect during warm water immersion (Nguyen and 

Tokura, 2003). This effect remains unquantified due to the paucity of data comparing 

cool water immersion responses of chronically heat acclimatised subjects to controls.     

 

The initial plateau in Trectal response was likely due to whole body vasoconstriction 

concomitant with the rapidly cooled skin upon immersion resulting in a caudal to 

cephalic blood shift and central hypervolemia (Arborelius et al., 1972). Under such 

conditions, venous return occurs via deep veins that enhance counter-current heat 

exchange causing arterial blood temperature to increase proximally (Mitchell and 

Myers, 1968), offsetting the initial fall in blood temperature to minimise the change in 

Trectal during the early immersion period. This response hinders convective cooling due 

to limited cutaneous blood supply contiguous to the cool water, while conductive 

cooling occurs at a rate determined by water temperature and subcutaneous insulation, 

that has been related to the decrease in core temperature during water immersion 

(Boutelier et al, 1977; Cannon and Keatinge, 1960; Hayward and Keatinge, 1981; 

McArdle et al., 1984; Nunneley, et al., 1985). Significant correlations were found for 

mean skinfold thickness (r=0.53) and body fat percentage (r=0.61) with the change in 

Trectal for the subjects of this investigation. The correlations are lower than those 

reported during immersion at 24
o
C (r=0.77) and 28

o
C (r=0.79) by McArdle et al. 

(1984), that are likely due to the relative homogeneity of the anthropometric profile of 

the subjects of the present investigation (mean skin fold thickness 9.2±3.2mm; 

estimated percentage body fat 10.9±3.4%). Thermal mass has also demonstrated a 

significant relation to Trectal (Sloan and Keatinge, 1973) but failed to achieve 

significance in this study. Differing anthropometric profiles may therefore explain some 

of the variance for Trectal responses during water immersion with subcutaneous fat being 

a major factor. The responses discussed in this study are therefore limited to endurance 

trained subjects of low body fat. Exercise and sport scientists must be cognisant of the 

insulating role of subcutaneous adipose tissue when predicting the response of Trectal to 

pre-cooling by water immersion. 
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The 0.2
o
C Trectal decrease at the cessation of WB pre-cooling translated into a 0.6

o
C 

reduction due to a 0.4
o
C afterdrop following 20 minutes of preparation for the cycling 

protocol. While quantification of the afterdrop is necessary to compare the effectiveness 

of pre-cooling strategies, many studies report the afterdrop to occur during the initial 

stages of exercise (Wilson et al., 2002; Marsh and Sleivert, 1999; Mitchell et al., 2003), 

inducing a greater afterdrop (Giesbrecht et al., 1987) or limiting the post-cooling fall in 

Trectal due to increased internal heat production. Booth et al. (1997) and Marino et al. 

(1998) used 60 minutes of immersion in similar average water temperatures to this 

investigation (~26
o
C) with 3 and 20 minute post-immersion periods, respectively, to 

observe 0.4
o
C afterdrop. Thus, despite the differing cooling and rewarming rates, the 

afterdrop was similar among immersion protocols of comparable mean water 

temperatures.  

 

Some investigators have ignored the afterdrop to pre-cool for a duration determined by 

the change in core temperature. For example, Bolster et al. (1999) pre-cooled until Trectal 

had decreased by 0.5
o
C from baseline. Without considering the additional decline 

conferred by the afterdrop, athletes are susceptible to shivering that acts to increase 

internal heat production and limit the decline in core temperature. Shivering also 

inhibits motor skill proficiency and should be avoided prior to athletic performance. The 

pre-cooling protocol of this investigation achieved a substantial Trectal drop in the 

absence of shivering. Ten subjects failed to rate shivering with 2 subjects reporting 

slight shivering had commenced at the completion of immersion. Overall, the majority 

of subjects commented that they were close to commencement of shivering, a condition 

termed ‘pre-shivering’ where skeletal muscle tone is increased (Wagner and Horvath, 

1985). Based upon this evidence, water temperature adjustment was near optimal for the 

30-minute immersion. While Booth et al. (1997) and Marino et al. (1998) also achieved 

a substantial decrease in Trectal without shivering, their 60-minute immersion protocols 

limit applicability to athletic settings, where pre-cooling must be time efficient. Pre-

cooling has been trialled in professional sport settings where an Australian Football 

League team allotted 15 minutes and a V8 Supercar team 30 minutes for pre-cooling, 
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highlighting the limited time available to pre-cool professional athletes (personal 

observations). 

 

The AJ and IJ exclusively cooled the upper and middle torso, whereas water immersion 

incorporated the abdomino-pelvic limbs to cool ~93% of body surface area. The limbs 

account for a greater proportion of total body surface area compared to the trunk and 

also possess greater body surface area to volume ratio, thereby augmenting conductive 

heat exchange between the limbs and water (Kollias et al., 1973). However, several 

factors act to minimise the preferential heat loss from the limbs, questioning their use 

for pre-cooling. Conductive heat transfer from the trunk to limbs is negligible (Bullard 

and Rapp, 1970) as the blood to tissue gradient results in convection contributing >75% 

of limb heat loss during water immersion at temperatures between 15–36
o
C (Ducharme 

and Tikuisis, 1991) despite cutaneous vascular constriction acting to negate this 

(Pergola et al., 1994). Counter-current heat exchange limits limb heat loss in water 

(Wade et al., 1979) as does the greater insulation of the limbs (Hayward and Keatinge, 

1981), while lower body hydrostatic compression depresses leg blood flow (Arborelius 

et al., 1972; Epstein et al., 1974). Notwithstanding these responses, the limbs 

significantly contribute to heat transfer during water immersion (Veicsteinas et al., 

1982) even though the majority of heat is loss from the torso (Hayward and Keatinge, 

1981). The present investigation failed to quantify regional heat losses and it therefore, 

remains a possibility that cool water applied solely to the torso via water perfused cuffs 

(Constable et al., 1994) or supine torso immersion (Marsh and Sleivert, 1999; Roberts, 

1998) could mimic the Trectal response of WB pre-cooling by present investigation. 

 

 

5C.1.1.3. SUMMARY  

The WB was the sole pre-cooling intervention to produce a significant decrease in Trectal 

during and following the pre-cooling bout. The effectiveness of the IJ was limited by 

the small surface area cooled while the AJ had limited potential for lowering deep tissue 

temperature. Water immersion induced changes in Trectal are related to anthropometric 

characteristics. The applicability of these findings is therefore limited to similarly sized 

and trained chronically heat acclimatised endurance athletes. 
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5C.1.1.4. SKIN AND BODY TEMPERATURE  

The IJ and WB pre-cooling modes produced rapid and progressive Tskin cooling such 

that the decrease of the IJ (7.7
o
C) and WB (8.2

o
C) at the cessation of pre-cooling was of 

statistical and physiological significance. A 4.5
o
C Tskin reduction was observed 

following 5 minutes of IJ cooling. Chest temperature accounted for the majority of Tskin 

change, lowering by 10.4
o
C at the 5

th
 minute. Overall, the IJ conferred a 7.3

o
C Tskin 

decrease to 27.5
o
C (range 23.9–33.0

o
C) at the conclusion of pre-cooling. Smith et al. 

(1997) reported local skin temperatures of 10–16
o
C following 9 minutes of IJ 

application during light cycling, whereas minimums of 17.0
o
C and 14.0

o
C were 

observed for Tchest following 15 and 30 minutes respectively, for one subject. An ice 

vest (Arctic Heat, Brisbane, Australia) also lowered local skin temperatures promptly 

and by a greater margin (decrease of 16–17
o
C in 10 minutes) than the IJ of the present 

investigation (Holcombe, 2001). The faster Tskin decline may be a result of superior 

fitting by Smith et al. (1997) and preferential fitting of the Arctic Heat vest gel to the 

skin surface. This conclusion is supported by a 15
o
C thigh skin temperature decrease 

within 5 minutes for application of flexible ice-gel packs (Thorsson et al., 1985). While 

ice-gel packs initially confer a greater Tskin decrease than ice sachets, sustained cooling 

is dependant upon the cooling power of the pack or sachet, with a plateau or increase in 

Tskin commonly observed as ice-gel cooling duration increases (Thorsson et al., 1985). 

The IJ pre-cooling employed by the present investigation did not fully utilise the 

cooling potential of the ice sachets as they were partially thawed when removed from 

the subjects, hence the progressive decline in Tskin with time.  

 

Despite the rapid decline in Tskin with ice cooling, conduction through subcutaneous 

adipose tissue is time dependant (Myrer et al., 2001; Oksa et al., 1993), accounting for 

the delayed decrease in deep tissue temperature, and questioning the validity of Tskin use 

as an indicator of internal temperature (Merrick et al., 1993). The 5–10 minute delay for 

conduction through subcutaneous fat would explain the lack of deep tissue temperature 

change with brief IJ protocols (Duffield et al., 2003; Hornery et al., 2005). Ice massage 

may limit the delay for deep temperature change (Lowdon and Moore, 1975) as Myler 

et al. (1989) lowered Tskin to 31
o
C with 5 minutes of ice towel massage. Based on 

cryotherapy research, the change in muscle temperature beneath the ice packs would 
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have approximated 14.0–17.0
o
C at 1cm, 6

o
C at 3cm and 3

o
C at 5cm depth following 

20–30 minutes (Myrer et al., 1997; 1998; 2001). These modest muscle temperature 

changes further support the need for increased surface area for IJ cooling. A 

combination of prolonged IJ application incorporating greater surface area and ice 

massage appears necessary to confer substantial change in Trectal during IJ pre-cooling. 

In contrast to the rapid Tskin reduction conferred by the IJ and WB, a modest, yet 

significant fall of Tskin (1.3
o
C) occurred 5 minutes post AJ application. Thereafter Tskin 

plateaued to demonstrate the non-aggressive nature of the torso air cooling, with 

preference for the IJ and WB. 

 

A distinction between the Tskin response to IJ and WB pre-cooling was the uniformity of 

Tskin during water immersion. Water immersion clamps Tskin slightly higher than water 

temperature, with the relative uniformity of skin temperature providing greater validity 

than the IJ Tskin measurements that contributed to the similar Tbody for IJ and WB. Such 

uniformity accounts for the significantly cooler Tskin conferred by the WB following the 

20 minute period between the end of pre-cooling and cycling. As the integument 

absorbed heat following pre-cooling, Tskin rose rapidly. In doing so, Tskin acted as a ‘heat 

sink’, permitting heat transfer from the deeper tissues to the periphery, buffering the 

core from heat storage following pre-cooling. The net result was a Tcore afterdrop of 

0.4
o
C following WB pre-cooling.  

 

That Tskin remained significantly depressed following WB pre-cooling is evidence that 

achieving a large, cool body surface area is important for pre-cooling, as small areas of 

very cold skin (IJ) were not as effective as in maintaining a cool ‘shell’.   

 

 

5C.2. EFFECTOR RESPONSES TO PRE-COOLING 

Reducing skin and core temperature elicits responses that aim to limit body heat loss 

and increase heat production in an attempt to stabilise body temperature (Bittel, 1992). 

The following section discusses the effect of the pre-cooling interventions upon the 

effectors to pre-cooling, reduced cutaneous blood flow and augmented metabolic heat 

production. 
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5C.2.1. CUTANEOUS BLOOD FLOW 

Despite the small gradient for heat exchange between the cool air and skin of the torso, 

the AJ had the potential to lower body core temperature. Since vasoconstriction of the 

cutaneous circuit coincides with skin temperatures approximating 32–33
o
C (Cannon and 

Keatinge, 1960; Veicsteinas et al., 1982), maintenance of Tskin slightly warmer than 

33
o
C would maximise the convective cooling potential of the AJ. Mean skin 

temperature ranged from 33.4–34.9
o
C during AJ pre-cooling, however, both chest and 

back skin temperatures averaged 32.8
o
C. Since torso cutaneous blood flow was not 

measured, maintenance of torso cutaneous vasodilation could not be verified. It 

therefore remains a possibility that torso cooling stimulated noradrenergic 

neurotransmission within the cooled region, resulting in local vasoconstriction that 

limited torso cutaneous blood flow. However, resting in warm conditions could possibly 

maintain the ‘central’ vasodilation stimulus from the afferent input of the non-cooled 

regions to override local vasoconstriction (Webborn et al. 2005). The slightly lowered 

torso temperature conferred by the AJ elicited a small non-significant decrease in 

ventral forearm cutaneous blood flow of 7%, the smallest decrease of the pre-cooling 

modes. Despite this response, the low mechanical cooling power of air limited 

conduction to prevent a Trectal change prior to cycling. In contrast to air, ice possesses 

mechanical cooling capabilities that establish a large skin to core gradient for 

conduction. Such conduction would likely result in strong vasoconstriction to limit 

cutaneous blood flow given adequate surface area, as has been reported for a similar IJ 

(Cool.1.NZ, Otago University, New Zealand) worn in 3
o
C (Sleivert et al., 2001). 

Although a mere 5% of body surface area was cooled by the IJ for 30 minutes, forearm 

cutaneous blood flow declined by 26%. Ice application would cause local 

norepinephrine release from adrenergic nerves against a background of moderate 

vasoconstrictive tone while resting in the tropical conditions (Pergola et al., 1993). 

Local cooling per se was unlikely to be the major cause of the reduced cutaneous blood 

flow due to the distance between cooling sites and ventral forearm, supporting reflex 

vasoconstrictor tone as a more plausible explanation (Pergola et al., 1994). Although the 

cutaneous blood flow decrease was evident, it did not attain statistical significance, 

whereas a significant attenuation occurred following WB pre-cooling.  
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Due to technical limitations, cutaneous blood flow was measured prior to and slightly 

after water immersion, but not at the cessation of pre-cooling as for the AJ and IJ. Post 

immersion cutaneous blood flow was 52% of resting values, with WB pre-cooling the 

sole mode to elicit a significant reduction in cutaneous blood flow from rest (p=0.021). 

This is comparable to the 52% cutaneous blood flow reduction of Yamazaki and Sone 

(2000) with a Tskin of 26.4
o
C. Gonzalez-Alonso et al. (1999) observed a reduction in 

cutaneous blood flow to similarly low values to the present investigation with water 

immersion to achieve Toes of 35.9
o
C to support the claim that cool water immersion 

drastically reduces cutaneous blood flow at low metabolic rates. 

 

Several issues should be considered when interpreting cutaneous blood flow data. 

Cutaneous blood flow was estimated by laser Doppler flowmetry that measures the 

number of blood cells moving under the laser multiplied by their mean to indicate blood 

flow rather than volume changes per se. A superior method for indicating cutaneous 

circuit dynamics is the calculation of cutaneous vascular conductance. The calculation 

references cutaneous blood flow to mean arterial pressure, with the latter determined by 

calculation from systolic and diastolic blood pressure and heart rate measurements 

(Moran et al., 1995). Cutaneous blood flow and vascular conductance are generally 

referenced against maximal values determined by local heating of the skin to 42
o
C for 

30 minutes by a heating element (Johnson et al., 1994). While a heating element was 

not available for this study, a rubber bladder was utilised for the local heating (Pierzga 

et al., 2003). Pilot testing of this procedure resulted in several adverse dermal reactions 

including minor burns and rashes and general intolerance of the procedure, causing the 

abandonment of this measure (Figure 5A.81.). Therefore, the cutaneous blood flow data 

was presented as absolute and relative to resting values (Montain and Coyle, 1992), 

while cutaneous vascular conductance was not utilised. 
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Figure 5A.81. Adverse dermal reaction following forearm heating. 

 

 

Head-out water immersion was the sole intervention to cool the ventral forearm. Local 

cooling may therefore influence the cutaneous blood flow observed in the present study. 

Solely immersing the forearm in 30
o
C water can dramatically lower forearm blood flow 

(Barcroft and Edholm, 1943), however this local cutaneous blood flow effect was not 

quantified by this investigation. Additionally, hydrostatic compression (Arborelius et 

al., 1972) may have limited cutaneous blood flow measurements despite data collection 

occurring ~5 minutes post immersion. 

 

 

5C.2.2. METABOLISM 

The 30-minute rest period prior to pre-cooling resulted in mean V
.
O2 values of 0.33 to 

0.36L.min
-1

 between trials, consistent with values of Marino et al. (1998) and Kay et al. 

(1999). These absolute values equate to 4.1–4.6mL.kg
-1

.min
-1

; slightly greater than true 

resting metabolism measured following fasting and supine rest (Byrne et al., 2005). 

Furthermore, baseline V
.
O2 following 30 minutes rest decreased by 13mL.min

-1
 or 3.9% 

following the subsequent ‘pre-cooling’ control period, suggesting that 30 minutes may 
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not be sufficient to establish resting metabolism. The baseline metabolic data of 

investigations using shorter rest periods (Giesbrecht et al., 1997; Castellani et al., 1998; 

1999; Tikuisis, 2003; Marino et al., 1998) may therefore be questionable. Due to time 

constraints, 30 minutes was the maximal time permitted for rest and based upon the 

small change during additional inactivity was sufficient to estimate a baseline V
.
O2 that 

represented true resting metabolism. 

  

The V
.
O2 response to water immersion is inversely related to water temperature, such 

that larger increases are observed as water temperature decreases (McArdle et al., 

1984). Head out water immersion (18-20
o
C) for 30 minutes causes >2.5 fold V

.
O2 

increase (McArdle et al., 1984; Castellani et al., 1999), that is insufficient to offset heat 

loss to water. Augmentation of oxygen consumption is not a detrimental response to 

cool water immersion per se; it is the shivering required to produce the elevated V
.
O2 

that should be avoided. Protocols to gradually lower water temperature have therefore 

been developed to prevent shivering (Booth et al., 1997; Kay et al., 1999; Marino and 

Booth, 1998; Marino et al., 1998). This investigation modified the protocols to lower 

water temperature from 28 to 25
o
C over 30 minutes, resulting in a 24% V

.
O2 increase 

upon water immersion with V
.
O2 remaining elevated by 26% at cessation of pre-cooling. 

Part of the initial V
.
O2 surge upon entering the bath may be explained by hydrostatic 

pressure augmenting central blood volume to cause a transient increase of oxygen 

uptake (Mekjavic and Bligh, 1989) due to enhanced oxygen extraction (Choukroun and 

Varene, 1990). Observations of increased stroke volume, irrespective of water 

temperature, support this notion (Bonde-Petersen et al. 1992). However, the majority of 

the V
.
O2 increase is thought to result from stimulation of cutaneous cold receptors 

resulting in ‘cold shock’. Cold shock collectively defines the reflex hyperventilation, 

tachycardia and inspiratory gasp that occur upon instantaneous stimulation of cutaneous 

cold receptors (Hayward and Keatinge, 1962; Tipton, 1989). Although initial water 

temperature was an apparently mild 28.1±0.1
o
C, subjects tended to immerse while 

wincing, suggesting cutaneous stimulation (Strong et al., 1985) and moderate cold 
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shock. The instantaneous V
.
O2 increase upon immersion in 28

o
C water gradually returns 

to baseline values at 20 minutes, thereafter increasing as a function of immersion 

duration (Mekjavic et al., 2001). It is likely that the cold induced sympathetic outflow 

from noradrenergic nerves augmenting circulating norepinephrine levels (Thomas et al., 

1990; Leblanc et al., 1979; Marino et al., 1998; Frank et al., 1995) explains the 26% 

increase for V
.
O2 consumption (Shiota and Masumi, 1988). This non-shivering 

thermogenesis results in greater muscle tone approaching the shivering threshold for V
.

O2 of a 30% increase (Frank et al., 1999). This represents a similar V
.
O2 response to 

McArdle et al. (1984) for circulated 28
o
C water immersion, yet was lower than for 24, 

26 and 28
o
C water immersion (Craig and Dvorak, 1966), and lower body immersion in 

18
o
C (Wilson et al., 2002). The graduated water temperature studies produced large 

increases in V
.
O2 to attain 0.54–0.80L.min

-1
 following 60 minutes (Booth et al., 1997; 

Kay et al., 1999; Marino and Booth, 1998; Marino et al., 1998), whereas peak V
.
O2 was 

0.42L.min
-1

 for the present investigation; likely an effect of the shorter immersion 

duration for this study. The WB V
.
O2 was significantly greater compared with the AJ 

and IJ interventions that demonstrated marginal increases of 3–4% due to initial 

reductions in Tskin. At the cessation of pre-cooling, V
.
O2 had returned to baseline levels 

for both interventions. Owing to the excess V
.
O2 consumption during water immersion, 

metabolic free energy production was elevated by 32% following the WB compared to 

the control trial (293 v 223 W.m
-2

), resulting in greater internal heat production (146 v 

114 W.m
-2

), that was insufficient to balance heat loss to the water.  

  

 

5C.2.2.1. BODY HEAT STORAGE 

The differential thermal and metabolic responses between pre-cooling modes resulted in 

body heat storage variation between pre-cooling interventions. From the metabolic data, 

there was evidence of a slight increase in heat production due to the stimulation of 

cutaneous thermoreceptors during IJ pre-cooling. This trend appeared to be 

substantiated by the negative heat storage during IJ (-186 W.m
-2

) that was similar to that 
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of the WB (-202 W.m
-2

). Overall, the WB negative heat storage reduced body heat 

content by ~774kJ or 7.7%, whereas the AJ and IJ lowered body heat content by 6.4 and 

1.2%, respectively. Potentially, temperature change within the adipose and connective 

tissue, muscle and bone between the skin and core, (collectively referred to as the 3
rd

 

compartment of the body), could account for differences between body heat debt and 

core temperature changes (Tikuisis, 2003). However, the IJ heat storage estimates 

appeared dubious due to the influence of local cooling on the calculation of Tskin. With 

reference to the sole deep tissue measurement of this investigation, (Trectal), the only pre-

cooling method to confer an increased body heat storage reserve by lowering body heat 

content was the WB.  

 

 

5C.3. PERCEPTUAL RESPONSES 

Thermal sensation and discomfort remained unchanged throughout the C trials, while 

AJ and IJ pre-cooling resulted in perceptions of slightly cool and comfortable to slightly 

uncomfortable throughout pre-cooling. The subjects balanced the afferent signal from 

ice-cooled patches of the torso with non-cooled regions for the IJ to produce a similar 

response to the AJ. The limited perceptual effect for the IJ is in contrast to the 

Cool.1.NZ jacket tested by Sleivert et al. (2001), where ratings of cold and 

uncomfortable could be attributed to the combination of the pre-cooling environment 

(3
o
C) and duration (45 minutes). While autonomic responses are primarily determined 

by core temperature (Nadel et al., 1970; Wyss et al., 1974), thermal comfort has a 

relatively high contribution from Tskin (Frank et al., 1999). The progressive decline in 

Tskin with the IJ was not reflected in thermal sensation ratings that may be attributed to 

the small surface area cooled and the previously discussed methodological factors of 

Tskin calculation. The WB resulted in skin and core cooling that manifested in a 

progressive decrease in ratings of thermal sensation and discomfort throughout pre-

cooling.  

 

By having subjects enter the WB at ~28
o
C, this investigation sought to prevent the 

initial cold shock to immersion. Craig and Dvorak (1966) reported that 28
o
C water felt 

colder than 24 or 26
o
C for their cohort. Furthermore, 30 and 32

o
C water elicited initial 
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cold sensations, returning to baseline following 5 minutes. Five minutes of 28.1 – 

27.7
o
C water immersion caused subjects of the present study to feel cool whereas at the 

cessation of water immersion, thermal sensation was cold to very cold, causing subjects 

to feel slightly uncomfortable to uncomfortable. Similar findings were reported for 60 

minute immersions in analogous water temperatures (Booth et al., 1997; Marino et al., 

1998), and 30 minutes of 20
o
C head out or 18

o
C lower body (Castellani et al., 1999; 

White et al., 2003) immersion. The perception of coldness is therefore common during 

water-induced cooling procedures. A high Tskin weighting for thermal comfort reflects 

the role of the shell as the initial barrier to heat loss. Since conduction of body heat is 

time dependant, the progressive decline in ratings of thermal sensation during water 

immersion that attains descriptions of too cool, very cold and much too cool, should be 

ignored by athletes seeking a meaningful decrease in body heat storage potential.  

 

 

5C.4. OPTIMAL PRE-COOLING PROTOCOL 

The optimal pre-cooling protocol for intermittent high intensity activity would confer a 

substantial decrease in deep tissue temperature to maximise heat storage potential, 

prevent shivering thermogenesis to limit skill decrement, and be time efficient.  

 

Water immersion was the sole pre-cooling intervention to produce a significant 

reduction in Trectal. Notwithstanding differences in immersed body surface area, 

convection of water, vasomotor tone and shivering thermogenesis, Table 2.2. 

demonstrates that cool-cold water (≤24
o
C) exposure generally results in larger Trectal 

decreases than the average water temperature employed by the present study. Such 

observations prompt the employment of a cold, rapid pre-cooling bout. However, 

several factors act against such a strategy. Vasoconstriction limits the cutaneous blood 

volume available for cooling and renders subcutaneous adipose tissue as an insulator to 

metabolically active tissue. Additionally augmented metabolic heat production may 

include shivering to resist the decrease in body temperature, prolonging pre-cooling 

duration due to re-warming periods (Hessemer et al., 1984), and impairing motor 

control (Makinen et al., 2005). Cold shock prevention upon water immersion is 

therefore a pre-requisite for optimal pre-cooling. Water temperatures less than 4
o
C 
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cooler than the Tskin threshold for vasoconstriction onset (~33
o
C) are less likely to 

initiate cold shock upon entering the water (Burton and Bazzett, 1936). Several WB 

protocols have prevented the onset of shivering (Kay et al., 1999; Marino and Booth, 

1998). Both 60-minute bouts lowered water temperature from 28-29
o
C, resulting in 

either no change or 0.2
o
C Trectal decrease during immersion. The majority of subjects 

from the present investigation sensed they were near the onset of shivering at pre-

cooling cessation, suggesting that the combination of water temperature and velocity 

were optimised for a 30-minute immersion of the lean, trained cohort. In contrast, a 

constant water temperature protocol of 25.6
o
C produced shivering (Bolster et al., 1999) 

and is not recommended despite the larger Trectal decrease during cooling. Similarly, 60 

minutes of pre-cooling is unlikely to be employed as it limits practicality to most 

athletes and teams with 30 minutes proposed as the upper limit for time efficiency.  

 

By lowering Trectal 0.6
o
C prior to cycling, the WB pre-cooling protocol demonstrated a 

significant reduction in body temperature measures, minimising shivering in a time 

efficient manner. In the absence of research demonstrating superior cooling for similar 

durations, the WB protocol is recommended for pre-cooling. Without modifications to 

increase the cooling potential of the IJ, it appears best suited for application during 

warm-up to limit heat storage during physical activity (Arngrimisson et al., 2004), 

whereas the AJ may be useful for interchange and/or rest periods.  
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INTERMITTENT HIGH INTENSITY CYCLING 
 

5C.5. BODY TEMPERATURE RESPONSES   
 

5C.5.1. RECTAL TEMPERATURE   

The AJ and IJ tested by this investigation failed to lower Trectal during pre-cooling 

(Section 5C.1.1.2.) or confer any Trectal benefit during the cycling protocol referenced to 

C trials, since Trectal varied by less than 0.2
o
C among AJ, C and IJ trials at each 

measurement point. The AJ and IJ were therefore ineffective for altering deep tissue 

temperature during exercise when applied prior to activity. Conversely, AJ cooling 

blunts the Trectal response to exercise when donned during periods of moderate internal 

heat production as demonstrated in occupational settings that require protective clothing 

(Shapiro et al., 1982). Ice cooling has a similar effect during warm-up periods for sport 

(Arngrimsson et al., 2004; Hasegawa et al., 2005; Webborn et al., 2005). Therefore, the 

AJ and IJ are recommended for trials during warm-up or initial stages of high intensity 

intermittent activity to lessen the rate of Trectal rise.  

 

Despite the 0.6
o
C reduction in Trectal imparted by the WB, the rate of Trectal increase 

during the 1
st
 block of cycling was lowest following water immersion (0.028

o
C.min

-1
), 

indicating that 20 minutes of preparation for the cycling bout was insufficient to balance 

the body temperature gradients concomitant with WB pre-cooling. Conversely, the WB 

trials produced the highest rate of Trectal change during the 2
nd

 block of cycling 

(0.053
o
C.min

-1
), that resulted in a mean Trectal increase of 0.8

o
C, thereby maintaining the 

initial inter-mode Trectal difference at protocol midpoint. Maintenance of a lower post-

cooling Trectal following 20 minutes of activity has been observed during continuous 

exercise at 50% (Kruk et al., 1990), 60% (Wilson et al., 2002), 65% (Cotter et al., 

2001), ~75% (Bolster et al., 1999), ~78% (Kay et al., 1999), ~87% V
.
O2max (Booth et 

al., 1997), and for intermittent arm cranking (Webborn et al., 2005) and running 

(Cheung and Robinson, 2004; Drust et al., 2000). The maintenance of a thermal 

advantage across a wide range of exercise intensities reveals the robust nature of the 

core temperature benefit irrespective of internal heat load. Presumably the excess heat 

storage reserve would be utilised more rapidly during high intensity intermittent activity 

than continuous cycling of similar overall intensity, based upon the greater heat storage 
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of intermittent activity due to excess   V
.
O2 consumption (Garrett and Boyd, 1996, 

Edwards et al., 1973). Overall, the average workload of ~171±26W equated to ~54% V
.

O2max, thereby grading the protocol as light to moderate activity based upon 

conventional classifications. The inappropriate nature of these standards is 

demonstrated by the rate of Trectal increase approximating changes in Toes during 60% V
.

O2max cycling in hotter conditions (40
o
C) (Gonzalez-Alsonso et al., 1999), despite the 

oesophagus eliciting faster rates of adjustment than the rectum (Gass and Gass, 1998). 

 

During the 2
nd

 half of the protocol, the Trectal increase was greater for the WB trials 

(0.052
o
C.min

-1
), confirming utilisation of the heat storage reserve that narrowed the 

inter-mode disparity for Trectal to 0.3
o
C prior to the performance test. Consequently, this 

investigation confirms an asymptotic trend for Trectal following pre-cooling, while also 

providing evidence that a lower Trectal extends throughout 40 minutes of high intensity 

intermittent cycling, that resulted in a post cycling Trectal of 38.9
o
C for the AJ, C and IJ 

trials and 38.6
o
C for the WB trials. Furthermore, maintenance of a thermal benefit 

following 40 minutes of intermittent high intensity activity occurred despite the hot and 

humid environmental conditions that included simulated solar radiation. This 

investigation therefore provides evidence to counter the transient core temperature 

response to prolonged exercise (>30 minutes) following pre-cooling. The transient 

description of the core temperature response to exercise following pre-cooling stems 

from the lower core temperature during the initial stages of exercise with no significant 

difference from the control trial as exercise duration exceeds ~30 minutes (Bolster et al., 

1999). Such ephemeral observations have led one group of researchers to recommend 

against the use of pre-cooling (Bolster et al., 1999). In that study, a 0.5
o
C Trectal 

reduction by water immersion prior to a 60 minute simulated triathlon, preceded final 

Trectal values that were 0.26
o
C lower during pre-cooling (38.50±0.17

o
C) compared to 

control trial (38.76±0.21
o
C). These values may not have been significantly different due 

to the limited statistical power of the experiment (6 subjects x 2 trials), with 0.26
o
C of 

physiological significance where the difference between resting and hyperthermic core 

temperature is a mere ~3
o
C (Gonzalez-Alonso et al., 1999; Nielsen et al., 2001). Booth 

et al. (1997) utilised water immersion to cause a mean 0.7
o
C Trectal difference for 8 



 245

subjects prior to 30 minutes of self-paced running. Despite greater distance covered and 

presumably greater heat production in the pre-cooling trial, the 0.7
o
C Trectal difference 

remained at cessation of the run (38.9±0.2 vs 39.6±0.2
o
C) in the absence of statistical 

significance. Furthermore, 7 subjects improved cycling time trial performance following 

water immersion yet failed to increase Trectal (38.4±0.2
o
C) to match that of the control 

trial (38.7±0.1
o
C) at conclusion of cycling (Kay et al., 1999). Again, the difference 

approached but failed to attain statistical significance. Following air-cooling of a larger 

cohort (14 subjects), Trectal was significantly lowered by ~0.4
o
C and paralleled the 

control trial response during the time to exhaustion trial. The Trectal difference between 

tests remained significant to the 25th minute, however, subsequent data analysis was 

limited by declining cohort size as subjects attained volitional exhaustion (Lee and 

Haymes, 1995). Based upon these data, the extent of the transient effect for core 

temperature following pre-cooling must be questioned. While the core temperature 

profile following pre-cooling appears asymptotic compared to control, physiologically 

significant effects for Tcore have been masked by a lack of statistical significance 

concomitant with limited sample sizes of 6–8 subjects. Where a substantial cohort was 

tested, the research was limited by the experimental design. This investigation therefore 

examined the efficacy of three pre-cooling interventions by testing 12 chronically heat 

acclimatised endurance athletes over 4 standardised 40 minute intermittent high 

intensity endurance trials to demonstrate that Trectal remained significantly lower at 

cessation of protocol. 

 

Drust et al. (2000) lowered Trectal by 0.6
o
C (inclusive of afterdrop) prior to a soccer 

specific protocol to observe a mean 0.4
o
C benefit during the initial 45 minutes. The 

average Trectal margin diminished to 0.1
o
C during the 2

nd
 45-minute intermittent bout, 

with the authors concluding there was no evidence of the beneficial effects of pre-

cooling on physiological responses to their tests. Submaximal cycling interspersed with 

seven 10-second sprints following pre-cooling failed to diminish a 0.4
o
C Trectal benefit 

throughout 30 minutes of cycling (Cheung and Robinson, 2004). A recommendation 

against pre-cooling prior to triathlon followed a 0.26
o
C Trectal benefit at protocol 

cessation failing to attain statistical significance (Bolster et al., 1999). These researchers 

did not recognise the improved margin for thermal tolerance and the limitations of their 
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project design when reporting a lack of physiological benefit. Theoretically, a lower 

Trectal would permit selection of a greater pace, and therefore more heat production prior 

to attainment of ‘critically’ high internal temperatures. Based on the statistically 

significant Trectal demonstrated in the present study, exercise and sport scientists should 

re-evaluate the pre-cooling literature that report a lack of statistical difference between 

trials for Trectal responses, and make an efficacy judgement based upon physiological 

significance in light of the small cohorts tested.  

 

Given the large Trectal alteration following WB pre-cooling in the absence of a 

substantial effect for AJ or IJ, the remainder of this dissertation will be primarily 

devoted to discussing responses to the WB with comments upon the AJ and IJ where 

appropriate. 

 

 

5C.5.2. SKIN + BODY TEMPERATURE RESPONSES 

Fatiguing exercise in a hot environment coincides with Tskin of 37.0–37.2
o
C and Tbody of 

39.5
o
C (Gonzalez-Alonso et al., 1999). Subjects of the present investigation failed to 

attain such high temperatures although average Tskin and Tbody peaked at 36.6 and 

38.4
o
C for the C trials respectively. The difference between the WB and other modes 

was at least 0.7 and 0.4
o
C for Tskin and Tbody, respectively. The Tskin response following 

WB pre-cooling was similar to the reports of Kay et al. (1999) and Booth et al. (1997) 

where the large initial disparity to the C trials diminished as exercise time increased. 

The initial rapid rise in Tskin occurs as the integument absorbs heat from the 

environment and surrounding tissue. 

 

In this investigation, Tskin  remained significantly cooler throughout the cycling protocol 

following WB pre-cooling. The WB Tskin plateaued following 20 minutes of cycling, 

suggesting that the augmented heat storage capacity conferred by the cool skin had been 

largely utilised by the midpoint of the protocol. 
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5C.5.3. BODY HEAT STORAGE 

The negative heat storage from WB pre-cooling created a greater window for heat 

storage during the cycling protocol, which is consistently reported following pre-

cooling (Bolster et al., 1999; Booth et al., 1997; Olschewski and Bruck, 1988; Lee and 

Haymes, 1995; Kay et al., 1999; Kruk et al., 1990). Subsequent rates of heat storage are 

related to the pre-cooling mode and duration, environmental heat load, intensity of 

exercise and calculation of mean body temperature. Water immersion pre-cooling 

resulted in a 91% excess body heat storage during cycling compared to C trial, that was 

similar to the change observed by Kay et al. (1999), where 60 minutes of water 

immersion (~27.9
o
C) preceded a 30 minute cycling time trial (Table 5C.75.). The high 

heat storage values of Booth et al. (1997) apparently stem from running, as the 

remaining reports of Table 5C.75. utilised cycling. Body heat storage was calculated as 

the overall average of the cycling protocol with body heat content reported at 5-minute 

intervals. Excess heat storage (based upon rate of Trectal change) following the WB 

commenced following 5 minutes of cycling and remained throughout the remainder of 

the protocol.  

 

 

Table 5C.75. Body heat storage during control and pre-cooling trials. 

Control (Watts) Pre-cooling (Watts) Reference 

68 130 This Investigation - WB 

119 144 Lee and Haymes, 1995 

84 153 Kay et al., 1999 

79 109 Bolster et al., 1999 

113 249 Booth et al., 1997 

 

 

5C.6. CARDIOVASCULAR RESPONSES 
 

5C.6.1. HEART RATE 

When exercise in the heat is either preceded by body cooling (Booth et al., 1997; Cotter 

et al., 2001; Olschewski and Bruck, 1988), or cooling is applied to the body during 

activity (Young et al., 1987; Price and Mather, 2004) there is lower cardiovascular 

strain compared to exercise without body cooling. The lower heart rate is generally 
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inferred to represent improved venous return and therefore stroke volume, requiring 

fewer cardiac cycles to produce a given cardiac output (MacDonald et al., 2001). It is 

thought that lesser demand for cardiac output by the cutaneous circuit permits superior 

maintenance of muscle blood flow and mean arterial pressure following pre-cooling 

(Kenney and Johnson, 1992). The observation of statistically non-different mean heart 

rates between trials, appears counter-intuitive given the aforementioned responses, and 

the fact that the intrinsic heart rate would decrease by 4–6 beats.minute
-1

 (Rubin, 1987, 

Jose et al., 1970) for the 0.6
o
C Trectal decrease with water immersion, notwithstanding 

any alteration in cardiovascular hemodynamics. Although the temperature of blood 

perfusing the heart was not measured, the 3 beats.min
-1 

difference between the WB and 

other trials during block 1 is similar to the expected result were cardiovascular 

hemodynamics not altered. The apparent lack of effect might be explained by the 

simulation of solar radiation within the climate control chamber to mimic a ‘true’ 

tropical environment; a novel aspect of this pre-cooling investigation. Interestingly, the 

other pre-cooling investigation to utilise solar radiation albeit further from subjects, also 

found no effect for heart rate (Duffield et al., 2003). The result is likely confounded by 

the brief time that the IJ was worn being insufficient to affect heart rate.  

 

The effects of solar radiation upon cardiovascular hemodynamics are not well 

understood, presumably due to the mathematical complexity of insolation. Actual solar 

radiation during a moderate workload caused a 1.5
o
C increase for Tskin without altering 

core temperature, resulting in a profound 9% heart rate increase (Nielsen et al., 1988). 

In that study, the authors speculated that lower central blood volume synchronous to 

cutaneous vasodilation of irradiated skin caused the increased cardiac frequency, as 

intrinsic heart rate alteration appears a remote possibility given the lack of core 

temperature change and rapid rise of heart rate. A lack of a chronotropic effect 

following pre-cooling could result from withdrawal of vasoconstrictive tone of the 

posterior dermis that lowered central blood volume due demand from the cutaneous 

circuit.  

 

While pre-cooling studies tend to report lower heart rates, several reports have found a 

minor heart rate response. Despite a 0.5
o
C Trectal reduction, Bolster et al. (1999) reported 
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a similarly small chronotropic benefit to the present investigation with a ~5 

beats.minute
-1

 lower heart rate reported during the initial 5 minutes that was similar to 

the report of Wilson et al. (2002). The failure to detect a larger effect for heart rate is 

unlikely to be attributed to the use of an intermittent protocol as a 8 beats.minute
-1

 

benefit was previously reported for a continuous protocol (Drust et al., 2000). 

Additionally, the lower sweat rate (Section 4C.15.1.) following WB pre-cooling would 

act to maintain superior blood volume, theoretically limiting heart rate. 

 

5C.7. EFFECTOR RESPONSES TO CYCLING 
 

5C.7.1. CUTANEOUS BLOOD FLOW  

The tenuity of cutaneous blood flow data is a major limitation of the pre-cooling 

literature, causing researchers to speculate that superior regulation of blood perfusing 

the skin underpins their observations of improved performance (Marsh and Sleivert, 

1999; Smith et al., 1997; Yates et al., 1996). The present investigation assessed 

cutaneous blood flow at rest, at the conclusion of pre-cooling and during rest periods of 

the cycling protocol to provide insight into the regulation of cardiovascular responses 

following pre-cooling. This investigation found that when the CBF data was examined 

with reference to the measurement at the cessation of pre-cooling, relative CBF was 

higher at the conclusion of the cycling in the WB trials compared to the AJ, C and IJ 

trials by a statistically significant margin. That is, given the low CBF following the WB 

pre-cooling, the intermittent cycling bout resulted in a greater percentage increase for 

CBF. While the absolute CBF increased for each of the pre-cooling modes during the 

intermittent cycling bout, there was no statistically significant difference between the 

pre-cooling modes.  

 

To the author’s knowledge, Gonzalez-Alonso et al. (1999) is the sole pre-cooling 

investigation to study cutaneous blood flow in the literature. In that study, cutaneous 

blood flow was markedly reduced with aggressive pre-cooling that lowered Toes to an 

average of 35.9
o
C. The paucity of pre-cooling data accounting for CBF measurements is 

not extended to the general thermoregulation literature. Studies of human responses to 

cooling consistently report a reduction in CBF (Alvarez et al., 2006; Pergola et al., 

1993; Stephens et al., 2004). A lower core temperature acts to increase cutaneous 
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vasoconstrictor tone while local cooling of the skin causes local adrenergic nerve 

activation and an increase in post-synaptic α–receptor affinity (Flavahan et al., 1985), 

also mediating cutaneous vasoconstriction. The WB resulted in a Trectal decrease of 

0.6
o
C and although forearm skin temperature was not determined by this investigation, 

it was likely lower following the WB trials given the lower mean skin temperature. The 

degree of CBF depression for combined whole body and local cooling as occurred 

during the WB pre-cooling is lower than the sum of the two independent treatments, 

with a greater role for reflex vasoconstriction in such circumstances (Alvarez et al., 

2006). Regardless, the aforementioned mechanisms therefore should have resulted in 

lower CBF during the intermittent cycling.  Underlying this apparent lack of response 

may be CBF measurements taken during rest periods of the cycling protocol, 

attenuation thresholds and placement of the laser Doppler probe. 

 

Laser Doppler flowmetry measurements must be taken while the site is stable, as 

measurement noise results from limb movement. This investigation therefore measured 

cutaneous blood flow following completion of each cycling block. Subjects rested for 2 

minutes between blocks and measurements were taken within the final 30 seconds of 

the rest period to permit other variables to be assessed. It is possible that exercise 

induced CBF differences between pre-cooling modes were masked by the ~90 seconds 

of rest permitted prior to measurement. Such an effect could theoretically influence 

CBF readings during the initial 20 minutes of cycling as at the 20
th

 minute of the 

cycling protocol, Trectal of the AJ, C and IJ trials approximated 38
o
C. Gonzalez-Alonso 

et al. (1999) found that despite Toes remaining substantially lower following pre-cooling 

than for C subjects during heating trials, cutaneous blood flow was similar among trials 

as a plateau coincided with Toes of 38
o
C (Gonzalez-Alonso et al., 1999). Fritzsche and 

Coyle (2000) supported this finding by observing that increases in cutaneous blood flow 

were also attenuated at a Toes of 38
o
C for trained and untrained subjects irrespective or 

exercise intensity and therefore heat production. The attenuation thresholds are thought 

to coincide with decreased cutaneous blood volume which may occur at a critical level 

of cutaneous blood pooling (Patterson et al., 1994). 
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While the laser Doppler probe was attached such that measurements demonstrated low 

intra-trial variability, it’s possible that inter-trial variability contributed to the lack of 

statistically significant CBF changes during the experiment. Integument landmarks were 

used to establish the probe, however, with such a small laser beam, minuscule positional 

differences may confound the CBF data. 

 

In summary, average cutaneous blood flow appeared to demonstrate some influence 

following WB pre-cooling although no inter-mode trends of statistically significant 

differences were detected. Measurement related issues may have contributed to this 

finding. 

 

 

5C.7.2. SWEATING  

A depressed sweat rate is commonly observed following cool water (Kay et al., 1999; 

Wilson et al., 2002) and cold air pre-cooling (Schmidt and Bruck, 1981; Hessemer et 

al., 1984; Olschewski and Bruck, 1988; Lee and Haymes, 1995). The lowering of whole 

body sweat rate from 1.3 to 1.0L.h
-1 

following WB pre-cooling represents a 23% 

decrease, comparable to the change reported by Hessermer et al. (1984), Kay et al. 

(1999), Lee and Haymes (1995) and Wilson et al. (2002). Of these studies, Kay et al. 

(1999) reduced sweat loss by 0.6L.h
-1

 following pre-cooling, despite the greater 

workload of the pre-cooling trial. 

 

The delay for onset of sweating averaged ~3 minutes from commencement of exercise, 

and occurred in 8 of the subjects to have capacitance hygrometry of the chest (10 

subjects) and back assessed (9 subjects). The ‘true’ sweating delay would incorporate 

the 20 minutes of preparation for cycle ergometry that included the attachment of the 

sweat rate capsules. For all other trials except one IJ trial, sweating had exceeded the 

detection threshold of 0.10mg.cm
-2

.min
-1

 upon sweat capsule attachment. Therefore, 

comparisons of inter-trial sweat rate thresholds were not permitted. Others have found 

that pre-cooling prolongs the time before sweating threshold is attained but not the core 

temperature at which it occurs (White et al., 2003; Wilson et al., 2002). While 

combining pre-cooling treatments or ‘double cold’ exposure not only delays the onset of 
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sweating, it also lowers the Toes threshold for sweating (Olschewski and Bruck, 1988; 

Schmidt and Bruck, 1981).  

 

The lower chest and back sweat rates following WB pre-cooling are likely a combined 

result of less sudomotor outflow from the lower Trectal and altered sweat gland 

sensitivity to neurotransmitter due to lower Tskin (DiPasquale et al., 2003). There is 

general acceptance of the predominant role of internal temperature for sweat regulation 

(Wyss et al., 1974), with lesser roles identified for Tskin (DiPasquale et al., 2003; 

McCaffrey et al., 1979; Nadel et al., 1971) and the latter’s rate of change (Wyss et al., 

1974). The greater correlation between regional sweat rate and Tbody compared to Trectal 

and Tskin across trials supports this model of sudomotor regulation. Sweat gland 

sensitivity to central stimulation appears to have influenced the lower sweat rate on the 

chest following WB pre-cooling, as skin temperature was lower than 32
o
C during the 

initial 5 minutes of cycling (DiPasquale et al., 2003). The effect was diminished on the 

back due to the simulated solar radiation resulting in a local temperature of ~34
o
C upon 

commencement of cycling. Although sweat gland density could not be standardised 

between measurement sites, the higher sweat rate observed on the back would have 

likely resulted from the simulated solar radiation (McCaffrey et al., 1979; Nadel et al., 

1971) increasing Tskin and therefore sudomotor transmitter sensitivity (MacIntyre et al., 

1968; DiPasquale et al., 2003), with a smaller contribution from cholinergic sensitivity 

adjustments. The data of Patterson et al. (2004) did not utilise solar radiation and 

reported slightly higher sweat rates for the chest compared to the back from the same 

model of capacitance hygrometer as that used in the current investigation. Generally, 

the data of the current investigation are similar to those of Patterson et al. (2004), where 

subjects cycled at 30% of peak power in hot (40
o
C) and humid (60%) conditions for 60 

minutes to elicit respective sweat rates of 3.8 and 3.7mg.cm
-2

.min
-1

) for the chest and 

back. However, similarly harsh environmental conditions employed by Shvartz et al. 

(1979) produced the relatively low chest sweat rate of 2.3mg.cm
-2

.min
-1

 for subjects 

cycling at 50% of maximal aerobic power for 60 minutes. This discrepancy may be 

attributed to the partially heat acclimated status of the subjects and the different model 

of hygrometer utilised. 
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Interpreting the lack of sweat depression for the AJ and IJ suggests an insufficient 

cooling of sweat glands, as a cooler skin would cause down regulation of local 

sweating. Hence, the low sweat gland population of the small surface area cooled would 

act to hinder the IJ altering fluid balance during the subsequent cycling bout as has been 

reported (Duffield et al., 2003; Hornery et al., 2005). Application of AJ or IJ might be 

beneficial during warm-up as significant reductions in sweat loss are observed for both 

AJ (Epstein et al., 1986) and IJ (Hasegawa et al., 2005), despite the IJ hindering sweat 

efficiency. 

 

The whole body sweat rates reported by this investigation should be considered 

conservative estimates, as post-cycling body mass was not corrected for sweat 

accumulation in the cycling knicks due to limited time prior to performance test.  

Similar sweat rates to those observed for the AJ, C and IJ trials were reported for 

continuous cycling at 55–60% V
.
O2max in 33–34

o
C (Ryan et al., 1989; Vrijens and 

Rehrer, 1999). The hotter conditions of this investigation combined with the radiant 

heat source (Nielsen et al., 1988), acclimatisation status of subjects (Hue et al., 2004) 

and discontinuous nature of the cycling (Garrett and Boyd, 1996) ought to increase 

sweating relative to other studies. Regardless of the underestimation, sweat rate 

decreased by ~300mL to lessen dehydration from 1.6 to 1.3% following WB pre-

cooling. While small alterations in fluid balance can modify physiological and 

performance responses, physiological deteriorations occur at ~1% (Ekblom et al., 1970), 

with endurance performance generally reported to decline at greater than ~2% 

dehydration (Walsh et al., 1994). The beneficial effect of WB pre-cooling upon fluid 

balance is therefore small and of limited physiological significance. 

  

 

5C.8. METABOLISM   
 

5C.8.1. OXYGEN CONSUMPTION   

While high internal temperatures reduce maximal aerobic power (Nybo et al., 2001; 

Sawka et al., 1985) due to limited cardiac output (Gonzalez-Alonso and Calbet, 2003), 

the effect upon exercise requiring high yet not maximal aerobic power in the heat is an 
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increase in V
.
O2 consumption (Consolazio et al., 1963; Fink et al., 1975). While cardiac 

output was not measured or predicted by the present investigation, it is unlikely that 

cardiac output was limiting during the cycling protocol of this investigation, as the 

mean V
.
O2 consumption across all trials was 69–74% of maximal. Theoretically, the 

higher Trectal, Tskin and Tbody of the AJ, C and IJ trials referenced to WB would cause 

increased V
.
O2 consumption (Finn et al., 2001) via several mechanisms. The lowered 

body temperature variables with WB pre-cooling would result in a leftward shift in the 

oxyhaemoglobin curve (Coetzee and Swanepoel, 1990), causing impaired oxygen 

delivery to the active musculature where the partial pressure of oxygen is low. 

Additionally, the aerobic synthesis rate of ATP is thermal dependant and therefore 

slower at lower temperatures (Hilber et al., 2000), while lower muscle blood flow and 

its rate of adjustment (Ishii et al, 1992) and overall slower V
.
O2 on–response with lower 

Tmuscle (Shiojiri et al., 1997) would synergistically act to lower exercise V
.
O2 post WB. 

That V
.
O2 consumption was greater during the initial block of cycling following water 

immersion where Trectal was cooler challenges the aforementioned mechanisms.  

 

The excess V
.
O2 consumption following cooling is typically small (Kruk et al., 1990; 

Kay et al., 1999; Lee and Haymes, 1995; McArdle et al., 1976; Sjödin et al., 1996), but 

evident despite the increase in Trectal during the initial stages of exercise (Galbo et al., 

1979), raising the likelihood that the cause demonstrates a period of latency. Assuming 

that the non-shivering thermogenesis observed during WB pre-cooling was mediated by 

norepinephrine concentrations, it is probable that plasma norepinephrine levels would 

remain elevated following the 20 minute transitional period between pre-cooling and 

cycling (Marino et al., 1998) and may explain the elevated V
.
O2 consumption during the 

initial block of cycling. That norepinephrine concentrations rapidly increase during 

moderate to intense exercise (Fattor et al., 2005; Gonzalez-Alonso and Calbet, 2003) 

support this premise and would occur across trials. This would minimise the initial 

discrepancy and explain the similar block 2, 3 and 4 V
.
O2 consumption. 
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Alternatively, the excess post-immersion energy cost of cycling could be related to the 

force required to overcome the passive resistance of leg stiffness, generated by cooler 

Tmuscle. Muscle temperatures were not assessed by this experiment but were expected to 

decrease significantly as outlined in the previous discussion (Section 5C.1.1.4.). In vitro 

animal experiments demonstrate altered muscular tensile properties with lower 

temperatures that increase muscular stiffness (Noonan et al., 1993), with similar data 

reported for humans following 30 minutes of ice cooling (Price and Lehmann, 1990). 

That excess V
.
O2 was not observed following IJ pre-cooling fails to preclude the 

efficacy of this muscular stiffness paradigm, as the lower body was not cooled by the IJ. 

 

Regardless of the mechanism for the ~3% V
.
O2 increase following WB pre-cooling, 

there was no evidence of a major metabolic difference between pre-cooling modes. 

Although there are reports that glycogen use is greater during exercise in the heat 

(Febbraio et al., 1996; Young et al., 1985) and attenuated for canines by pre-cooling 

(Kozlowski et al., 1985), the majority of data shows that metabolism is not substantially 

altered by environmental conditions and presumably body temperatures during 

intermittent exercise (Morris et al., 1998; 2000; Maxwell et al, 1999; Drust et al., 2000; 

2005). Booth et al (2001) utilised a similar WB pre-cooling protocol to the present 

investigation and found no effect upon muscle substrate utilisation and metabolite 

formation during moderate cycling in analogous conditions (~35
o
C, 47% RH) where 

Toes peaked at 38.2
o
C. The Trectal response of the AJ, C and IJ trials (peak 38.9

o
C), had 

potential to increase glycogenolysis but Trectal would need to be 39.4
o
C as in the study of 

Parkin et al. (1999). Muscle biopsy was not feasible for this investigation, but despite 

the small initial difference for V
.
O2 consumption and similar blood lactate 

concentrations during the cycling protocol, inter-trial metabolic differences appear 

remote.  
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5C.8.2. BLOOD LACTATE CONCENTRATION  

One blood lactate specimen was analysed per block of cycling to provide insight into 

the anaerobic contribution to intermittent cycling. The specimen was collected ~90 

seconds following conclusion of the 125% V
.
O2max supramaximal sprint. Therefore, 

interpretation of the data was conducted with the knowledge that average ‘whole block’ 

blood lactate concentration was likely to be lower than the reported values and that 

block to block values were comparable. The blood lactate concentration range of ~7 to 

~9 mM.L
-1

 throughout the duration of cycling is consistent with a high intensity of 

effort, as these values are slightly lower than exhaustive concentrations (Backx et al., 

2001; Finn et al., 2001; Marsh and Sleivert, 1999). Although blood lactate data from 

competitive intermittent sport is scarce, reports for soccer (Bangsbo et al., 1991; 

Ekblom, 1986), tennis (Bergeron et al., 1991; Groppel and Roetert, 1992), cricket 

(Brearley et al., 2005) and rugby league (Coutts et al., 2003) are within 2–12mM.L
-1

, 

with average values in the range of 3–7mM.L
-1

 (Bangsbo, 1994; Florida-James and 

Reilly, 1995). The higher blood lactate concentrations during the cycling protocol than 

those in reports for team sport activity may partially reflect higher lactate concentrations 

in harsh environmental conditions (Young et al., 1985; MacDougall et al., 1974; Dimri 

et al., 1980), although this response is not exclusively reported (Ball et al., 1999). It is 

likely that values were close to those of peak blood lactate when assessed following the 

high intensity sprint and therefore exceed the average values in the field. 

 

Pre-cooling consistently fails to alter the blood lactate profile to submaximal (Cheung 

and Robinson, 2004; Gonzalez-Alonso et al., 1999), intense (Hessemer et al., 1984; Lee 

and Haymes, 1995; Myler et al., 1989; Yates et al., 1996) and supramaximal exercise 

(Marsh and Sleivert, 1999). Although higher blood lactate concentrations have been 

reported for exercise following pre-cooling, these values occur as a function of the 

greater pace selected during time trials (Booth et al., 1997; Kay et al., 1999). A trend for 

lower blood lactate accumulation was found for intermittent sprinting with sporadic use 

of an IJ (Duffield et al., 2003), however, additional data to corroborate this response is 

not available. The present investigation extends the aforementioned field of research to 

report that the concentration of blood lactate was not significantly different between 

trials during a high intensity intermittent cycling protocol, thereby suggesting that 
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anaerobic metabolic status varied in accordance to the workload, in the absence of an 

effect for pre-cooling interventions.  

 

 

5C.9. PERCEPTUAL RESPONSES 
 

5C.9.1. RATING OF PERCEIVED EXERTION 

The subjective rating of perceived exertion is expected to provide some indication of 

mental drive and overall discomfort from cycling. In this regard, rating of perceived 

exertion tends to be highly associated with Tcore (Nybo and Nielsen, 2001b; Gonzalez-

Alonso et al., 1999), however no perception of exertion benefit was reported for the 

cooler Trectal, Tskin and Tbody during the WB cycling trials. Muscular stiffness from 

lowered muscular temperatures may have balanced the expected benefit for perception 

of effort during the WB trials. Presumably under these conditions, other factors would 

dictate the rating of perceived exertion, including metabolic intensity (Edwards et al. 

1973; Glass et al., 1994). Greater ratings of perceived exertion are found for high 

intensity intermittent activity compared to continuous exercise of the same overall 

average intensity, where higher Trectal is accompanied by greater metabolic perturbations 

(Garrett and Boyd, 1996). Interestingly, the highest associations between Tcore and 

rating of perceived exertion are found for submaximal exercise (Nybo and Nielsen, 

2001b; Gonzalez-Alonso et al., 1999) and not always reported (Pivarnik et al., 1988; 

Hayashi et al., 2004). When heat stress is superimposed upon intermittent exercise, the 

relation between Tcore and perceived exertion is equivocal (Morris et al., 1998; 2000).  

 

Recent reports of attenuated prolonged force generation with hyperthermia (Martin et 

al., 2005; Nybo and Nielsen, 2001a), are complemented by dissertations of altered brain 

activity and cerebral blood flow (Nybo and Nielsen, 2001b; Nielsen et al., 2001), to 

provide compelling evidence of central fatigue curtailing performance with high 

internal temperatures. Conversely, there exists only tentative evidence for an impaired 

ability to activate muscle with intermittent activity (Drust et al., 2005). The similar 

ratings of perceived exertion throughout cycling ergometry may be evidence that pre-

cooling did not alter mental drive, or that variations in central output were masked by 

the circulatory and metabolic status induced by intense sprints. Alternatively, the 0.3–
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0.6
o
C Trectal benefit with WB pre-cooling may be below the threshold for perception of 

differences in central nervous system outflow during intense intermittent exercise. 

 

 

5C.9.2. RATING OF THERMAL SENSATION AND DISCOMFORT  

Water immersion pre-cooling improved ratings of thermal sensation and discomfort 

during the initial 10 minutes of intermittent cycling. This short-lived effect is in 

agreement with others (Cheung and Robinson, 2004; Booth et al., 1997; Mitchell et al., 

2003) despite depressed Tcore and/or Tskin. In the present study, both Tcore and Tskin were 

significantly lower throughout the cycling protocol and ought to have improved ratings 

of thermal sensation and discomfort comfort as both body regions contribute to 

perception of body temperature (Frank et al., 1999). The intense simulated solar 

radiation load upon the back, neck and head may have influenced the subjects’ 

perception of body temperature, but remains to be investigated. Irrespective of the 

lessened demarcation for ratings of thermal sensation and discomfort between trials, the 

cycling trials proceeded by WB pre-cooling were rated the most preferred. 

 

 

5C.10. PERFORMANCE   

The present investigation sought to test time to exhaustion (TTE) at 100% V
.
O2max 

following 40 minutes of intermittent high intensity activity. The rationale for this 

approach lay in its importance to team sport activity of high intensity efforts following 

repeated efforts at varying intensities that gradually induced a degree of fatigue. The 

submaximal performance benefits following pre-cooling noted by Gonzalez-Alonso et 

al. (1999) are of limited relevance to intermittent sport activities while supramaximal 

tests are too brief to justify pre-cooling for team sport athletes. Additionally, by testing 

TTE performance subsequent to a 40 minute pre-load of intermittent high intensity 

activity, this investigation examined the hypothesis of a limited pre-cooling 

performance effect following more than half an hour of activity. The author did not to 

detect any difference between trials for time to exhaustion at 100% V
.
O2max, supporting 

the data of Mitchell et al., (2003) where no exercise pre-load was undertaken prior to 

the performance bout. Both investigations cooled the majority of body surface area, 



 259

supporting the possibility that the cooler limbs impaired performance as low muscular 

temperatures manifest in limited force generating potential (Bergh and Ekblom, 1979, 

Oksa et al., 1993; Sargeant, 1987). Several subjects in the present study reported a 

sluggish lower body response during the initial minutes of the intermittent cycling 

where lower body muscle temperature was predicted to decrease by 3–17
o
C at a depth 

of 1–5cm. While such perceptions are common in the absence of a ‘warm-up’ or 

substantial rewarming period (Mitchell et al., 2003), 20 minutes of inactivity prior to the 

intermittent cycling in a tropical environment did not prevent this effect. Although the 

sluggish sensation was reported to rapidly diminish during the initial block of 

intermittent cycling, it is probable that a maximal endurance test immediately following 

pre-cooling, would show a detrimental result in agreement with Mitchell et al. (2003), 

whereas moderate activity rapidly rewarms muscle (Myrer et al., 1998) to benefit short-

term energy production and force development (Ball et al., 1999). 

 

The lack of a performance effect for intermittent activity following the pre-cooling 

interventions appears to support the data of Duffield et al. (2003). However, a 2.4% 

increase in mean sprint power was reported for their 7 subjects following intermittent 

use of the IJ. Moreover, the slight improvements for mean sprint power were evident 

during the initial 3 quarters and identical between trials during the final quarter where 

Trectal was 38.6
o
C for both trials (Duffield et al., 2003). A lack of statistical power may 

have limited the identification of inter-trial sprint power differences for the combination 

of pre-cooling and cooling during exercise breaks. Hornery et al. (2005) applied an IJ in 

between two 30 minute halves of moderate cycling to observe a trend towards more 

work done during a 10 minute test, while Drust et al. (2000) observed lower Trectal 

during initial 45 minutes of intermittent running by an average 0.4
o
C. An analogous 

Trectal benefit persisted throughout 30 minutes of intermittent sprinting in temperate 

conditions without an effect for sprinting performance (Cheung and Robinson, 2004). 

The change was similar to the 0.3
o
C conferred by WB pre-cooling at 40 minutes and 

such responses would be expected to improve the ability to continue physical activity 

due to an augmented window prior to attainment of critical Tcore (Gonzalez-Alonso et 

al., 1999). Core temperatures of 40
o
C are implicated in exhaustion at moderate 

metabolic rates for highly trained athletes (V
.
O2max >65mL.kg

-1
.min

-1
), with the critical 
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core temperatures of moderately trained athletes (V
.
O2max 55–65mL.kg

-1
.min

-1
) 

modulated by inferior aerobic power and exercise intensity, as critically high core 

temperatures did not eventuate during tests of the present investigation or those by 

others (Finn et al., 2001; Mitchell et al., 2003; Morris et al., 1998; 2000). Post time to 

exhaustion Trectal were similar among trials (38.8–39.1
o
C), and that TTE was not altered 

by elevated Trectal of AJ, C and IJ trials are not congruent with the premise of high 

internal temperatures curtailing endurance performance. Mechanisms of hyperthermia 

induced fatigue include limited cardiac output (MacDougal et al., 1974), dehydration 

(Montain and Coyle, 1992), metabolism (Febbraio et al., 1994) and reduced mental 

drive for exercise (Nielsen et al., 2001). Theoretically, cardiac output would be better 

maintained with cooler internal temperatures, and dehydration was slightly lower 

following WB pre-cooling. Acknowledging that altered acid-base balance contributes to 

fatigue during high intensity activity (Fitts, 1994), the present investigation observed 

similarly high blood lactate concentrations at exhaustion to others (Backx et al., 2001; 

Drust et al., 2005; Finn et al., 2001; Mitchell et al., 2003), however they did not vary 

between pre-cooling modes. Mental drive was not directly assessed, although ratings of 

perceived exertion were not different between trials. Overall, the ability to continue 

cycling at 100% V
.
O2max following high intensity intermittent cycling in tropical 

conditions was not altered by a variety of pre-cooling interventions. The 0.3
o
C Trectal 

reduction conferred by the WB prior to time to exhaustion testing is likely an 

insufficient margin to extend performance time at 100% V
.
O2max via the 

aforementioned mechanisms. A submaximal TTE test may have detected a pre-cooling 

performance effect, as core temperature would theoretically be the primary 

physiological regulator of endurance time given the submaximal metabolic rate. 

 

The lack of performance benefit in the present study may be related to superior control 

for a placebo effect than other pre-cooling investigations. Researchers have probably 

overestimated the small performance benefits for pre-cooling by not controlling for this 

effect (Brearley and Finn, 2003). One pre-cooling investigation attempted to control for 

a placebo effect by utilising coloured thermoneutral water accompanied by an 

explanation that it might confer similar benefits as pre-cooling (Yates et al., 1996). 
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Hornery et al. (2005) discuss the possibility of the placebo effect influencing their 

results. The endurance trained cohort of this investigation were chronically heat 

acclimatised and therefore had an understanding of their responses to high body 

temperatures. It was anticipated that study participants would perceive pre-cooling 

modes as strategies of improving exercise performance in the heat, and that such 

perceptions should be controlled for by an explanation that pre-cooling may induce a 

negative performance owing to lower muscle temperatures. Prior to each trial, the 

explanation was re-iterated with a statement that subjects should undertake the testing 

without preconceived views of the pre-cooling interventions. The lack of a performance 

benefit with any pre-cooling intervention may therefore be attributed in part to the 

superior control of a placebo effect achieved by this investigation. 

 

 

5C.11. SUMMARY 

The present investigation demonstrated attenuated thermal strain via lower Trectal, Tskin 

and Tbody following cool water immersion without any substantial effect for AJ and IJ 

pre-cooling of 30 minutes in a tropical environment. A major benefit conferred by WB 

pre-cooling was heat storage reserve augmentation that increased the margin for 

attainment of critically limiting internal temperature. While there was a thermal 

advantage of 0.3
o
C Trectal, 0.7

o
C Tskin and 0.4

o
C Tbody, delayed onset of sweating, 

reduced sweat rate and therefore dehydration, there was no performance advantage in a 

TTE test at 100% V
.
O2max. The high intensity of the TTE test may have rendered the 

performance measure of this investigation insensitive to the lower Trectal, Tskin and Tbody 

conferred by the WB prior to commencement of the test, as metabolic rather than 

thermal perturbations were the limiting factors for the endurance performance. When 

analysed with the performance benefits reported by others (Booth et al., 2001; Kay et 

al., 1999), WB pre-cooling likely serves as an effective strategy for improving thermal, 

perceptual and possibly endurance performance in tropical conditions. The duration of 

these effects is dependent upon the interaction of cooling method, intensity and 

duration, environmental conditions, individual heat tolerance and exercise intensity and 

duration.  
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The findings of this investigation suggest that despite the asymptotic trend towards 

control values, the lower Trectal, Tskin and Tbody, conferred by cool water immersion 

remained following 40 minutes of intermittent high intensity activity in simulated 

tropical conditions. 

 

 

5C.12. RECOMMENDATIONS 

Although equipment and time requirements may be viewed as limiting the practicality 

of WB pre-cooling, and that athletes may endure sensations of being cold and 

uncomfortable, the advantages of pre-cooling are substantial and warrant use by athletes 

preparing to compete in tropical conditions. While the use of pre-cooling is gaining 

acceptance (Brearley et al., 2002), this process could be accelerated by inclusion of pre-

cooling protocols within recommendations for avoiding heat injuries. A recent policy 

for exercise in the heat does not adequately address pre-cooling (Preventing Heat Illness 

in Sport Policy, Sports Medicine Australia), whereas earlier position papers (Armstrong 

et al., 1996; Mitchell, 1994) have not mentioned pre-cooling at all. Such papers should 

promote the use of pre-cooling by providing protocols and explanations of procedures. 

 

Future research should examine a similar WB pre-cooling protocol to that tested by the 

current investigation for physiological, perceptual and performance responses to a 

variety of intermittent high intensity protocols that mimic the demands of team sport. 

Furthermore, the exercise protocols should be of sufficient duration (>30 minutes) to 

improve the understanding of the asymptotic core temperature responses following pre-

cooling. The performance tests utilised by future studies should examine a range of 

capacities specific to team sport including intermittent supramaximal sprints 

interspersed with periods of lower intensity exercise.  
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APPENDIX D1.1. V8 SUPERCAR PARTICIPANT INFORMATION SHEET 
 

Motor Sport Athlete Responses to Driving in Tropical 
Conditions 

 

Participant Information Sheet 

Height and Weight 

Purpose: To describe some of your physical characteristics 
Procedure: Your height will be measured on a wall-mounted scale and your weight 
measured on an electronic scale. 

Skinfolds 

Purpose: To estimate body composition 
Procedure: Skinfold thickness measurements will be made at a total of 7 sites on the 
chest, back, arm and leg with a pair of callipers. 

Maximal Oxygen Consumption (V
.
O2max) Test  

Purpose: To assess your aerobic fitness 

Procedure: A V
.
O2max test involves running on a motorised treadmill at a constant 

pace with increasing gradient every minute. During the test you are breath through a 
mouthpiece to measure the volume of air you are breathing. The test is completed 
when volitional exhaustion is reached or your oxygen consumption plateaus. 

Core Temperature 

Purpose: To assess body heat storage 
Procedure: Core temperature is measured by a sterile once-use temperature probe 
contained within a small pill. You are asked to swallow the pill with the consumption of 
fluid in the presence of an investigator who is first aid qualified. Core body temperature 
is also estimated from the temperature of the tympanic membrane by a temperature 
probe placed in the ear for 2 seconds. 

Perceived Thermal Strain and Comfort 

Purpose: To gauge perceptual responses to driving in hot conditions 
Procedure: You will be asked to rate your thermal strain and thermal discomfort on 
numbered scales before and following a driving bout. 

Heart Rate 

Purpose: To estimate cardiovascular strain and exercise intensity 
Procedure: Your heart rate will be continuously measured by a heart rate monitor worn 
across the chest that transmits to a watch worn on your wrist. 

Rating of Perceived Exertion 

Purpose: To gauge perceived effort during a driving bout 
Procedure: You will be asked to rate your perceived exertion on a numbered scale 
following a driving bout. 
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APPENDIX D1.2. V8 SUPERCAR INFORMED CONSENT FORM 
 

Motor Sport Athlete Responses to Driving in a Tropical 
Environment 

 

Informed Consent Form 
 

I, _____________________________ of ________________________________________  

_________________________________________________________________________ 

 

hereby give consent to participate in a study to be undertaken by Mr Matt Brearley of the 
National Heat Training and Acclimatisation Centre, Darwin and I understand that the 
purpose of the study is to evaluate the effect of tropical environmental conditions on the 
responses of motor sport athletes competing in the Australian V8 Supercar Championship. 
 

I acknowledge  
 

· that the aim, methods, and anticipated benefits, and possible hazards of the research study, 
have been explained to me, 
 
· and consent to undertake the following procedures; 

- maximal oxygen consumption testing 
- measurement of core temperature 
- measurement of heart rate 
- rating of thermal sensation 
- rating of thermal comfort 
- rating of perceived exertion 
- urine collection   

 

· I voluntarily and freely give my consent to participate in such a research study, 
 

· aggregated results will be used for research purposes and may be reported in scientific 
journals and academic journals, 
 

· my results will only be released to myself and team management upon my approval and 
not be released to any other person including medical practitioners, except at my request and 
on my authorisation, 
 

· I am free to withdraw my consent at any time during the study, in which event my participation 
in the research study will immediately cease and any information obtained will not be used. 
 

Signature: __________________________________ Date: _________________________ 
 

 

Witness Signature: ___________________________ Date: _________________________ 

 

I, the researcher, certify that the terms of the form have been verbally explained to the subject, 
that the subject appears to understand the terms prior to signing the form, and that proper 
arrangements have been made for an interpreter where English is not the subjects first 
language. I asked the subject if he needed to discuss the project with an independent person 
before signing and he declined (or has done so). 
 

 

Signature: ___________________________________ Date: _______________________ 
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APPENDIX D1.3. PRE-PARTICIPATION HEALTH STATUS ASSESSMENT 

QUESTIONNAIRE 
 

 

PRE-PARTICIPATION HEALTH STATUS ASSESSMENT QUESTIONNAIRE 
(To be completed by Exercise Science Professional or Medical Practitioner) 

(Adapted from ASMF and Southern Cross University) 
 

National Heat Training and Acclimatisation Centre 

Northern Territory Institute of Sport 

 
This form is used as a pre-participation health and risk factor screening device and should be 

completed prior to the commencement of an exercise test. 
 

The information obtained in this medical assessment will be kept as CONFIDENTIAL. Only the 

staff member related to the exercise test may access the information. 
 

Section (1) to (8) should be completed by the client before seeing a medical practitioner. 
 

___________________________________________________________________________ 
 

 

CLIENT'S SURNAME (MR., MRS., MS.): ________________________________ 
 

GIVEN NAMES: ________________________________________________ 
 

DATE OF BIRTH: _______________________________________________ 

 
ADDRESS: ___________________________________________________ 

 
_______________________________________        POSTCODE: ________ 

 
CONTACT TELEPHONE: ____________ (HOME) _________________(WORK) 

 

CONTACT IN CASE OF AN EMERGENCY: NAME: ________________________ 
 

     TELEPHONE (H): _________________ 
 

          (W): _________________ 

 
     RELATIONSHIP: ___________________ 

 
REASONS FOR EXERCISE TESTING: 

 
____________________________________________________________ 

 

____________________________________________________________ 
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(1) FAMILY MEDICAL HISTORY 

Has any near relative brother (B), sister (S), father (F), mother (M), grandparents (GP) 
suffered: 

 
(Please tick the appropriate column) 

 

 NO YES RELATION AGE REMARKS/DETAILS 
 

APOPLEXY (STROKE)      

CONGENITAL HEART TROUBLE      

RHEUMATIC HEART DISEASE      

HEART OPERATION      

ANGINA      

HEART ATTACK      

SUDDEN DEATH      

HIGH BLOOD PRESSURE      

HIGH CHOLESTEROL      

'HARDENING OF ARTERIES'      

ASTHMA      

LUNG DISORDER      

BRONCHITIS, EMPHYSEMA      

HAY FEVER      

DIABETES      

GOUT      

ARTHRITIS      

EPILEPSY      
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(2) PAST MEDICAL HISTORY 

Have you suffered any of the following conditions at any time: 
 

(Please tick the appropriate column) 
 

 NO YES DETAILS 

Rheumatic or scarlet fever    

HEART TROUBLE OR MURMUR    

HEART PALPITATION    

HIGH BLOOD PRESSURE    

HEART ATTACK    

CHEST PAIN/ANGINA    

STROKE    

DISEASE OF ARTERIES OR VEINS    

UNDUE LIMITING SHORTNESS OF BREATH WITH EXERCISE    

FAINTING OR BLACKOUT    

LOSS OF CONSCIOUSNESS OR FAINTING WITH EXERCISE    

EPILEPSY    

LUNG OR BRONCHIAL DISEASE    

ASTHMA    

HAY FEVER    

ANAEMIA    

DIABETES    

THYROID DISEASE    

ARTHRITIS, RHEUMATISM OR GOUT SPONDYLITIS, 

DISC TROUBLE OR BACK INJURY 

   

SERIOUS ACCIDENT OR INJURY    

SURGICAL OPERATION    

CONGENITAL ABNORMALITY    

OTHER SERIOUS ILLNESS (OR CONDITIONS THAT MAY 

AFFECT EXERCISE) 

   

FOR FEMALE ONLY: 
HAVING NORMAL/REGULAR PERIODS 
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(3) SOCIAL HISTORY 

 
Martial Status: _______________________ Number of Children _____________ 

 
Occupation: _______________________________________________________ 

 

 
(4) HABITS 

 
Please tick and fill in your usual habit of consumption of the following substances: 

 

ALCOHOLIC BEVERAGE: 
 

 (  ) Nil 
 

 (  ) Every day: number of drinks per day: _____________ 
  

 (  ) Irregular: number of drinks per week: _____________ 

 
SMOKING: 

 
 (  ) Never smoked 

 

 (  ) Gave up _____ years ago 
 

 (  )  Now smoke  Cigarettes:  ___________ per day 
 

    Pipe:  ___________ per day 
 

    Cigars:  ___________ per day 

 
(5) DIETARY SUPPLEMENTS 

 
Please tick if you regularly take any of the following: 

 

(  ) Vitamins: Type: ____________________________________ 
 

(  ) Minerals: Type: ____________________________________ 
 

(  ) Iron:  Type: ____________________________________ 

 
(  )  Other compounds: ______________________________________ 
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(6) PRESENT MEDICAL CONDITION 

 
This section should be completed at the INITIAL EXAMINATION and also at examination 

IMMEDIATELY PRIOR TO THE EXERCISE TEST. 
 

Are you currently suffering or have you in the recent past suffered any of the following 

conditions.  
 

(Please tick the appropriate column) 
 

 INITIAL EXAM SECOND EXAM 

 YES NO YES NO 

Cough     

STUFFY NOSE OR SORE THROAT     

TONSILLITIS, GLANDULAR FEVER     

HEPATITIS     

DIARRHOEA/VOMITING     

HEADACHES     

SHORTNESS OF BREATH     

PAIN IN CHEST, LEFT ARM OR NECK AT REST, OR DURING 

PHYSICAL ACTIVITIES 

    

HEART PALPITATIONS     

CRAMP IN LEGS     

ABNORMAL LOSS OF BLOOD     

INSOMNIA     

INDIGESTION OR CONSTIPATION     

SWOLLEN, STIFF OR PAINFUL JOINTS     

BACKACHE     

SPORTS INJURY OR OTHER INJURY     

ANY DETERIORATION IN TRAINING OR COMPETITIVE 

PERFORMANCE 

    

ANY OTHER CONDITIONS THAT MAY CONTRAINDICATE 

TO EXERCISE OR AFFECT EXERCISE CAPACITY 
    

FOR FEMALE ONLY: 

CURRENTLY IN PREGNANCY 

    

 IF YES, PROVIDE DETAILS 
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(7) CURRENT MEDICATION 

 
This section should also be checked IMMEDIATELY PRIOR TO THE EXERCISE TEST. 

 
State the name and dosage of any drugs or medicines that you are taking regularly: 

 

DRUG DOSE TIME OF LAST DOSE 

   

   

   

   

 
 

(8) EXERCISE HISTORY 

 
(a) Present sport or exercise activity: 

 
___________________________________________________________ 

 
Age at which dedicated sport participation: ________________________ 

 

Previous sports or exercise: _____________________________________ 
 

 
(b) Current training or exercise program (brief description): 

 

   Type of activity    Hours per day  Days per week 
 

________________   ____________   ____________ 
 

________________   ____________  ____________ 
   

________________   ____________  ____________ 

 
 

(c) Personal best performance in sports competitions: 
 

____________________________________________________________ 

 
____________________________________________________________ 

 
____________________________________________________________ 
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APPENDIX D1.4. TYMPANIC TEMPERATURE RELIABILITY STATISTICS 
 

 

Table D1.13. Reliability statistics of tympanic temperature measurement 

Statistic Trial 1 v 2 Trial 2 v 3 Trial 3 v 4 Trial 4 v 5 

Ave. Temperature (
o
C) 36.5 36.6 36.6 36.6 

Ave. Change (
o
C) 0.14 -0.06 -0.03 -0.02 

TE (
o
C) 0.18 0.14 0.18 0.19 

TE (%) 0.5 0.4 0.5 0.5 

LoA (
o
C) 0.51 0.39 0.51 0.53 

ICC 0.899 0.909 0.869 0.902 
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Figure D1.1. Scatterplot of tympanic temperature measurements. 
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APPENDIX D1.5. REFRACTOMETER RELIABILITY STATISTICS 
 

 

Table D1.14. Reliability statistics of urine specific gravity refractometer 

Statistic Trial 1 v 2 Trial 2 v 3 

Ave. USG  1.018 1.018 

Ave. Change  0.000 0.000 

TE  0.000 0.000 

TE (%) 0.0 0.0 

LoA  0.001 0.001 

ICC 0.999 0.999 
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APPENDIX D1.6. THERMAL SENSATION AND DISCOMFORT SCALES 
 

TTTTHERMAL HERMAL HERMAL HERMAL SSSSENSATION ENSATION ENSATION ENSATION SSSSCALE CALE CALE CALE RRRRATINGATINGATINGATING    
 

 

How does the temperature of your body feel? 
 

 

 

 

 

TTTTHERMAL HERMAL HERMAL HERMAL DDDDISCOMFORT ISCOMFORT ISCOMFORT ISCOMFORT SSSSCALE CALE CALE CALE RRRRATINGATINGATINGATING    
 

 

How comfortable do you feel with the 

temperature of your body? 
 

 

1. Comfortable 

2. Slightly Uncomfortable 

3. Uncomfortable 

4. Very Uncomfortable 

5. Extremely Uncomfortable 
 

1. Unbearably Cold 

2. Extremely Cold 

3. Very Cold 

4. Cold 

5. Cool 

6. Slightly Cool 

7. Neutral 

8. Slightly Warm 

9. Warm 

10. Hot 

11. Very Hot 

12. Extremely Hot 

13. Unbearably Hot 



 302

APPENDIX D1.7. RATING OF PERCEIVED EXERTION SCALE 

RATING OF PERCEIVED EXERTION SCALE 
 

How hard did driving feel? 
 

Numeric Rating of 

Your Exertion 

Descriptive Rating of Your 

Exertion 

0. Nothing at All 

0.5. Very, Very Light 

1. Very Light 

2. Fairly Light 

3. Moderate 

4. Somewhat Hard 

5. Hard 

6.  

7. Very Hard 

8.  

9.  

10. Very, Very Hard (Maximal) 
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APPENDIX D1.8. V8 SUPERCAR RAW DATA 
 
 

Table D1.1. Timings during the short race. Data are h:mm:ss. 

Subject Sweat Rate Analysis Overalls In Car Race 

CB 1:09:47 0:53:27 0:48:16 0:24:02 

CM 1:05:12 0:43:00 0:41:45 0:23:22 

JR 1:11:01 0:56:57 0:45:11 0:17:11 

SW 1:14:01 1:02:37 0:48:35 0:17:04 

Mean 1:10:00 0:54:00 0:45:57 0:20:25 

SD 0:03:40 0:08:15 0:02:49 0:03:00 

 

 

 

 

Table D1.2. Timings during the long races. Data are h:mm:ss. 

Subject Sweat Rate Analysis Overalls In Car Race 

CB 2:20:59 2:17:43 1:11:02 0:43:56 

CB 2:12:12 2:04:17 1:02:33 0:44:03 

CM 1:35:01 1:33:43 1:11:25 0:37:06 

JR 1:29:00 1:10:31 1:05:05 0:46:05 

SW 1:36:41 1:31:30 1:18:48 0:31:54 

SW 1:36:11 1:32:21 1:17:33 0:31:54 

Mean 1:48:21 1:41:41 1:11:04 0:39:10 

SD 0:22:14 0:24:38 0:06:29 0:06:24 

 

 

 

 

Table D1.3. Tgi during the short race. Data are 
o
C. 

Subject Pre-Race Race Start Post-Race Overall ∆Tgi Race ∆Tgi ∆Tgi.min
-1

 

CB 37.5 37.7 39.1 1.6 1.4 0.058 

CM 37.4 37.9 38.8 1.4 0.9 0.039 

JR 37.9 37.9 38.4 0.5 0.5 0.029 

SW 38.0 38.0 38.7 0.7 0.7 0.041 

Mean 37.7 37.9 38.8 1.1 0.9 0.042 

SD 0.3 0.1 0.3 0.5 0.4 0.012 
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Table D1.4. Tgi during the long races. Data are 
o
C. 

Subject Pre-Race Race Start Post-Race Overall ∆Tgi Race ∆Tgi ∆Tgi.min
-1

 

CB 37.6 38.0 39.7 2.1 1.7 0.039 

CB 37.7 37.8 39.3 1.6 1.5 0.033 

CM 37.0 37.9 38.9 1.9 1.0 0.023 

JR 37.8 37.8 38.7 0.9 0.9 0.028 

SW 38.2 38.1 39.0 0.8 0.9 0.024 

SW 38.2 38.3 39.1 0.9 0.8 0.025 

Mean 37.8 38.0 39.1 1.4 1.1 0.029 

SD 0.4 0.2 0.3 0.6 0.4 0.006 

 

 

 

Table D1.5. Ttym during the races. Data are 
o
C. 

Subject 
Short Long 

Pre-Race Post-Race Pre-Race Post-Race Pre-Race Post-Race 

CB 36.9 39.0 37.0 39.6 37.1 39.3 

CM 37.3 39.4 36.1 39.2 - - 

JR 37.3 38.4 - - 37.4 38.2 

SW 36.6 38.5 36.3 38.8 36.5 38.5 

Mean 37.0 38.8 36.5 39.2 37.0 38.7 

SD 0.3 0.5 0.5 0.4 0.5 0.6 

 

 

 

Table D1.6. Ratings of thermal sensation.  

Subject 
Short Long 

Pre-Race Post-Race Pre-Race Post-Race Pre-Race Post-Race 

CB 7 11 7 11 7 12 

CM 8 10 8 10 - - 

JR 8 10.5 - - 9 10 

SW 8 9 9 10 8 9.5 

Mean 7.8 10.1 8.0 10.3 8.0 10.5 

SD 0.5 0.9 1.0 0.6 1.0 1.3 
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Table D1.7. Ratings of thermal discomfort. 

Subject 
Short Long 

Pre-Race Post-Race Pre-Race Post-Race Pre-Race Post-Race 

CB 1 4 1 4 1 5 

CM 1 2 1 2 - - 

JR 2 2.5 - - 1 2 

SW 2 2.5 1 3 2 3.5 

Mean 1.5 2.8 1.0 3.0 1.3 3.5 

SD 0.6 0.9 0.0 1.0 0.6 1.5 

 

 

 

Table D1.8. Ratings of perceived exertion. 

Subject Short Long Long 

CB 10 10 10 

CM 7 7 - 

JR 6 - 7 

SW 10 10 10 

Mean 8.3 9.0 9.0 

SD 2.1 1.7 1.7 

 

 

 

Table D1.9. Urine specific gravity prior to the races. 

Subject Short Long Long 

CB 1.023 1.007 1.027 

CM 1.004 1.007 - 

JR 1.007 - 1.006 

SW 1.007 1.019 1.019 

Mean 1.010 1.011 1.017 

SD 0.009 0.007 0.011 

 

 

 

Table D1.10. Urine colour prior to the races. 

Subject Short Long Long 

CB 3 1 5 

CM 2 2 - 

JR 2 - 2 

SW 2 3 3 

Mean 2.3 2.0 3.3 

SD 0.5 1.0 1.5 
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Table D1.11. Dehydration following the races. Data are expressed as a percentage of pre-race 
body mass. 

Subject Short Long Long 

CB -0.13 -1.12 -0.83 

CM -1.01 -0.71 - 

JR -0.11 - 0.68 

SW -0.80 -0.88 -0.56 

Mean -0.5 -0.9 -0.2 

SD 0.5 0.2 0.8 

 

 

 

Table D1.12. Sweat rates during the analysis period. Data are L.h
-1

. 

Subject Short Long Long 

CB 1.20 - - 

CM - - - 

JR 0.90 - 0.97 

SW 1.13 1.14 1.00 

Mean -0.5 -0.9 -0.2 

SD 0.5 0.2 0.8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 307

APPENDIX D2.1. CRICKET PARTICIPANT INFORMATION SHEET 
 

 

Responses to Limited Overs Cricket in a Tropical 
Environment 

 

Participant Information Sheet 
 

Core Temperature 
Purpose: To assess core body temperature 
Procedure: Core temperature is measured by a sterile once-use temperature probe 
contained within a small pill. You are asked to swallow the pill with the consumption of 
fluid in the presence of an investigation who is first aid qualified. 

Tympanic (Eardrum) Temperature 

Purpose: To assess core body temperature 
Procedure: Core body temperature is estimated from the temperature of the tympanic 
membrane by a temperature probe placed in the ear for 2 seconds.  

Perceived Thermal Strain and Comfort 

Purpose: To gauge changes in perceived thermal strain and discomfort 
Procedure: You will be asked to rate your thermal strain and thermal discomfort on 
numbered scales following an innings. 

Rating of Perceived Exertion 

Purpose: To gauge perceived effort during a driving bout 
Procedure: You will be asked to rate your perceived exertion on a numbered scale 
following an innings. 

Ear Prick Blood Sample 

Purpose: To estimate exercise intensity from blood lactate concentration 
Procedure: A blood sample will be collected from an eartip via a small incision on the 
skin by a sterile disposable lancet.  

Urine Specimen 

Purpose: To gauge your hydration status 
Procedure: You will be asked to empty your bladder before the game, from which you 
collect a mid-stream urine sample. 

Body / Fluid Mass 

Purpose: To estimate your sweat loss 
Procedure: You will have your weight measured before and after an innings. Also, 
your fluid consumption is monitored by weighing your drink bottle(s) before and after 
innings. 
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APPENDIX D2.2. CRICKET PLAIN LANGUAGE STATEMENT 
 

PROJECT 
THE PHYSIOLOGICAL DEMANDS OF A MEN’S ONE-DAY CRICKET 
COMPETITION IN A HOT ENVIRONMENT 

CHIEF INVESTIGATORS Mr. Matt Brearley, Mr. Paul Montgomery, Mr. Marc Portus 

ASSOCIATE RESEARCHER Mr. Anthony Hazeldine 

PURPOSE OF THE STUDY 

You are invited to participate in a study examining the effect of one-day 
cricket match-play in a hot environment on heart rate, blood lactate, 
body temperature, sweat rate and thermal sensation/comfort. It’s widely 
recognised that environmental conditions influence physical 
performance. Yet, the responses of cricketers in hot conditions are 
poorly documented. Without knowledge of these responses, the 
development of strategies to improve performance in the heat are 
limited. Therefore, the purpose of this study is to assess the response of 
cricketers to match-play in tropical conditions. 

BENEFITS OF THE STUDY 
This study will assist in the development strategies to improve cricket 
performance in the heat. 

WHAT WOULD BE 
EXPECTED OF YOU? 

Should you choose to participate in the study, you will have your 
response to one-day cricket monitored. For procedures see attachment. 

DISCOMFORTS/RISKS 

There are risks of infection from blood sampling. These risks are 
minimised by using sterile instruments and following well-established 
blood collection protocols. 
 
While unlikely, you may experience some discomfort during the 
tympanic temperature measurement. The risk of sharing biological 
tissues is negated by the use of a new tympanic thermometer cover for 
each temperature measurement. 

CONFIDENTIALITY 

Your results will be made available to you and teams’ coach(es) and 
management upon your approval. Apart from these parties, no person 
other than the researchers listed at the bottom of the page will have 
access to your results. All results will be coded by number only, so your 
name will not be associated with your results. 

YOUR PARTICIPATION 

We would be grateful if you did participate in this study but you are free 
not to volunteer. If you decide to participate, you are free to withdraw 
your consent and to discontinue participation at any time. However, we 
would appreciate you letting us know your decision. 

 

RESULTS OF THE STUDY 

Your results will be made available to you. Additionally, Mr Brearley will 
explain the results to each player in a team situation. At that time, you 
may ask questions relating to your results and any other heat related 
issues. 

PERSONS TO CONTACT 

Mr Matt Brearley 
National Heat Training and Acclimatisation Centre 
Northern Territory Institute of Sport 
Marrara NT 0812 
Telephone: (08) 89226829 
E-mail: matt.brearley@nt.gov.au 

Mr Paul Montgomery 
ACT Academy of Sport 
Belconnen ACT 2616 
Telephone: (02) 62074392 
E-mail: 
paul.montgomery@act.gov.au 

PERSONS TO CONTACT 

Mr Marc Portus 
Biomechanics Department 
Australian Institute of Sport 
Bruce ACT 2617 
Telephone: (02) 6214 1559 
E-mail: marc.portus@ausport.gov.au 
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APPENDIX D2.3. CRICKET INFORMED CONSENT FORM 
 

Informed Consent Document 

Project Title 
The physiological demands of a men’s one-day cricket competition in a hot environment. 

 

Researchers        

     

Matt Brearley BHMS(Hons) BBus  

Telephone (08) 89226829 

matt.brearley@nt.gov.au  

Northern Territory Institute of Sport 

Paul Montgomery BApSc(Hons)  

Telephone  (02) 62074392                         

E-mail paul.montgomery@act.gov.au        

ACT Academy of Sport  

 

Marc Portus 

marc.portus@ausport.gov.au 

ACB/AIS Sports Science Coordinator 

 

    

 

Participation in this study requires you to wear a personal heart rate monitor, which is a 

transmitter in a small belt like strap that is secured around the chest. The receiver is similar to a 

wristwatch, and both will be fitted to you prior to the commencement of play and worn during 

the periods of competition in which you perform. 

 

Blood sampling will occur between overs and you will be required to provide a sample through 

a small puncture to the earlobe. You should understand and be willing for a research team 

member to enter the playing arena and approach you to take this sample. You are aware that 

blood-sampling procedures required for data collection may result in slight bruising at the 

sample site (usually your ear lobe). All procedures to be used in the study are in common use in 

sports science. If you have any illness or injury that would prevent you from normal training or 

competition, you should not participate in this study and inform the research team immediately. 

 

Core temperature will be measured continually during the course of your play. Firstly, a capsule 

may be ingested 2-3 hours prior to the commencement of play, this will transmit a reading of 

deep body temperature on each occasion a researcher obtains a blood sample. Secondly, a 

sensor will be placed in the outer ear canal to measure temperature. This reading will also be 

taken at the end of each over when a blood sample is being collected. You understand that you 

may be asked to provide core temperature readings via one or both methods. 

 

You also understand that your personal weight will be measured before and after play. In 

conjunction to this the amount of fluid you consume during play will be recorded and you will 

also be asked to provide urine samples to determine volume produced and concentration. 

During the course of play you understand that you will be asked to provide verbal responses 

regarding your exertion, thermal sensation and stress. These will be in the form of ratings on a 

scale we give you. 

 

Data from your fitness testing sessions may also be obtained from state associations to assess 

your fitness characteristics prior to the competition in Darwin. You realise that this information 

is to be used for the characterisation of subjects only and will not be reproduced. 
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After completion of the study, you will receive a personal profile of your physiological 

performance, which will aid the establishment of training programs.  You will also receive a 

summary of the findings of the study pointing out implications for training and competition.   

 

Data collected in the study will be stored securely at the ACT Academy of Sport, Northern 

Territory Institute of Sport and the Australian Cricket Board.  Access will be restricted to the 

investigators involved in the study.  Results from the study may be published in the scientific 

literature but will be done so in an anonymous format. 

 

Your participation in the study is voluntary, and you may withdraw at any stage of the study 

without penalty.  Please be sure to ask any questions you have concerning the project. 

 

Declaration 

I have read and understood the information provided about this project.  I am not aware of any 

medical condition that would prevent my participation, and agree to take part in this research. 

 

 

Print name 
 

 

 

________________________________        __________             ______________________ 
        Signature                 Date                          Witness 
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APPENDIX D2.4. LACTATE PRO RELIABILITY STATISTICS 
 
 

Table D2.33. Reliability statistics of lactate pro monitor. 

Statistic Low High 

Ave. Lactate Concentration (mmol.L
-1

)  1.1 10.5 

Ave. Change (mmol.L
-1

) 0.01 0.08 

TE (mmol.L
-1

) 0.03 0.25 

TE (%) 2.4 2.4 

LoA (mmol.L
-1

) 0.07 0.69 

ICC 0.774 -0.190 
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Figure D2.2. Scatterplot of blood lactate measurements. 
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APPENDIX D2.5. CRICKET RAW DATA 
 

Table D2.15. Batsmen Tgi. Data are 
o
C. 

 Over 

Subject Pre 1 2 3 4 5 

Ke 37.5 37.4 37.7 37.9 38.1 38.2 

Pa 37.3 37.5 37.7 37.8 38.0 38.0 

Si 37.0 38.2 38.3 38.6 38.7 38.8 

Sm 37.1 38.3 38.4 38.5 38.6 38.5 

Wo 37.3 37.9 38.0 38.0 38.0 38.1 

Tu 37.2 37.9 38.0 38.1 38.1 38.1 

Mean 37.2 37.9 38.0 38.2 38.3 38.3 

SD 0.2 0.4 0.3 0.3 0.3 0.3 

 

 

Table D2.16. Batsmen Ttym. Data are 
o
C. 

Subject 
Over 

Pre 1 2 3 4 5 

Ba - 36.8 36.9 37.1 37.1 37.1 

Bu 37.3 37.8 38.0 38.3 37.8 38.2 

Ha 37.2 37.4 37.3 37.5 37.7 37.6 

Ke 37.4 37.2 37.4 37.4 37.7 37.6 

Kl 37.0 36.7 37.1 37.2 37.1 37.2 

O’B 36.6 36.4 36.9 36.8 36.9 36.7 

Pa 36.5 36.6 36.3 36.6 36.8 36.9 

Pay 36.8 37.5 37.7 37.8 37.8 37.8 

Re 37.2 37.6 37.5 37.3 37.5 37.4 

Si 36.2 37.2 37.2 37.2 38.4 37.4 

Sm 36.6 36.8 36.5 36.7 37.3 36.9 

Smi 36.9 37.5 37.8 37.5 37.5 37.0 

Tu 36.4 36.9 36.8 36.8 36.9 37.0 

Wo - 36.8 36.9 36.7 36.9 36.8 

Wor 37.0 37.1 37.0 37.0 37.4 37.2 

Za 37.2 37.5 37.3 37.7 37.7 37.6 

Mean 36.9 37.1 37.2 37.2 37.4 37.3 

SD 0.4 0.4 0.5 0.5 0.4 0.4 
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Table D2.17. Bowlers Tgi. Data are 
o
C. 

Subject 
Over 

Pre 1 2 3 4 5 6 7 8 9 10 

Bo 37.5 37.8 38.1 38.3 38.4 38.7 - - - - - 

Ed 37.4 37.5 38.1 38.3 38.6 38.7 38.6 38.5 38.7 38.3 38.5 

Gr 37.1 38.0 38.2 38.4 38.6 38.8 38.1 38.3 38.5 38.6 - 

Ha 37.6 37.8 37.9 38.1 38.6 38.7 37.9 38.1 38.3 38.4 38.5 

Ju 37.2 37.9 38.1 38.3 38.6 38.5 38.6 38.5 38.4 38.5 38.4 

Ro 37.7 38.1 38.4 38.4 38.4 38.4 38.5 38.5 38.5 38.6 38.6 

We 37.7 38.7 38.8 38.6 38.6 38.6 - - - - - 

Mean 37.5 38.0 38.2 38.3 38.5 38.6 38.3 38.4 38.5 38.5 38.5 

SD 0.2 0.4 0.3 0.2 0.1 0.1 0.3 0.2 0.1 0.1 0.1 

 

 

Table D2.18. Bowlers Ttym. Data are 
o
C. 

Subject 
Over 

Pre 1 2 3 4 5 

Ed 36.7 36.3 36.6 36.6 36.7 36.8 

Ga 36.6 36.9 36.8 37.3 37.2 37.1 

Gl 36.3 36.4 36.6 36.6 36.4 36.3 

Gr 36.3 37 37 37.3 37.6 37.6 

Ha 36.5 36.7 37 37 37.3 37.2 

Ju 36.7 36.7 36.8 36.8 36.8 36.9 

Ma 36.4 36.6 37.1 37.2 36.7 37.1 

Ro 36.4 36.7 37.4 36.7 36.7 36.7 

Sa 37.2 37.2 37.5 36.9 36.9 37.2 

Si 36.4 36.6 36.9 37 37.3 37.3 

We 36.9 37.1 36.9 37 36.9 36.9 

Mean 36.6 36.7 37.0 36.9 37.0 37.0 

SD 0.3 0.3 0.3 0.3 0.4 0.3 

 

 

 

Table D2.19. Wicketkeeper Tgi. Data are 
o
C. 

Subject 
Over 

Pre 1 2 3 4 5 6 7 8 9 10 

Pa 37.3 37.6 37.6 37.6 37.6 37.6 37.5 37.5 37.6 37.6 37.9 
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Table D2.20. Wicketkeeper Ttym. Data are 
o
C. 

Subject 
Over 

1 2 3 4 5 6 7 8 9 10 

Cr - 36.9 36.9 36.9 36.9 36.9 37.0 37.0 36.9 36.9 

Dr 37.7 37.7 37.8 37.5 37.1 38.0 37.7 37.9 37.7 37.7 

Ha - 37.0 36.9 36.9 36.8 36.6 36.8 36.8 36.6 36.9 

Pa 36.8 36.9 37.0 36.9 36.8 36.9 36.8 37.0 36.8 36.8 

Smi 37.1 37.0 37.0 37.4 36.8 36.8 36.7 37.2 37.6 37.4 

Mean 37.2 37.1 37.1 37.1 36.9 37.0 37.0 37.2 37.1 37.1 

SD 0.5 0.3 0.4 0.3 0.1 0.6 0.4 0.4 0.5 0.4 

 

 

 

 

Table D2.21. Peak heart rate during an over for batsmen. Data are beats.minute
-1

. 

Subject 
Over 

1 2 3 4 5 

Ba 143 146 177 172 167 

Bu 196 192 195 196 198 

Ha 169 169 148 153 172 

Ke 166 159 176 162 168 

Kl 171 157 175 161 177 

O’B 135 167 149 144 131 

Pa 176 166 168 169 161 

Pay 171 167 160 148 187 

Si 177 164 176 164 166 

Sm 168 168 169 150 164 

Tu 162 160 159 134 152 

Wor 144 152 154 153 161 

Mean 164.8 163.9 167.2 158.8 167.0 

SD 16.9 11.3 13.8 16.0 16.8 
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Table D2.22. Peak heart rate during an over for bowlers. Data are beats.minute
-1

. 

Subject 
Over 

1 2 3 4 5 

Ed 178 185 185 188 186 

Ga 179 181 181 178 181 

Gl 169 169 172 171 170 

Gr 157 160 163 161 162 

Ha 167 168 175 176 172 

Ju 158 165 164 165 162 

Ma 167 173 166 172 175 

Ro 154 157 157 162 164 

Sa 171 179 180 184 190 

Si 172 177 179 182 177 

Mean 167.2 171.4 172.2 173.9 173.9 

SD 8.6 9.2 9.3 9.4 9.8 

 

 

 

 

Table D2.23. Post-over blood lactate concentration of batsmen. Data are mM.L
-1

. 

Subject 
Over 

Pre 1 2 3 4 5 

Ba 1.0 1.4 1.2 3.6 2.6 1.8 

Bu 1.0 3.6 3.3 2.6 2.8 2.7 

Ba 1.0 1.4 1.2 3.6 2.6 1.8 

Ha 1.3 2.1 1.9 1.1 1.6 - 

Ke 1.0 - 3.0 4.3 3.8 3.9 

Kl 1.0 2.5 - 3.2 2.2 2.7 

O’B 1.0 2.0 1.7 1.2 1.1 0.9 

Pa 0.8 4.3 4.0 3.3 2.4 3.0 

Pay 1.3 1.2 1.7 1 0.9 8.1 

Re 1.0 3.1 1.9 2.3 - 2.8 

Si 0.8 4.3 2.3 4.9 4.0 2.0 

Sm 1.6 6.3 6.2 5.7 3.8 5.0 

Smi 1.0 2.1 2.7 - 2.2 2.0 

Tu 0.8 2.2 2.1 1.8 1.2 1.0 

Wo 1.0 1.8 1.3 1.1 1.0 1.4 

Wor 1.0 2.1 3.1 2.3 1.7 2.4 

Za 0.8 1.2 0.9 1.4 1.3 1.2 

Mean 1.0 2.7 2.5 2.7 2.2 2.7 

SD 0.2 1.4 1.3 1.5 1.1 1.9 
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Table D2.24. Post-over blood lactate concentration of bowlers. Data are mM.L
-1

. 

Subject 
Over 

Pre 1 2 3 4 5 

Ed 1.1 2.7 7.1 7.2 7.7 7.9 

Ga 1.0 2.9 2.2 3.8 3.4 2.9 

Gl 0.9 2.9 3.0 2.7 2.9 2.9 

Gr 0.9 3.1 2.7 2.7 2.8 2.3 

Ha 1.0 2.9 2.9 3.2 3.2 3.1 

Ju 0.8 2.0 2.8 2.6 2.3 2.0 

Ma 1.0 3.8 4.7 3.3 3.8 3.7 

Ro 1.0 1.7 1.6 1.6 1.9 1.0 

Sa 1.1 3.0 3.4 3.3 4.0 5.9 

Si 1.0 2.1 2.8 2.4 2.3 2 

Mean 1.0 2.7 3.3 3.3 3.4 3.4 

SD 0.1 0.6 1.5 1.5 1.6 2.1 
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Table D2.25. Fluid balance data for batsmen. 

Subject Urine SG Urine Colour 
Analysis 

Period (mins) 
Sweat Loss 

(L) 
Sweat Rate  

(L.h
-1

) 
Sweat Rate  

(mL.kg
-1

.min
-1

) 
% Body Mass 
Dehydration 

Bu - - 61 0.98 0.96 11.06 0.96 

Cl 1.014 2 36 0.58 0.97 13.07 0.97 

Ha 1.021 3 56 0.96 1.03 14.05 0.71 

Ke 1.013 3 100 1.98 1.19 14.4 1.28 

Kl 1.014 3 41 0.58 0.85 10.94 0.21 

O’B 1.026 4 36 0.64 1.07 12.74 0.05 

Pa 1.019 3 80 1.24 0.93 12.1 1.33 

Pay 1.026 4 199 2.62 0.79 10.51 2.58 

Re 1.008 2 32 0.52 0.97 13.32 0.71 

Si 1.021 4 74 1.00 0.81 8.86 0.57 

Smi 1.022 3 57 1.02 1.07 10.64 0.73 

Sm 1.013 3 74 1.14 0.92 11.73 1.24 

Tu 1.013 2 146 2.07 0.85 10.6 2.24 

Wo 1.014 2 67 1.22 1.09 12.95 1.59 

Wor 1.019 4 52 0.86 0.99 11.29 0.8 

Za 1.019 4 44 0.68 0.93 9.88 0.6 

Mean 1.017 3.07 72.19 1.13 0.96 11.76 1.04 

SD 0.005 0.80 44.29 0.60 0.11 1.56 0.67 
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Table D2.26. Fluid balance data for bowlers. Data represent entire fielding innings. 

Subject Urine SG Urine Colour 
Analysis 

Period (mins) 
Sweat Loss 

(L) 
Sweat Rate  

(L.h
-1

) 
Sweat Rate  

(mL.kg
-1

.min
-1

) 
% Body Mass 
Dehydration 

Bo 1.007 2 140 1.94 0.83 9.81 1.75 

Bu 1.020 3 180 2.64 0.88 9.57 -0.04 

Ed 1.016 2 245 3.96 0.97 10.8 2.29 

Gl 1.010 2 244 2.52 0.62 8.12 0.76 

Gr 1.008 2 150 2.74 1.10 11.18 0.41 

Ma 1.025 4 238 2.26 0.57 8.33 1.46 

Ro 1.011 3 225 3.24 0.86 10.03 1.81 

Sa - - 236 3.40 0.86 12.76 2.51 

Tu 1.023 4 217 1.82 0.50 6.38 1.32 

We 1.004 1 225 2.7 0.72 8.04 1.72 

Za 1.016 4 140 1.68 0.72 7.63 1.78 

Mean 1.014 2.70 203.64 2.63 0.79 9.33 1.44 

SD 0.007 1.06 42.66 0.70 0.18 1.84 0.74 

 
 
 
 

Table D2.27. Fluid balance data for bowlers. Data represent 1
st
 spell only. 

Subject Urine SG Urine Colour 
Analysis 

Period (mins) 
Sweat 

Loss (L) 
Sweat Rate  

(L.h
1
) 

Sweat Rate  
(mL.kg

-1
.min

-1
) 

% Body Mass 
Dehydration 

Ed 1.016 2 65 1.18 1.09 12.13 0.02 

Ga - - 93 1.5 0.97 11.75 1.12 

Ha 1.012 3 74 1.32 1.07 12.96 0.27 

Ju 1.014 3 56 1.22 1.31 13.02 1.06 

Mean 1.014 2.67 72.00 1.31 1.11 12.46 0.62 

SD 0.002 0.58 15.81 0.14 0.14 0.63 0.56 
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Table D2.28. Fluid balance data for wicketkeepers. 

Subject Urine SG 
Urine 

Colour 
Analysis 

Period (mins) 
Sweat Loss 

(L) 
Sweat Rate  

(L.h
-1

) 
Sweat Rate  

(mL.kg
-1

.min
-1

) 
% Body Mass 
Dehydration 

Cr 1.002 1 229 2.42 0.69 8.91 1.21 

Da - - 236 2.96 0.75 10.39 3.09 

Ha 1.031 4 242 2.66 0.66 8.91 1.78 

Pa 1.014 3 222 2.42 0.65 8.53 1.12 

Sm 1.023 5 140 2.2 0.94 9.3 1.82 

Mean 1.018 3.25 213.80 2.53 0.74 9.21 1.80 

SD 0.012 1.71 41.93 0.29 0.12 0.72 0.79 
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Table D2.29. Batsmen thermal sensation. 

Subject 
Over 

Pre 5 10 

Ba 8 10 - 

Bu 8 9 10.5 

Ha 8 9 - 

Ke 9 9 10 

O’B 7 7 - 

Pa 7 7 8 

Pay 8 9 10 

Re 8 11 - 

Si 9 10 12 

Sm 9 10 9 

Smi 9 8 - 

Tu 7 8 9 

Wo 7 8 - 

Wor 7 8 9 

Za 8 9 10 

Mean 7.9 8.8 9.7 

SD 0.8 1.1 1.1 

 

 

 

 

Table D2.30. Bowler thermal sensation.  

Subject 
Over 

Pre 5 10 

Ed 5 11 11 

Gl 7 9 10 

Gr 7 10 9 

Ha 9 10 9 

Ju 7 8 9 

Ma 7 9 10 

Ro 7 10 10 

Sa 7 9 10 

Mean 1.0 2.1 1.9 

SD 0.0 0.6 1.0 
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Table D2.31. Batsmen thermal discomfort. 

Subject 
Over 

Pre 5 10 

Ba 1 2 - 

Bu 1 2 3 

Ha 1 1 - 

Ke 1 2 2 

O’B 1 1 - 

Pa 1 1 1 

Pay 1.5 3 3 

Re 1 2 - 

Si 2 2 4 

Sm 1 2 2 

Smi 2 1 - 

Tu 1 1 2 

Wo 1 1 - 

Wor 1 1 2 

Za 1.5 2 2 

Mean 1.2 1.6 2.3 

SD 0.4 0.6 0.9 

 

 

 

 

Table D2.32. Bowler thermal discomfort.  

Subject 
Over 

Pre 5 10 

Ed 1 3 4 

Gl 1 2 2 

Gr 1 2 2 

Ha 1 3 2 

Ju 1 2 2 

Ma 1 2 1 

Ro 1 2 1 

Sa 1 1 1 

Mean 1.0 2.1 1.9 

SD 0.0 0.6 1.0 
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APPENDIX D3.1. PRE-COOLING POSTER 
 

Call for Volunteers 
    

Volunteers are required for an 

investigation of cooling methods to 

improve athletic performance in tropical 

conditions.  

 

The investigation assesses pre-cooling 

via an ice jacket, a cool air jacket and a 

cool water bath prior to a bout of 

intermittent cycling in simulated tropical 

conditions.  

 

Testing will be conducted within the 

National Heat Training and 

Acclimatisation Centre’s Climate 

Chamber located at the Northern Territory Institute of Sport. 

 

For further information contact PhD Candidate and Sport 

Scientist Matt Brearley. 

 

Matt Brearley BHMS(Hons) BBus 

Ph. (08) 89226829 

Fax (08) 89226800 

matt.brearley@nt.gov.au 
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APPENDIX D3.2. PARTICIPANT INFORMATION SHEET 
 

The Effect of Differing Pre-cooling Modes on the 

Responses to Intermittent High Intensity Activity in a 

Tropical Environment  

Participant Information Sheet 
 

Testing is conducted in the climatic chamber of the National Heat Training and 
Acclimatisation Centre, Northern Territory Institute of Sport. 

 

Laboratory Session 1. 

Screening 

Purpose: To assess your suitability for exercise testing 
Procedure: Complete a pre-participation health assessment questionnaire. You are 
required to detail information concerning your medical history, your family’s medical 
history, your current condition and training habits. All information remains 
confidential.   

Height and Weight 

Purpose: To describe some of your physical characteristics 
Procedure: Your height will be measured on a wall-mounted scale and your weight 
measured on an electronic scale. 

Skinfolds 

Purpose: To estimate body composition 
Procedure: Skinfold thickness measurements will be made at 7 sites on the chest, 
back, arm and leg with a pair of callipers. 

Maximal Oxygen Consumption (VO2max) Test  

Purpose: To assess your aerobic fitness 

Procedure: A V
.
O2max test. This involves cycling on a cycle ergometer at a constant 

cadence with increasing workload (resistance) every minute. During the test you are 
required to wear a mask housing a turbine to measure the volume of air you are 
breathing. The test is completed when volitional exhaustion is reached or your 
oxygen consumption plateaus. 
 
 

Subsequent Laboratory Sessions 

24 Hour Dietary Diary 

Purpose: To standardise diet between testing sessions. 
Procedure: We ask that you maintain a dietary diary detailing the type and quantity 
of food/fluid consumed in the 24 hours before your pre-cooling session. 

Skin Temperature 

Purpose: To assess skin temperature 
Procedure: Skin temperature sensors are attached to sites on the arm, leg and 
chest by tape to monitor your skin temperature.  
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Core Temperature 

Purpose: To assess core body temperature 
Procedure: Core temperature is measured by a sterile disposable temperature 
probe inserted 10cm past the anal sphincter. You are instructed how to insert the 
probe and a marker is placed 10cm from the probe tip to identify desired depth. 

Venous Blood Sample 

Purpose: To measure changes in hydration status 
Procedure: A blood sample is collected at the start of each lab session. An 
accredited medical technician uses sterile needle and collection tube to collect a 
small blood sample 3mL). 

Ear Prick Blood Sample 

Purpose: To estimate exercise intensity from blood lactate concentration 
Procedure: A blood sample will be collected from an ear tip via a small incision on 
the skin by a sterile disposable lancet.  

Perceived Thermal Strain and Comfort 

Purpose: To gauge changes in perceived thermal strain and discomfort 
Procedure: You will be asked to rate your thermal strain and thermal discomfort on 
numbered scales throughout the testing period. 

Heart Rate 

Purpose: To estimate cardiovascular strain and exercise intensity 
Procedure: Your heart rate will be continuously measured by a heart rate monitor 
worn across the chest. 

Pre-cooling 

Purpose: To lower body temperature 
Procedure: You will either wear an ice-jacket, a cool air jacket or immerse in cool 
water for 30 minutes. During each cooling session, only cycling knicks or bathers 
are to be worn.  

Cycling Protocol 

Purpose: To mimic the activity undertaken during team sport game play 
Procedure: Following pre-cooling, a cycling protocol consisting of rest, easy, 
moderate, hard and maximal cycling will be undertaken to replicate the activity of 
intermittent game-play. Following the standardised protocol, a short performance 
test is undertaken. 
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APPENDIX D3.3. PLAIN LANGUAGE STATEMENT 
 

PROJECT 
THE EFFECT OF DIFFERING PRE-COOLING MODES ON THE 
RESPONSES TO INTERMITTENT HIGH INTENSITY ACTIVITY IN A 
TROPICAL ENVIRONMENT 

CHIEF INVESTIGATOR Mr. Matt Brearley 

ASSOCIATE RESEARCHERS Dr. Paul Finn 

PURPOSE OF THE STUDY 

You are invited to participate in a study examining the effect of cooling the 
body via differing methods prior to intermittent high intensity activity in a 
tropical environment. Several strategies have been developed to limit the 
adverse effects of hot and humid conditions on athletic performance. These 
include acclimatisation, hydration and pre-cooling. Pre-cooling defines a 
range of manoeuvres that aim to lower body temperature by the use of ice, 
cold air and cool water. These methods show promise for improving 
performance in the heat but more research is required. This investigation 
aims to define the optimal pre-cooling mode by comparing the responses to 
using an ice jacket, cold air jacket and a cool water bath to prior to 
intermittent high intensity activity in a tropical environment. 

BENEFITS OF THE STUDY 

This study will help to solve the problem of which pre-cooling method is 
optimal prior to competition in tropical conditions. This will assist local 
athletes, athletes and sporting teams travelling to tropical regions to 
compete. 

WHAT WOULD BE EXPECTED 
OF YOU? 

Should you choose to participate in the study, you will undertake a maximal 

oxygen consumption (V
.
O2max) test and several trials where pre-cooling 

modes are compared. For more detail on procedures see attachment. 

DISCOMFORTS/RISKS 

V
.
O2max testing elicits high levels of physical stress. This stress may cause 

you to feel ill (nausea, dizziness, headaches) during and/or following 
testing. Other risks include injuries, abnormal blood pressure responses, 
fainting, irregularities of heartbeat and/or very rare instances of heart attack. 
These risks are minimised by analysis of the responses to a screening 
questionnaire and experienced staff conducting the test. 
 
Monitoring of core temperature at the rectum can be uncomfortable. There 
is a risk of the probe moving and in extreme cases falling out during 
competition. These risks are minimised by detailed instructions of how to 
establish the probe. There are also risks of infection from blood sampling. 
These risks are minimised by accredited staff using sterile instruments and 
following well-established blood collection protocols. 
 

CONFIDENTIALITY 

Your results will be made available to you and your coach following your 
permission. Apart from these parties, no person other than the researchers 
listed at the bottom of the page will have access to your results. All results 
will be coded by number only, so your name will not be associated with your 
results. 

YOUR PARTICIPATION 

We would be grateful if you did participate in this study but you are free not 
to volunteer. If you decide to participate, you are free to withdraw your 
consent and to discontinue participation at any time. However, we would 
appreciate you letting us know your decision.  

RESULTS OF THE STUDY 
Your results will be made available to you. Additionally, Mr Brearley will 
explain the results to each player in a team situation. At that time, you may 
ask questions relating to your results and any other heat related issues.  

PERSONS TO CONTACT 

Mr Matt Brearley 
National Heat Training and Acclimatisation Centre 
Northern Territory Institute of Sport 
Marrara NT 0812 
Telephone: (08) 89226829  
E-mail: matt.brearley@nt.gov.au 

Dr Paul Finn 
Faculty of SITE 
Northern Territory University 
Darwin NT 0909 
Telephone: (08) 89466146 
E-mail: paul.finn@ntu.edu.au 
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APPENDIX D3.4. INFORMED CONSENT FORM 
 

The Effect of Differing Pre-cooling Modes on the 

Responses to Intermittent High Intensity Activity in a 

Tropical Environment 

Informed Consent Form 

I, ________________________ of _____________________________________________  

_________________________________________________________________________ 

 

hereby give consent to participate in a study to be undertaken by Mr Matt Brearley of the 
National Heat Training and Acclimatisation Centre, Darwin and I understand that the 
purpose of the study is to evaluate the effect of differing pre-cooling modes on the responses 
to intermittent high intensity activity in a tropical environment.  
 
I acknowledge  
 

· that the aim, methods, and anticipated benefits, and possible hazards of the research 
study, have been explained to me, 
 

· and consent to undertake the following procedures; 
- maximal oxygen consumption testing 
- measurement of skinfold thicknesses 
- measurement of core body temperature at the rectum 
- measurement of skin temperature at sites on the back, calf,  chest and thigh 
- determination of sweat rate at various body sites 
- measurement of skin blood flow 
- collection of venous and ear prick blood specimen 
- measurement of heart rate 
- rating of thermal sensation, comfort and perceived exertion 
- urine specimen collection 
- cooling by use of an ice-jacket, cool air jacket and a cool water bath 
- collection of dietary information 

 

· that I voluntarily and freely give my consent to participate in such a research study, 
 

· that aggregated results will be used for research purposes and may be reported in scientific 
journals and academic journals, 
 

· that my results will only be released to myself and not to any other person including 
medical practitioners, except at my request and on my authorisation, 
 

· that I am free to withdraw my consent at any time during the study, in which event my 
participation in the research study will immediately cease and any information obtained will 
not be used. 
 

 

Signature: ___________________________________  Date: ________________________ 

 

Witness Signature: ______________________________Date: ______________________ 
 

I, the researcher, certify that the terms of the form have been verbally explained to the 
subject, that the subject appears to understand the terms prior to signing the form, and that 
proper arrangements have been made for an interpreter where English is not the subjects 
first language. I asked the subject if he needed to discuss the project with an independent 
person before signing and he declined (or has done so). 
 

Signature: ___________________________________ Date: ________________________ 
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APPENDIX D3.5. LODE CYCLE ERGOMETER CALIBRATION LETTER 
 

 
To 

Dr Grant Van der Ploeg 

Northern Territory Institute of Sport 

 

P.O. Box 40844 

Casuarina 

N.T.  0811 

        14 November, 2003 

Hello Grant, 

 

I have completed the calibration of your LODE and Repco cycle ergometers. 

 

The Lode Ergometer was assessed as supplied, using the control unit in the manual mode to preset 

fixed loads from 100 watts to 1000 watts in 100 watt increments.  See sheet C. 

 

The SASI calibration rig was used to provide mechanical drive at cadences from 50 to 150 rpm in 

increments of approx 10 rpm. The actual cadences varied due to loading factors, but the calibration 

procedure effectively assesses the ability of the LODE control unit to maintain the desired steady state 

power load specified at differing pedal rates. 

 

Results indicate the LODE ergometer is generally within +/- 2% of indicated power load, but error 

was a little higher at lower power loads ( -2.5 ~ -3.0%  <  300 watts) 

 

It was found also, that at higher loads ( > 600 watts) the LODE ergometer could not effectively 

maintain load demands if cadence was below 60 rpm.   I do not have access to the LODE 

specifications manual.  It is highly unlikely that you would have athletes maintaining steady state 

workloads above 600 watts at such a low cadence, so it should NOT be an issue. 

 

If you have any further queries regarding your ergometers calibration details,  

contact me on (08) 84166682. 

 

 

Regards 

 

 

Tom Stanef 

Senior Technical Officer 

Performance Enhancement Services Unit 

South Australian Sports Institute 

 

Ph   (08)  8416 6682 

Fax  (08) 8416 6756 
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APPENDIX D3.6. LSAS REPORT CONCLUSIONS 
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APPENDIX D3.7. MOXUS METABOLIC CART RELIABILITY DATA 
 

Table D3.34. Reliability statistics of absolute maximal aerobic power. 

Statistic Trial 1 v 2 

Average V
.
O2 (mL) 4502 

Average Change (mL) 37.3 

TE (mL) 83.5 

TE (%) 1.9 

LoA (mL) 231 

ICC 0.986 
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Figure D3.3. Scatterplot of absolute maximal aerobic power values. 

 
 

Table D3.35. Reliability statistics of relative maximal aerobic power. 

Statistic Trial 1 v 2 

Average V
.
O2 (mL.kg

-1
.min

-1
) 58.3 

Average Change (mL.kg
-1

.min
-1

) 0.2 

TE (mL) 1.5 

TE (%) 2.6 

LoA (mL) 4.2 

ICC 0.965 
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Figure D3.4. Scatterplot of relative maximal aerobic power values.  

 
 

Table D3.36. Reliability statistics of maximal ventilation. 

Statistic Trial 1 v 2 

Ave. Ventilation (L) 148.3 

Ave. Change (L) -0.9 

TE (L) 5.3 

TE (%) 3.5 

LoA (L) 14.6 

ICC 0.965 

 
 
 

Table D3.37. Reliability statistics of maximal heart rate.  

Statistic  Trial 1 v 2 

Ave. Heart Rate (beats.min
-1

) 179.1 

Ave. Change (beats.min
-1

) 0.8 

TE (beats.min
-1

) 1.9 

TE (%) 1.1 

LoA (beats.min
-1

) 5.3 

ICC 0.883 
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Table D3.38. Reliability statistics of respiratory exchange ratio.  

Statistic Trial 1 v 2 

Respiratory Exchange Ratio 1.20 

Ave. Change -0.01 

TE  0.04 

TE (%) 3.3 

LoA  0.10 

ICC 0.408 
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APPENDIX D3.8. METABOLIC RELIABILITY LIMITS  
 

 

Figure D3.5. Target technical (typical) error for sport science measurements (Gore, 2000).  
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APPENDIX D3.9. WELL-BEING AND TRAINING DIARY 
 

Well-Being Diary 
 

Diary is to be completed throughout your participation in this 
investigation. Please complete diary at the same time of day as 

your test sessions using the following scale: 
 

1=Excellent, 2=Good, 3= Neutral, 4 

=Poor, 5=Awful 
           

Day Date
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Training Diary 
 

Diary is to be completed throughout your participation in this 
investigation.  

           

Day Date Type Duration (mins) RPE Score (Duration x RPE)

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday

Monday

Tuesday

Wednesday

Thursday

Friday

Saturday

Sunday
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APPENDIX D3.10. 24 HOUR DIETARY DIARY 
 

 

24 Hour Dietary Intake Diary 
 

Your next test session is @ __________ on __________ ___/___ 
 
Please detail all foods and fluids consumed in the 24 hours 
preceding your testing session. It is important to accurately list the 
quantity and timing of consumption. 
 
 

Time Food/Fluid Quantity (grams/mls) 
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APPENDIX D3.11. 0.1S TO 1S DATA MACRO 
 
Sub Tenths2Seconds() 
' 
' PRECOOL Macro 
' Macro recorded 18/05/2004 by Matt Brearley 
' 
' Keyboard Shortcut: Ctrl+Shift+X 
' 
    Rows("1:1").Select 
    Selection.Insert Shift:=xlDown 
    Range("A1").Select 
    ActiveCell.FormulaR1C1 = "LDF" 
    Range("B1").Select 
    ActiveCell.FormulaR1C1 = "Tchest" 
    Range("C1").Select 
    ActiveCell.FormulaR1C1 = "Tback" 
    Range("D1").Select 
    ActiveCell.FormulaR1C1 = "Tthigh" 
    Range("E1").Select 
    ActiveCell.FormulaR1C1 = "BSC" 
    Range("F1").Select 
    ActiveCell.FormulaR1C1 = "Tcalf" 
    Range("G1").Select 
    ActiveCell.FormulaR1C1 = "Trec" 
    Range("H1").Select 
    ActiveCell.FormulaR1C1 = "Tmskin" 
    Cells.Select 
    With Selection 
        .HorizontalAlignment = xlCenter 
        .VerticalAlignment = xlBottom 
        .WrapText = False 
        .Orientation = 0 
        .ShrinkToFit = False 
        .MergeCells = False 
    End With 
    Range("B:D,F:H").Select 
    Range("F1").Activate 
    Selection.NumberFormat = "0.00" 
    Columns("A:A").Select 
    Selection.Insert Shift:=xlToRight 
    Range("A2").Select 
    ActiveCell.FormulaR1C1 = "1" 
    Range("A3").Select 
    ActiveCell.FormulaR1C1 = "2" 
    Range("A4").Select 
    ActiveCell.FormulaR1C1 = "3" 
    Range("A5").Select 
    ActiveCell.FormulaR1C1 = "4" 
    Range("A2").Select 
    ActiveCell.FormulaR1C1 = "0.1" 
    Range("A3").Select 
    ActiveCell.FormulaR1C1 = "0.2" 
    Range("A4").Select 
    ActiveCell.FormulaR1C1 = "0.3" 
    Range("A5").Select 
    ActiveCell.FormulaR1C1 = "0.4" 
    Range("A6").Select 
    ActiveCell.FormulaR1C1 = "0.5" 
    Range("A2:A6").Select 
    Selection.AutoFill Destination:=Range("A2:A51321"), Type:=xlFillDefault 
    Range("A2:A51321").Select 
    ActiveWindow.ScrollRow = 1 
    Range("L1").Select 
    ActiveCell.FormulaR1C1 = "=RC[-10]" 
    Range("L1").Select 
    Selection.AutoFill Destination:=Range("L1:P1"), Type:=xlFillDefault 
    Range("L1:P1").Select 
    Selection.AutoFill Destination:=Range("L1:R1"), Type:=xlFillDefault 
    Range("L1:R1").Select 
    Selection.AutoFill Destination:=Range("L1:S1"), Type:=xlFillDefault 
    Range("L1:S1").Select 
    ActiveWindow.LargeScroll ToRight:=-1 
    Range("L11").Select 
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    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-9]C[-10]:RC[-10])" 
    Range("L21").Select 
    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-9]C[-10]:RC[-10])" 
    Range("L2:L21").Select 
    Selection.AutoFill Destination:=Range("L2:L51321"), Type:=xlFillDefault 
    Range("L2:L51321").Select 
    ActiveWindow.ScrollRow = 1 
    Selection.Copy 
    Range("M2").Select 
    ActiveSheet.Paste 
    Range("N2").Select 
    ActiveSheet.Paste 
    Range("O2").Select 
    ActiveSheet.Paste 
    ActiveWindow.SmallScroll ToRight:=6 
    Range("P2").Select 
    ActiveSheet.Paste 
    Range("Q2").Select 
    ActiveSheet.Paste 
    Range("R2").Select 
    ActiveSheet.Paste 
    Range("S2").Select 
    ActiveSheet.Paste 
    Range("K11").Select 
    Application.CutCopyMode = False 
    ActiveCell.FormulaR1C1 = "1" 
    Range("K21").Select 
    ActiveCell.FormulaR1C1 = "2" 
    Range("K31").Select 
    ActiveCell.FormulaR1C1 = "3" 
    Range("K2:K31").Select 
    Selection.AutoFill Destination:=Range("K2:K51321"), Type:=xlFillDefault 
    Range("K2:K51321").Select 
    ActiveWindow.LargeScroll Down:=-1 
    ActiveWindow.ScrollRow = 1 
    Columns("K:S").Select 
    Selection.AutoFilter 
    Selection.AutoFilter Field:=1, Criteria1:="<>" 
    ActiveWindow.SmallScroll Down:=18 
    ActiveWindow.ScrollRow = 1 
    Range("M:O,Q:S").Select 
    Range("Q1").Activate 
    Selection.NumberFormat = "0.00" 
    Range("T61").Select 
End Sub 
Sub PRECOOL2() 
' 
' PRECOOL2 Macro 
' Macro recorded 18/05/2004 by Matt Brearley 
' 
' Keyboard Shortcut: Ctrl+Shift+Z 
' 
    ActiveWindow.SmallScroll ToRight:=3 
    Range("V301").Select 
    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-290]C[-10]:RC[-10])" 
    Range("V311").Select 
    ActiveWindow.SmallScroll Down:=29 
    Range("V301").Select 
    Selection.Copy 
    Range("V601").Select 
    ActiveSheet.Paste 
    ActiveWindow.SmallScroll Down:=-18 
    ActiveWindow.ScrollRow = 1 
    Range("V11:V601").Select 
    Application.CutCopyMode = False 
    ActiveWindow.SmallScroll Down:=-33 
    Selection.ClearContents 
    Sheets("TADEK FAM2 1805").Select 
    Sheets.Add 
    Sheets("TADEK FAM2 1805").Select 
    Columns("K:S").Select 
    Selection.Copy 
    Sheets("Sheet1").Select 
    ActiveSheet.Paste 
    Range("K1").Select 
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    Application.CutCopyMode = False 
    ActiveCell.FormulaR1C1 = "=RC[-9]" 
    Range("K1").Select 
    Selection.AutoFill Destination:=Range("K1:R1"), Type:=xlFillDefault 
    Range("K1:R1").Select 
    Range("K30").Select 
    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-28]C[-6]:RC[-6])" 
    Range("K31").Select 
    ActiveWindow.SmallScroll Down:=30 
    Range("K60").Select 
    ActiveWindow.ScrollRow = 1 
    Range("K30").Select 
    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-28]C[-10]:RC[-10])" 
    Range("K31").Select 
    ActiveWindow.LargeScroll ToRight:=-1 
    Range("K30").Select 
    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-28]C[-9]:RC[-9])" 
    Range("K30").Select 
    ActiveWindow.SmallScroll Down:=30 
    Selection.Copy 
    ActiveWindow.SmallScroll Down:=3 
    Range("K61").Select 
    ActiveSheet.Paste 
    Range("K2:K61").Select 
    Range("K61").Activate 
    ActiveWindow.SmallScroll Down:=42 
    Application.CutCopyMode = False 
    Selection.AutoFill Destination:=Range("K2:K5133"), Type:=xlFillDefault 
    Range("K2:K5133").Select 
    Selection.NumberFormat = "0.0000" 
    With Selection 
        .HorizontalAlignment = xlCenter 
        .VerticalAlignment = xlBottom 
        .WrapText = False 
        .Orientation = 0 
        .ShrinkToFit = False 
        .MergeCells = False 
    End With 
    ActiveWindow.LargeScroll Down:=1 
    ActiveWindow.ScrollRow = 1 
    ActiveWindow.SmallScroll Down:=33 
    Range("K61").Select 
    ActiveWindow.SmallScroll Down:=-18 
    Range("K30").Select 
    ActiveWindow.SmallScroll Down:=-24 
    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-28]C[-9]:R[1]C[-9])" 
    Range("K31").Select 
    ActiveWindow.LargeScroll Down:=1 
    Range("K61").Select 
    Selection.Cut Destination:=Range("K62") 
    Range("K62").Select 
    ActiveCell.FormulaR1C1 = "=AVERAGE(R[-30]C[-9]:R[-1]C[-9])" 
    Range("K63").Select 
    ActiveWindow.SmallScroll Down:=-39 
    Range("K30").Select 
    Selection.Cut Destination:=Range("K31") 
    Range("K31").Select 
    ActiveWindow.SmallScroll Down:=18 
    Range("K62").Select 
    Selection.Cut Destination:=Range("K61") 
    Range("K2:K61").Select 
    Range("K61").Activate 
    ActiveWindow.LargeScroll Down:=1 
    Selection.AutoFill Destination:=Range("K2:K5133"), Type:=xlFillDefault 
    Range("K2:K5133").Select 
    ActiveWindow.ScrollRow = 1 
    ActiveWindow.LargeScroll Down:=33 
    ActiveWindow.ScrollRow = 19317 
    ActiveWindow.SmallScroll Down:=-15 
    ActiveWindow.LargeScroll Down:=-1 
    ActiveWindow.ScrollRow = 5360 
    ActiveWindow.LargeScroll Down:=-8 
    Selection.AutoFill Destination:=Range("K2:O5133"), Type:=xlFillDefault 
    Range("K2:O5133").Select 
    ActiveWindow.SmallScroll ToRight:=5 
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    Selection.AutoFill Destination:=Range("K2:R5133"), Type:=xlFillDefault 
    Range("K2:R5133").Select 
    Range("R2:R5133").Select 
    Range("R5133").Activate 
    ActiveWindow.SmallScroll Down:=-12 
    Columns("K:R").Select 
    Selection.AutoFilter 
    Selection.AutoFilter Field:=1, Criteria1:="<>" 
    Sheets("Sheet1").Select 
    Sheets.Add 
    Sheets("Sheet1").Select 
    Selection.Copy 
    Sheets("Sheet2").Select 
    Range("B1").Select 
    ActiveSheet.Paste 
    Range("A2").Select 
    Application.CutCopyMode = False 
    ActiveCell.FormulaR1C1 = "0.5" 
    Range("A3").Select 
    ActiveCell.FormulaR1C1 = "1" 
    Range("A4").Select 
    ActiveCell.FormulaR1C1 = "1.5" 
    Range("A5").Select 
    ActiveCell.FormulaR1C1 = "2" 
    Range("A2:A5").Select 
    Selection.AutoFill Destination:=Range("A2:A172"), Type:=xlFillDefault 
    Range("A2:A172").Select 
    Selection.NumberFormat = "0.00" 
    Cells.Select 
    With Selection 
        .HorizontalAlignment = xlCenter 
        .VerticalAlignment = xlBottom 
        .WrapText = False 
        .Orientation = 0 
        .ShrinkToFit = False 
        .MergeCells = False 
    End With 
    Range("A1").Select 
    ActiveCell.FormulaR1C1 = "Minutes" 
    Columns("A:A").Select 
    Selection.NumberFormat = "0.0" 
    Range("C:E,G:I").Select 
    Range("G1").Activate 
    Selection.NumberFormat = "0.00" 
End Sub 
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APPENDIX D3.12. 1S TO 1M DATA MACRO 
 

 
Sub Seconds2Minutes() 
' 
' Seconds2Minutes Macro 
' Macro recorded 29/07/2004 by Matt Brearley 
' 
 
' 
    Columns("A:A").Select 
    Selection.Insert Shift:=xlToRight 
    Range("A1").Select 
    ActiveCell.FormulaR1C1 = "Minutes" 
    Columns("A:A").Select 
    With Selection 
        .HorizontalAlignment = xlCenter 
        .VerticalAlignment = xlBottom 
        .WrapText = False 
        .Orientation = 0 
        .ShrinkToFit = False 
        .MergeCells = False 
    End With 
    Range("A14").Select 
    ActiveWindow.SmallScroll Down:=39 
    Range("A61").Select 
    ActiveCell.FormulaR1C1 = "1" 
    Range("A67").Select 
    ActiveWindow.SmallScroll Down:=54 
    Range("A120").Select 
    ActiveCell.FormulaR1C1 = "2" 
    Range("A2:A120").Select 
    Range("A120").Activate 
    ActiveWindow.SmallScroll Down:=105 
    Selection.AutoFill Destination:=Range("A2:A5133"), Type:=xlFillDefault 
    Range("A2:A5133").Select 
    ActiveWindow.ScrollRow = 1 
    Columns("A:J").Select 
    Selection.AutoFilter 
    Selection.AutoFilter Field:=1, Criteria1:="<>" 
End Sub 
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APPENDIX D3.13. RECTAL THERMISTOR VALIDITY 
 

 

Table D3.39. Validity statistics of disposable rectal thermistors. 

Statistic Trial 1 v 2 

Ave. Temp (
o
C) 37.0 

Intercept -0.026 

Slope 1.000 

TE (
o
C) 0.04 

TE (%) 0.1 

LoA (
o
C) 0.10 

ICC 1.000 
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Figure D3.6. Validity statistics of disposable rectal thermistors. 
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APPENDIX D3.14. MERCURY IN GLASS THERMOMETER 

CALIBRATION CERTIFICATE 
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APPENDIX D3.15. SKIN THERMISTOR RELIABILITY AND VALIDITY 

STATISTICS 
 

 

Table D3.40. Reliability statistics of skin thermistors. 

Statistic 
Skin Thermistor 

1 2 3 4 

Ave. Temp (
o
C) 34.1 34.2 34.2 34.2 

Ave. Change (
o
C) 0.05 0.04 0.05 0.04 

TE (
o
C) 0.04 0.04 0.03 0.05 

TE (%) 0.1 0.1 0.1 0.1 

LoA (
o
C) 0.11 0.10 0.08 0.13 

ICC 1.000 1.000 1.000 1.000 

 

 

 

Table D3.41. Validity statistics of skin thermistors. 

Statistic 
Skin Thermistor 

1 2 3 4 

Ave. Temp (
o
C) 34.1 34.2 34.2 34.2 

Intercept 0.046 0.093 0.028 0.144 

Slope 0.997 0.996 0.998 0.995 

LoA (
o
C) 0.11 0.10 0.08 0.13 

Pearson r 1.000 1.000 1.000 1.000 
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APPENDIX D3.16. AIR CONDITIONING SYSTEM SCHEMATIC 
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APPENDIX D3.17. PLACEMENT OF SKIN THERMISTORS FOR 

RELIABILITY OF COOLING PROTOCOL TESTING  
 

 

APPENDIX D3.17.1. AIR JACKET 
 

Table D3.42. Reliability statistics of upper back skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 33.2 32.8 32.2 31.8 31.6 31.6 

Ave. Change (
o
C) -0.4 -0.8 -1.4 -1.8 -2.0 -2.0 

TE (
o
C) 0.34 0.54 0.72 0.88 0.67 0.66 

TE (%) 1.0 1.6 2.2 2.8 2.1 2.1 

LoA (
o
C) 0.95 1.50 1.999 2.44 1.84 1.82 

ICC 0.812 0.830 0.843 0.799 0.904 0.918 

 
 

Table D3.43. Reliability statistics of upper chest skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 33.5 33.2 33.0 32.7 32.3 32.4 

Ave. Change (
o
C) -0.3 -0.6 -0.8 -1.1 -1.5 -1.4 

TE (
o
C) 0.33 0.58 0.47 0.55 0.38 0.56 

TE (%) 1.0 1.8 1.4 1.7 1.2 1.7 

LoA (
o
C) 0.92 1.62 1.29 1.52 1.06 1.55 

ICC 0.897 0.901 0.953 0.963 0.988 0.974 

 
 

Table D3.44. Reliability statistics of lower back skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 32.7 32.6 32.0 31.4 31.1 31.1 

Ave. Change (
o
C) -0.8 -0.9 -1.5 -2.1 -2.4 -2.4 

TE (
o
C) 0.54 0.54 0.86 0.93 0.69 0.56 

TE (%) 1.7 1.7 2.7 3.0 2.2 1.8 

LoA (
o
C) 1.50 1.50 2.37 2.58 1.90 1.54 

ICC 0.681 0.859 0.828 0.852 0.926 0.957 
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Table D3.45. Reliability statistics of lower chest skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 33.3 33.3 33.1 32.9 32.8 32.9 

Ave. Change (
o
C) -0.2 -0.2 -0.4 -0.6 -0.7 -0.6 

TE (
o
C) 0.39 0.16 0.36 0.33 0.36 0.31 

TE (%) 1.2 0.5 1.1 1.0 1.1 1.0 

LoA (
o
C) 1.07 0.44 1.00 0.91 0.99 0.86 

ICC 0.353 0.901 0.707 0.879 0.884 0.885 

 
 

Table D3.46. Reliability statistics of arm skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 34.0 34.0 33.6 33.2 33.1 32.8 

Ave. Change (
o
C) 0.0 0.0 -0.4 -0.8 -0.9 -1.2 

TE (
o
C) 0.17 0.18 0.23 0.30 0.27 0.22 

TE (%) 0.5 0.5 0.7 0.9 0.8 0.7 

LoA (
o
C) 0.48 0.51 0.63 0.83 0.74 0.62 

ICC 0.289 0.389 0.328 0.101 0.269 0.582 

 
 

Table D3.47. Reliability statistics of thigh skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 34.2 34.1 33.8 33.7 33.6 33.5 

Ave. Change (
o
C) 0.0 -0.1 -0.3 -0.4 -0.5 -0.6 

TE (
o
C) 0.14 0.28 0.34 0.29 0.23 0.19 

TE (%) 0.4 0.8 1.0 0.9 0.7 0.6 

LoA (
o
C) 0.40 0.77 0.94 0.80 0.64 0.54 

ICC -0.471 -0.511 -0.134 -0.337 0.190 0.243 

 

Table D3.48. Reliability statistics of calf skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 34.4 34.4 34.1 33.9 33.7 33.7 

Ave. Change (
o
C) 0.1 0.1 -0.2 -0.4 -0.4 -0.4 

TE (
o
C) 0.22 0.17 0.26 0.33 0.25 0.30 

TE (%) 0.6 0.5 0.8 1.0 0.8 0.9 

LoA (
o
C) 0.61 0.47 0.71 0.91 0.71 0.83 

ICC -0.014 0.290 0.292 -0.109 0.248 0.144 
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APPENDIX D3.17.2. ICE JACKET 
 

 

Table D3.49. Reliability statistics of upper back skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 28.0 26.6 24.3 23.4 22.4 21.6 

Ave. Change (
o
C) -6.3 -7.7 -10.0 -10.9 -11.9 -12.7 

TE (
o
C) 0.94 0.66 0.74 0.60 0.55 0.52 

TE (%) 3.3 2.5 3.1 2.6 2.5 2.4 

LoA (
o
C) 2.59 1.84 2.05 1.66 1.53 1.45 

ICC 0.966 0.990 0.990 0.994 0.994 0.995 

 
 

Table D3.50. Reliability statistics of upper chest skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 22.3 20.1 18.7 17.9 17.1 16.4 

Ave. Change (
o
C) -12.0 -14.2 -15.6 -16.4 -17.2 -17.9 

TE (
o
C) 0.69 0.64 0.56 0.67 0.81 0.62 

TE (%) 3.1 3.2 3.0 3.8 4.7 3.8 

LoA (
o
C) 1.91 1.78 1.54 1.86 2.24 1.71 

ICC 0.966 0.979 0.984 0.980 0.970 0.983 

 
 

Table D3.51. Reliability statistics of lower back skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 32.0 31.7 31.1 31.1 31.0 30.9 

Ave. Change (
o
C) -1.6 -1.9 -2.5 -2.5 -2.6 -2.7 

TE (
o
C) 1.14 1.07 1.00 1.24 1.20 1.17 

TE (%) 3.6 3.4 3.2 4.0 3.9 3.8 

LoA (
o
C) 3.16 2.96 2.76 3.43 3.32 3.23 

ICC 0.455 0.658 0.868 0.858 0.887 0.906 
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Table D3.52. Reliability statistics of lower chest skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 27.5 26.2 25.6 25.0 24.7 24.4 

Ave. Change (
o
C) -6.5 -7.8 -8.4 -9.0 -9.3 -9.6 

TE (
o
C) 1.03 0.69 0.46 0.41 0.48 0.42 

TE (%) 3.8 2.6 1.8 1.7 2.0 1.8 

LoA (
o
C) 2.86 1.90 1.29 1.15 1.34 1.17 

ICC 0.964 0.987 0.995 0.997 0.996 0.997 

 
 

Table D3.53. Reliability statistics of arm skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 33.8 33.8 33.8 34.0 33.9 33.9 

Ave. Change (
o
C) -0.1 -0.1 -0.1 0.1 0.0 0.0 

TE (
o
C) 0.14 0.19 0.18 0.21 0.30 0.32 

TE (%) 0.4 0.6 0.5 0.6 0.9 1.0 

LoA (
o
C) 0.39 0.54 0.50 0.58 0.82 0.90 

ICC 0.459 0.242 0.561 0.504 0.093 0.216 

 
 

Table D3.54. Reliability statistics of thigh skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 34.1 33.9 33.9 33.9 33.9 33.9 

Ave. Change (
o
C) 0.0 -0.2 -0.2 -0.2 -0.2 -0.2 

TE (
o
C) 0.17 0.22 0.28 0.28 0.28 0.25 

TE (%) 0.5 0.7 0.8 0.8 0.8 0.7 

LoA (
o
C) 0.47 0.61 0.78 0.78 0.78 0.70 

ICC 0.172 -0.130 0.481 0.435 -0.545 -0.743 
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Table D3.55. Reliability statistics of calf skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 34.0 34.0 34.1 34.1 34.1 34.2 

Ave. Change (
o
C) -0.1 -0.1 0.0 0.0 0.0 0.1 

TE (
o
C) 0.19 0.19 0.23 0.30 0.24 0.22 

TE (%) 0.6 0.6 0.7 0.9 0.7 0.6 

LoA (
o
C) 0.53 0.54 0.62 0.83 0.66 0.60 

ICC -0.035 0.299 0.401 -0.112 0.345 0.374 
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APPENDIX D3.17.3. WATER BATH 

 

Table D3.56. Reliability statistics of upper back skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 29.2 28.6 27.9 27.3 26.6 26.1 

Ave. Change (
o
C) -4.3 -4.9 -5.6 -6.2 -6.9 -7.4 

TE (
o
C) 0.54 0.59 0.55 0.53 0.52 0.58 

TE (%) 1.9 2.1 2.0 1.9 2.0 2.2 

LoA (
o
C) 1.50 1.64 1.52 1.46 1.44 1.41 

ICC 0.374 0.223 0.398 0.293 0.306 0.253 

 
 

Table D3.57. Reliability statistics of upper chest skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 29.0 28.2 27.8 27.0 26.4 25.8 

Ave. Change (
o
C) -4.0 -4.8 -5.2 -6.0 -6.6 -7.2 

TE (
o
C) 0.41 0.29 0.48 0.39 0.32 0.41 

TE (%) 1.4 1.0 1.7 1.5 1.2 1.6 

LoA (
o
C) 1.13 0.81 1.33 1.09 0.90 1.15 

ICC -0.078 0.310 0.268 0.344 0.307 0.420 

 
 

Table D3.58. Reliability statistics of lower back skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 28.7 28.0 27.5 27.0 26.3 25.9 

Ave. Change (
o
C) -3.9 -4.6 -5.1 -5.6 -6.3 -6.7 

TE (
o
C) 0.37 0.38 0.39 0.20 0.30 0.46 

TE (%) 1.3 1.4 1.4 0.8 1.1 1.8 

LoA (
o
C) 1.02 1.05 1.09 0.57 0.82 1.27 

ICC 0.118 0.251 -0.548 0.607 0.521 0.183 
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Table D3.59. Reliability statistics of lower chest skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) - - - - - - 

Ave. Change (
o
C) - - - - - - 

TE (
o
C) - - - - - - 

TE (%) - - - - - - 

LoA (
o
C) - - - - - - 

ICC - - - - - - 

 
 

Table D3.60. Reliability statistics of arm skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 29.0 28.3 27.6 27.1 26.5 25.9 

Ave. Change (
o
C) -4.7 -5.4 -6.1 -6.6 -7.1 -7.8 

TE (
o
C) 0.41 0.42 0.49 0.56 0.57 0.60 

TE (%) 1.4 1.5 1.8 2.1 2.2 2.3 

LoA (
o
C) 1.13 1.15 1.35 1.56 1.59 1.65 

ICC 0.367 0.015 0.118 -0.131 -0.235 -0.266 

 
 

Table D3.61. Reliability statistics of thigh skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 29.1 28.2 27.6 27 26.5 25.9 

Ave. Change (
o
C) -4.1 -5.0 -5.6 -6.2 -6.7 -7.3 

TE (
o
C) 0.35 0.40 0.59 0.65 0.58 0.61 

TE (%) 1.2 1.4 2.1 2.4 2.2 2.4 

LoA (
o
C) 0.98 1.11 1.64 1.80 1.59 1.69 

ICC 0.397 -0.062 -0.240 -0.451 -0.449 -0.407 

 

Table D3.62. Reliability statistics of calf skin thermistor. 

Statistic 
Minutes 

5 10 15 20 25 30 

Ave. Temp (
o
C) 29.1 28.2 27.6 27 26.4 25.9 

Ave. Change (
o
C) -4.8 -5.7 -6.3 -6.9 -7.5 -8.0 

TE (
o
C) 0.48 0.48 0.55 0.56 0.55 0.63 

TE (%) 1.6 1.7 2.0 2.1 2.1 2.4 

LoA (
o
C) 1.32 1.34 1.51 1.55 1.52 1.73 

ICC 0.231 0.406 0.386 0.029 -0.033 -0.187 
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APPENDIX D3.18. SHIVERING SCALE  
 

    

SSSShivering Scalehivering Scalehivering Scalehivering Scale    
 

 

0. None 

1. Slight 

2. Moderate 

3. Heavy 

4. Very Heavy 

 

 
 

 

 

 

 

 

 

 

 

 

 



 350

 

APPENDIX D3.19. INTERMITTENT HIGH INTENSITY CYCLING 

PROTOCOL DEVELOPMENT 
 

APPENDIX D3.19.1. INTERMITTENT HIGH INTENSITY ACTIVITY 

Time and motion analysis permits identification of activity patterns during team 

sport. Motion criteria are commonly stratified as per Table D3.63. Some of the 

differences between investigations can be attributed to analytical techniques. 

Excluding rugby union, analysis of a variety of team sports demonstrates that a 

similar percentage of time is spent in the four discrete motion categories.  

 

 

Table D3.63. Team sport activity definitions. 

Activity Definition 

Standing Motionless 

Walking 
Motion with both feet in contact with ground at same time at some 

point during gait cycle 

Jogging 
Motion with an airborne phase but with lower knee lift and heel 

recovery than striding 

Striding / Cruising  Vigorous motion with airborne phase, higher knee lift and recovery 

Running Running with obvious effort through to all-out sprinting 
 

Compiled from Spencer et al., 2004 and Huey et al., 2001. Note that ‘shuffling’, ‘backing’ and ‘striding’ are terms 
commonly used. For the purpose of this table, shuffling is grouped with jogging, and backing has been omitted. 

 

 

 

 

 

APPENDIX D3.19.2. DESIGN OF INTERMITTENT HIGH INTENSITY CYCLING 

PROTOCOL 

The intermittent high intensity cycling protocol was designed in four stages; 

1. The oxygen cost of the activities described in Table D3.63. was determined in a 

cohort possessing similar characteristics to the experimental subjects, 

2. V
.
O2 and workload were regressed on a cycle ergometer to determine equivalent 

cycling power outputs and running speeds. 

3. A protocol was designed with similar characteristics to the intermittent team 

sports of Table D3.64. 
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4. The protocol was pilot tested to determine physiological and perceptual 

responses. Particular attention was given to the resultant core temperature profile, 

as the ethical ceiling for Trectal was 39.5
o
C. 

 

 

APPENDIX D3.19.3. OXYGEN COST OF TEAM SPORT ACTIVITIES 

Ten subjects performed standardised incremental treadmill running on two occasions 

to determine oxygen cost of running at 10, 12 and 14km.h
-1

. Subjects ran at 

10km.hour
-1

 for 6 minutes and 12 and 14km.h
-1 

for 2 minutes each respectively. It is 

acknowledged that 2 minute workloads may be too brief to determine steady state 

oxygen consumption, however, the low workloads limit the time to attain steady state 

and provide an estimation of metabolic cost. The individual V
.
O2 was divided by V

.

O2max determined during the same test with workloads to volitional exhaustion. The 

relative V
.
O2 was regressed with running speed to produce the data of Figure D3.64.  

 

Table D3.64. Team sport time and motion data.  

Sport Standard Stand Walk Jog Cruise Sprint Reference 

Hockey 
Elite 7.4 46.5 40.5 4.1 1.5 Spencer et al., 2004 

Inter-Club 10.1 53.3 30.7 - 5.7 Huey et al., 2001 

Soccer 

University 7.0 56.0 30.0  7.0 Ali and Farrally, 1991 

Elite 17.0 40.0 40.0  3.0 Van Gool et al., 1988 

Elite 21.2 49.1 19.5 9.3 0.9 Bangsbo et al., 1991 

Australian 
Football 

Elite 9.9 44.5 40.9  6.6 McKenna et al, 1988 

Elite 12.5 63.8 19.6 - 4.5 
Jacques and Pavia, 

1974 

Rugby 
Union 

Schoolboy – 
Backs 

24.4 34.3 37.8 - 3.5 
Knox and 

O’Donoghue, 2001* Schoolboy – 
Forwards 

36.3 37.7 24.3 
 

1.7 

Elite <19 – Backs 43.7 29.2 22.5  4.6 
Deutsch et al., 1998* Elite <19 – 

Forwards 
49.7 16.7 31.3  2.3 

Gaelic 
Football 

Inter-county 22.4 44.5 24.0  9.1 McErlean et al., 2000 

Average  21.8 42.9 30.0 6.7 4.2  

SD  14.5 12.6 8.1 3.7 2.5  

Min  7.4 16.7 19.5 4.1 0.9  

Max  49.7 63.8 40.9 9.3 9.1  

* Data has been reanalysed to exclude game related activities. 
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Figure D3.7. Regression of running speed and fraction of V
.
O2max. 

 

 

APPENDIX D3.19.4. REGRESSION OF CYCLING POWER OUTPUT AND V
....
O2 
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Figure D3.8. Regression of cycle ergometer workload and oxygen consumption. 
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APPENDIX D3.20. CLIMATE CONTROL CHAMBER ENVIRONMENTAL 

CONDITIONS   
 

APPENDIX D3.20.1. CLIMATE CONTROL CHAMBER 

The climate control chamber was constructed in 2002 with dimensions of 3.8m wide 

x 5.6m long x 2.5m high. The chamber has a temperature range of 20–35
o
C with 

relative humidity of 20–80% with tolerance specifications of ±1% for temperature 

and ±2.5% for relative humidity. Beyond the aforementioned ranges, simultaneous 

control of temperature and relative humidity could not be guaranteed.  

 

 

APPENDIX D3.20.1.1. SIMULATED CONDITIONS 

The choice of simulated conditions is important as environmental ambient 

temperature and relative humidity affect the response to physical activity by dictating 

the effectiveness of heat loss mechanisms. An objective of this investigation was to 

simulate harsh wet season environmental conditions of Darwin, NT, Australia. 

Although the wet season weighted average for ambient temperature is 31
o
C between 

1100-1500, temperatures greater than 35
o
C are frequently reported and have been 

observed with many field investigations conducted by the author. For example, an 

average of 10 days per year exceeded a maximal temperature exceeded 35
o
C at 

Darwin Airport, whereas the corresponding statistic for Darwin Post Office and the 

adjacent rural area was 42 and 74 days respectively (Bureau of Meterology, 2004). 

 

 

APPENDIX D3.20.1.2. AMBIENT TEMPERATURE AND RELATIVE HUMIDITY 

Although the data of Table D3.65. suggested the simulation of 31–32
o
C, Section 

D3.21.1.1. demonstrates that severe ambient temperatures can be experienced in the 

tropics. Therefore, the desired conditions to be simulated were ~35
o
C and ~60% 

relative humidity. The chamber was set to 33
o
C and 62% relative humidity to 

produce ~35
o
C and ~50% relative humidity due to addition of solar radiation 

(Section D3.20.1.3.). The lower than desired relative humidity is an indirect 

consequence of the simulated solar radiation load within the climate control 

chamber. To balance the heat imparted to the climate chamber by the floodlights, 

cool – conditioned air was ducted into the chamber by the climate control chamber 
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hardware. The effect was a lower relative humidity, however, the water vapour 

pressure was comparable to that of 31
o
C and 60% relative humidity (21.3 v 

20.2mmHg). 

 

 

Table D3.65. Half-hourly wet-season ambient temperature and relative humidity 
observations for Darwin (Data are a compilation of the Australian Bureau of Meteorology 
reporting’s from Darwin Airport Observatory, Darwin, NT, 1998-2002). 

Time January February March April October November December Mean

11:00 29.9 28.7 30.1 30.0 30.7 31.2 30.7 30.2

11:30 30.1 28.9 30.3 30.5 31.2 31.5 30.9 30.5

12:00 30.3 28.9 30.5 30.9 31.4 31.6 31.3 30.7

12:30 30.5 29.3 30.4 31.2 31.6 31.8 31.4 30.9

13:00 30.5 29.5 30.4 31.4 31.9 32.1 31.5 31.1

13:30 30.5 29.7 30.5 31.7 32.0 31.9 31.7 31.1

14:00 30.4 29.9 30.7 31.7 32.1 32.0 31.7 31.2

14:30 30.4 29.8 30.7 31.9 32.1 32.2 31.7 31.3

15:00 30.2 29.9 30.5 31.8 32.2 31.9 31.5 31.2

31.0Weighted Average

Ambient Temperature (oC)

 

Time January February March April October November December Mean

11:00 73.1 78.5 67.4 55.9 60.4 60.9 67.5 66.2

11:30 71.8 76.9 66.0 53.1 58.0 59.6 66.8 64.6

12:00 70.8 77.0 65.9 51.8 57.4 58.6 64.6 63.7

12:30 69.6 75.1 67.1 50.7 56.7 57.9 64.2 63.0

13:00 70.3 74.2 67.0 49.6 54.9 57.6 63.7 62.5

13:30 70.4 73.2 67.1 48.6 54.1 58.0 63.1 62.1

14:00 69.9 72.3 66.3 48.5 53.9 57.4 62.7 61.6

14:30 69.8 72.7 66.8 48.1 53.3 56.1 62.8 61.4

15:00 70.8 72.1 68.2 48.6 51.8 57.2 62.8 61.6

61.9Weighted Average

Relative Humidity (%)

 

 

APPENDIX D3.20.1.3. SIMULATED SOLAR RADIATION 

Solar radiation influences thermoregulation by acting to increase exposed skin 

temperature (Nielsen et al., 1988; Tanaka, 1985), thereby influencing the thermal 

stress response (Lafleur, 1971). As a potential source of heat storage, solar radiation 

adds to the thermal impost created by ambient temperature and environmental vapour 
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pressure. Hence, solar radiation simulation is necessary to accurately produce a 

tropical environment within a climate control chamber.  

 

Few pre-cooling investigations have accounted for solar radiation. Given that a 

lowered skin temperature is a consequence of pre-cooling, it is possible that solar 

radiation will act to limit the duration of lowered skin temperature during exercise, 

thereby diminishing the reported physiological, perceptual and performance benefits. 

This investigation therefore sought to simulate the typical mid-day solar radiation 

levels of Darwin, NT.  

 

Solar radiation was simulated by six 500 W halogen lamps (Horizon series TF500/4, 

Pierlite, Sydney, NSW, Australia) arranged in pairs spaced by 0.5 m horizontally and 

0.7 m vertically attached to plywood board that can be moved along parallel tracks 

(Figure D3.9.A.). The floodlights were regularly verified as parallel to horizontal by 

spirit level. The plywood was placed above a treadmill (Aus Tred Ex, Melbourne, 

VIC, Australia), upon which the cycle ergometer was mounted such that the lights 

spanned the treadmill belt. To assess the uniformity of the radiation intensity emitted 

from the floodlights, the treadmill belt was stratified into 0.15m (Horizontal) by 

0.16m (Vertical) sectors. Sectors were tested for radiation as per Figure D3.9.B. 

Simulated solar radiation (W.m
-2

) was measured with a star pyranometer (Almemo 

FLA628, Ahlborn, Munich, Germany) (Figure D3.10.) centred over the desired 

intersection by a plumb line.  

 

Outdoors, the star pyranometer measures radiation from the upper hemisphere to 

earth’s horizontal surface in a wave length range of the solar spectrum from 0.3–

3.0µm, This is known as global radiation; the sum of direct solar and diffuse sky 

radiation. Reflected and other long wave radiation cannot be accounted for since the 

star pyranometer is shielded from the environment by a glass cupola and established 

parallel to the ground surface. 
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                               A.                                     B. 
          

Figure D3.9.A. Floodlight arrangement, B. Treadmill solar radiation testing sectors. 

 

 

APPENDIX D3.20.1.3.1. SOLAR RADIATION SIMULATION UNIFORMITY  

The halogen lamps were switched on for a minimum of 15 minutes prior to 

measurement to permit radiation output from the lights to equilibrate. Following this 

‘warm-up’ period, the star pyranometer was placed on the desired intersection of 

vertical (V) and horizontal (H) axis (as confirmed by a plumb line) for a minimum of 

1 minute. This time frame ensured stable readings as it was over twice the 

recommended adjustment time (Almemo manual, 2002). The pyranometer was 1.10 

and 1.78 m above the treadmill belt with a perpendicular distance of 1.13 and 0.45m 

to the lamps respectively. 
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Figure D3.10. Star Pyranometer for measurement of solar radiation. 

 

 

The simulated solar radiation pattern generated by the 6–halogen lamp configuration 

is described by Figures D3.9.A. and D3.9.B. When grouped by horizontal axis, there 

was a large range between sectors tested (Table D3.66.). The small distance between 

the globes and the pyranometer produced ‘hotspots’ immediately under the lamps 

and areas of lower solar radiation between the lamps. The solar radiation range was 

reduced by comparing the horizontal sectors grouped by vertical sectors 2–4, that 

were directly over the subject.  
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Figure D3.11. Simulated solar radiation in A. vertical and B. horizontal planes at height of 
1.78m. Mean (SD) solar radiation of H1-H3 / V2-V4 was 795 (93) W.m

-2
. 

 

 

 

Table D3.66. Simulated solar radiation range of the test environment. 
 

Horizontal Sector Vertical Sector Solar Radiation Range (W.m
-2

) 

H1 V1-5 370 – 907 

H1  V2-4 733 – 907 

H2 V1-5 396 – 846 

H2 V2-4 637 – 846 

H3 V1-5 402 – 931 

H3 V2-4 737 – 931 

 

 

APPENDIX D3.20.1.3.2. SIMULATED SOLAR RADIATION VALIDITY  

The average (SD) radiation of H1–3/V2–4 area was 795 (93) W.m
-2

 at 1.78m.  The 

average radiation of V2–4 at 1.78m was comparable to historical solar radiation data 

compiled from the Bureau of Metrology’s Darwin airport observatory.  
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APPENDIX D3.20.1.3.3. HISTORICAL SOLAR RADIATION DATA  

The Bureau of Meterology’s Darwin airport observatory monitored solar radiation 

from December 1993 to present with a pyranometer (CM-11, Kipp and Zonen). The 

pyranometer was calibrated every clear sky and totally cloudy day. Data was 

measured as the sum of 30 minutes (10000J.m
-2

) and converted to W.m
-2

 by Equation 

D3.21.1. 

 

Solar radiation (W.m
-2

) = BoM data * (10000/1800)                                    Equation D3.21.1. 

 

Where 10000 converts 10000J to J and 1800 converts 30 minutes to 1 second 

 

Data was pooled by month and averaged for 30-minute analysis periods ending 

0530-1700. The resultant solar radiation profile is represented by Table D3.67. 
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Table D3.67. Wet season solar radiation values for Darwin (Data are a compilation of the 
Australian Bureau of Meteorology reporting’s from Darwin Airport Observatory, Darwin, NT, 
1998-2002). 

Month Time 1100 1130 1200 1230 1300 1330

Mean 657.8 691.6 704.4 714.1 692.5 672.3

SD 91.7 106.7 105.0 108.5 107.5 104.3January

Peak 1072.2 1216.7 1183.3 1177.8 1116.7 1172.2

Mean 599.3 641.7 641.1 634.5 605.8 569.5

SD 118.5 128.6 142.8 129.9 132.1 120.4February

Peak 1105.6 1144.4 1188.9 1166.7 1177.8 1200.0

Mean 720.2 737.1 755.8 750.2 729.8 706.2

SD 90.8 89.9 109.8 120.3 97.4 104.6March

Peak 1088.9 1155.6 1205.6 1172.2 1094.4 1061.1

Mean 777.7 795.0 799.5 762.9 747.1 718.9

SD 64.4 75.8 90.7 114.5 116.6 99.6April

Peak 1016.7 1100.0 1094.4 1100.0 1072.2 1038.9

Mean 691.9 737.7 764.6 783.6 815.9 842.8

SD 61.0 75.6 85.6 86.6 99.9 90.4October

Peak 1044.4 1100.0 1188.9 1188.9 1222.2 1077.8

Mean 735.0 769.3 776.7 794.2 828.9 825.9

SD 78.5 78.4 85.5 77.0 74.8 83.8November

Peak 1050.0 1161.1 1116.7 1161.1 1161.1 1172.2

Mean 667.5 700.4 723.1 735.4 732.4 713.8

SD 89.3 84.8 95.0 81.8 80.3 105.5December

Peak 1061.1 1105.6 1127.8 1150.0 1127.8 1127.8

 

 

 

APPENDIX D3.20.1.3.4. RELIABILITY  

Reliability was tested over 21 sites comprising the intersections of axis’ H1–3 and 

V0–6 on consecutive days. Test procedures were as per Section D3.21.1.3. 

Reliability was tested utilising an automated spreadsheet (Hopkins, 2000). Typical 

error was 24.97 W.m
-2

 or 4.8% (Table D3.68.). 
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Table D3.68. Solar radiation reliability statistics. 

Statistic Solar Radiation 

Ave. Solar Radiation (W.m
2
)  603.1 

Ave. Change (W.m
2
) -5.4 

TE (W.m
2
) 24.8 

TE (%) 4.8 

LoA (W.m
2
) 68.7 

ICC 0.983 
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Figure D3.12. Comparison of trial 1 and trial 2 solar radiation values.   

 

 

 

APPENDIX D3.20.1.4. AIR VELOCITY 

Air velocity was measured by a cupped wind velocity sensor (FVA615-2, Almemo, 

Ahlborn, Munich, Germany) at the midpoint and 75cm either side of the cycle 

ergometer in the horizontal plane and at 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8m vertical 

plane. The average air velocity created by a standard pedestal fan during the cycling 

protocol was 6.2km.h
-1

 or 1.6m.s
-1

.  
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Figure D3.13. Air velocity graph. 
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APPENDIX D3.21. SWEAT RATE SYSTEM RELIABILITY STATISTICS 
 

Table D3.69. Reliability statistics of sweat rate system channel 1. 

Statistic 
Volume (µL) 

32 64 96 128 160 

Ave. Sweat Rate (g.min
-1

.cm
-2

) 0.133 0.250 0.523 0.779 1.091 

Ave. Change (g.min
-1

.cm
-2

) 0.006 0.001 0.010 0.027 0.013 

TE (g.min
-1

.cm
-2

) 0.004 0.003 0.018 0.005 0.021 

TE (%) 3.1 1.1 3.5 0.6 1.9 

LoA (g.min
-1

.cm
-2

) 0.011 0.008 0.050 0.014 0.057 

ICC 0.614 0.829 0.311 0.948 0.898 

 

 

Table D3.70. Reliability statistics of sweat rate system channel 2. 

Statistic 
Volume (µL) 

32 64 96 128 160 

Ave. Sweat Rate (g.min
-1

.cm
-2

) 0.142 0.285 0.537 0.686 1.106 

Ave. Change (g.min
-1

.cm
-2

) 0.007 0.007 0.020 0.020 0.031 

TE (g.min
-1

.cm
-2

) 0.002 0.001 0.005 0.010 0.019 

TE (%) 1.5 0.4 1.0 1.4 1.7 

LoA (g.min
-1

.cm
-2

) 0.006 0.003 0.015 0.010 0.053 

ICC 0.851 0.961 0.880 0.934 0.902 

 

 

Table D3.71. Reliability statistics of sweat rate system channel 3. 

Statistic 
Volume (µL) 

32 64 96 128 160 

Ave. Sweat Rate (g.min
-1

.cm
-2

) 0.145 0.257 0.495 0.693 1.058 

Ave. Change (g.min
-1

.cm
-2

) 0.006 0.015 0.019 0.028 0.045 

TE (g.min
-1

.cm
-2

) 0.004 0.008 0.006 0.008 0.005 

TE (%) 2.8 3.1 1.2 1.1 0.5 

LoA (g.min
-1

.cm
-2

) 0.011 0.022 0.016 0.023 0.013 

ICC 0.013 0.455 0.881 0.960 0.996 
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APPENDIX D3.22. PARTITIONAL CALORIMETRY + THERMOMETRY 

CALCULATIONS 
 

APPENDIX D3.22.1. MEAN SKIN TEMPERATURE  

Mean skin temperature was determined by Equation D3.23.1. according to 

Ramanathan (1964) with back skin temperature substituted for arm skin temperature 

(Mitchell et al., 2001).  

 

Mean skin temperature (
o
C) = (0.3(Tchest + Tback))+(0.2(Tthigh + Tcalf))   

                                       Equation D3.23.1. 
 
Where: 
Tchest = chest temperature 
Tback = back temperature 
Tthigh = thigh temperature 
Tcalf = calf temperature 

 

 

APPENDIX D3.22.2. MEAN BODY TEMPERATURE  

A composite of Trectal and Tskin is widely used to determine mean body temperature 

(Tbody) according to Equation D3.23.2. 

 

Mean body temperature (
o
C) = (x.Tre+(1-x)Tsk)                                            Equation D3.23.2. 

 
Where: 
Trectal = rectal temperature 
Tskin = mean skin temperature 

 

Many investigators (Bolster et al., 1999; Kruk et al., 1990; Lee and Haymes, 1995; 

Stolwijk and Hardy, 1966) to utilise Equation D3.23.2. have weighted Tre at 0.67 – 

0.90. By failing to recognise differences in regional temperature profiles between 

cold and heat stress, studies have overestimated Tbody by the excessive weighting of 

Trectal. Hardy and DuBois (1938) recognised this limitation and noted that no single 

formula cannot accurately predict Tbody for all subjects across varying conditions. 

Data from neutral and hot environments suggests that different coefficients be used 

according to the severity of the environment. For cold to neutral conditions, Trectal 

should be weighted as 0.67, and 0.79 for hot (Colin et al., 1971). Therefore, Equation 

D3.23.3. was utilised during pre-cooling and initial rest periods and Equation 

D3.23.4. during the cycling protocol. 
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Pre-cooling mean body temperature (
o
C)=(0.67.Tre)+(0.33.Tsk)               Equation D3.23.3. 

 

Exercise mean body temperature (
o
C)=(0.79.Tre)+(0.21.Tsk)                       Equation D3.23.4. 

 

 

Mean body temperature was derived to provide a whole body estimate of thermal 

transients during the investigation, whereas most investigators utilise the calculated 

Tbody to input into other equations to determine heat storage (Burton, 1935). Such an 

approach is defined as thermometry. Another method determines body heat storage 

by resolving the heat balance equation. Known as partitional calorimetry, the latter 

approach provides greater precision, as thermometry has a high reliance on the 

specific heat of the body tissue multiple. The most common multiple used is 3.47 

kj.kg
-1

.
o
C

-1
, determined as an average from in vitro isolations of body tissues 

(Vallerand et al., 1991). The specific heat of the tested body tissues varies greatly. 

For example, the specific heat of blood is three times greater than compact bone and 

75% greater than adipose tissue (Vallerand et al., 1992). Individual variations in 

body composition therefore influence the applicability of the 3.47 kj.kg
-1

.
o
C

-1
 

specific heat of body tissue. The calculation of this multiple may explain why core 

temperature corresponds poorly to body heat content (Snellen, 2000) that potentially 

renders the thermometric determination of body temperature invalid during 

adjustments of body temperature (Snellen, 2000; Webb, 1993). This investigation 

utilised a combination of partitional caliometry and thermometry equations from a 

software package (Partitional Caliometry, Version 2, Atkins Research Services). 

Acknowledging their limitations, body heat storage and content were calculated for 

comparison to other pre-cooling investigations. 

 

 

APPENDIX D3.22.3. METABOLIC HEAT PRODUCTION 

The amount of internal heat produced was calculated as the difference between 

metabolic free energy production (M) and the energy equivalent of the mechanical 

work performed (Equation D3.23.5). The energy equivalent of oxygen (EE) was 

calculated from respiratory data to determine metabolic free energy production 

(Equation D3.23.6.). 
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Energy equivalent of oxygen (J.L O2
-1

) = (0.23*RER+0.77) * 21116           Equation D3.23.5. 
 
Where: 
RER = respiratory exchange ratio 
21116 = energy equivalent of oxygen (J.L O2

-1
) 

 

Metabolic free energy production relates the absolute to body surface area thereby 

yielding a relative measure expressed in W.m
-2

. The equation was modified from 

Parsons (1993). 

 

 

Metabolic Free Energy production (W.m
2
) = (((EE*V

.
O2*t)/(t/60))/Ad)          Equation D3.23.6. 

 
Where: 
EE = energy equivalent of oxygen (J.L O2

-1
) 

V
.
O2 = volume of oxygen consumed (L.min

-1
) 

t  = exercise duration (minutes) 
Ad = body surface area (m

2
)  

 

 

Mechanical efficiency (η) expresses the proportion of the energy produced that is 

consumed during work (Equation D3.23.7.). If consumed, the energy will not be not 

imparted to the body as heat or contribute to internal heat production (Equation 

D3.23.8.) (Mcintyre, 1980; Parsons, 1993). 

 

 

Mechanical efficiency = W/M                              Equation D3.23.7. 
 
Where: 
W = work rate (W.m

-2
) 

M = metabolic free energy production (W.m
-2

)  

 

 

Internal heat production (W.m
2
) = (M*(1-η))*1/Ad                                         Equation D3.23.8. 

 
Where: 
M = metabolic free energy (W.m

-2
) 

V
.
O2 = volume of oxygen consumed (L.min

-1
) 

t  = exercise duration (minutes) 
Ad = body surface area (m

2
)  
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APPENDIX D3.22.4. HEAT DISSIPATION 

In order to compare the efficacy of pre-cooling treatments, it is necessary to account 

for the dissipation of body heat. The following sections provide methods for 

estimating convective, radiative and evaporative heat transfer. Conductive heat 

exchange is not accounted by this investigation as it is considered negligible due to 

the small area of contact in the upright posture. 

 

 

Convective and radiative heat transfers were calculated according to Equations 

D3.23.9. and D3.23.10., respectively (Fanger, 1970; McIntyre, 1980). 

 

Convective heat transfer (W.m
-2

)=(Ad*fcl*hc*(Tskin-Tdb))/Ad                            Equation D3.23.9 
 
Where: 
Ad = body surface area (m

2
)  

fcl = clothing area factor 
hc = convective heat transfer coefficient (W.m

-2
.K

-1
) 

Tsk = mean skin temperature (
o
C) 

Ta = ambient temperature (
o
C) 

Pa = ambient water vapour pressure (mmHg)  
t  = exercise duration (minutes) 

 

 

Radiative heat transfer (W.m
-2

)=(E*σ*fcl*feff*(Tsk
4
-Tr

4
)                                Equation  D3.23.10 

 
Where: 
E = emittance from the outer surface of a clothed body (0.97)  
σ = Stefan-Boltzmann constant (5.67*10-8 W.m

-2
.K

-4
) 

fcl = clothing area factor 
feff = effective radiation area of a clothed body (0.71) 
Tsk = mean skin temperature (

o
C)  

Tr = mean radiant temperature (
o
C) 

 

 

APPENDIX D3.22.5. EVAPORATIVE HEAT TRANSFER 

Evaporative heat transfer is the sum of heat lost by skin diffusion and sweat 

evaporation (Fanger, 1970). The equations utilised to calculate evaporative variables 

are presented in the following sections. 

 

Saturated water vapour pressure at the skins surface (PS) was calculated by Equation 

D3.23.11., while skin diffusion (Esd), sweat evaporation and required evaporative 
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heat loss were calculated according to Equations D3.23.12, D3.23.13 and D3.23.14, 

respectively. 

 

PS (mmHg) = 1.92*Tsk-25.3                                                                        Equation D3.23.11. 
 
Where: 
Tsk = skin temperature 

 

 

Esd (W.m
-2

) = ((λ*m*Ad*(Ps-Pa))/Ad)                                                            Equation D3.23.12. 
 
 
 
Where: 
λ = latent heat of evaporation of sweat (2430 J.g-1)  
m = permeance coefficient of the skin (1.694*10

-4
g.s

-1
.m

-2
.mmHg) 

Ps = skin surface water vapour pressure (mmHg)  
Pa = ambient water vapour pressure (mmHg)  
Ad = body surface area (m

2
)  

 

 
(((BMinitial-BMfinal)-(fluid intake+urine loss)-((RFL*(44- Pa))*t))*2430/((t*60)*Ad)  

           Equation D3.23.13. 
 
Where: 
BM = body mass (g) 
RFL = respiratory fluid loss (g) (Section x.x.) 

V
.
O2 = volume of oxygen consumed (L.min

-1
) 

t  = exercise duration (minutes) 
 
 
 
Ereq (W.m

-2
)=H-K-R-C-S                                              Equation D3.23.14. 

 
 
Where: 
H = internal heat production (W.m

-2
) 

K = conductive heat exchange (W.m
-2

) 
R = radiative heat exchange (W.m

-2
) 

C = convective heat exchange (W.m
-2

) 
S = body heat storage (W.m

-2
) 

 

Maximal evaporative capacity of the environment was calculated by Equation 

D3.23.15. 

 
 

Maximal evaporative capacity of the environment (W.m
-2

)=(fpcl*he*(Ps-Pa)      
                        Equation D3.23.15. 

 
Where: 
Ad = body surface area (m

2
)  

fpcl = permeation efficiency factor of clothing 
he = evaporative heat transfer coefficient (W.m

-2
.K

-1
) 
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Tskin = mean skin temperature (
o
C) 

Tdb = dry bulb temperature (
o
C) 

Pa = ambient water vapour pressure (mmHg)  
t  = exercise duration (minutes) 
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APPENDIX D3.23 PRE-COOLING RAW DATA 
 
 
 

Table D3.72. Rectal temperature throughout the AJ trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 37.36 37.35 37.36 37.35 37.35 37.33 37.30 37.30 37.30 37.53 37.81 38.04 38.31 38.51 38.80 39.01 39.21 39.32 39.38 

JA 36.96 36.98 36.99 36.99 37.00 36.99 37.03 37.03 37.16 37.32 37.43 37.63 37.77 37.95 38.14 38.32 38.58 38.65 38.71 

MB 37.23 37.24 37.24 37.28 37.29 37.32 37.32 37.29 37.19 37.37 37.60 37.81 38.06 38.28 38.53 38.75 38.97 39.13 39.18 

AC 37.32 37.32 37.36 37.39 37.40 37.45 37.48 37.51 37.61 37.75 38.03 38.28 38.61 38.82 39.10 39.30 39.55 - - 

MW 37.65 37.66 37.67 37.66 37.64 37.62 37.64 37.64 37.72 37.74 37.86 38.02 38.20 38.38 38.57 38.75 38.92 39.24 39.38 

DJ 37.30 37.29 37.26 37.28 37.25 37.24 37.24 37.22 37.22 37.32 37.56 37.79 38.09 38.34 38.62 38.83 39.08 39.24 39.31 

PhB 37.14 37.15 37.19 37.22 37.25 37.30 37.32 37.36 37.32 37.38 37.64 37.86 38.17 38.39 38.68 38.91 39.18 39.41 39.46 

AM 37.13 37.16 37.12 37.14 37.12 37.11 37.07 37.01 36.91 36.92 37.17 37.34 37.54 37.69 37.94 38.14 38.38 38.67 38.79 

CG 37.19 37.11 37.09 37.08 37.07 37.08 37.07 37.07 37.04 37.13 37.28 37.48 37.87 37.99 38.08 38.18 38.36 38.47 38.53 

PD 37.10 37.10 37.10 37.12 37.08 37.05 37.02 37.03 37.01 37.06 37.38 37.53 37.74 37.80 37.98 38.07 38.21 38.37 38.64 

CA 37.40 37.37 37.40 37.44 37.46 37.45 37.44 37.42 37.36 37.47 37.69 37.97 38.24 38.48 38.80 39.05 39.33 - - 

TD 37.34 37.29 37.29 37.31 37.26 37.25 37.24 37.24 37.19 37.30 37.61 37.83 38.14 38.36 38.59 38.76 39.01 39.09 39.11 

Mean 37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.4 37.6 37.8 38.1 38.2 38.5 38.7 38.9 39.0 39.0 

SD 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.3 
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Table D3.73. Rectal temperature throughout the C trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 37.98 37.98 37.96 37.95 37.93 37.93 37.95 37.94 37.89 38.04 38.23 38.43 38.62 38.78 38.98 39.17 39.35 39.46 39.53 

JA 37.29 37.30 37.30 37.31 37.31 37.32 37.37 37.41 37.43 37.51 37.70 37.89 38.11 38.31 38.57 38.80 39.06 39.25 39.36 

MB 37.19 37.21 37.16 37.04 37.02 37.15 37.14 37.16 37.12 37.21 37.39 37.56 37.80 37.96 38.20 38.36 38.58 38.77 38.87 

AC 37.38 37.36 37.33 37.31 37.30 37.39 37.40 37.41 37.47 37.54 37.71 37.95 38.17 38.44 38.68 39.00 39.22 - - 

MW 37.54 37.56 37.58 37.63 37.62 37.66 37.66 37.68 37.60 37.79 37.98 38.16 38.33 38.49 38.66 38.81 38.95 39.33 39.48 

DJ 37.52 37.50 37.48 37.47 37.46 37.43 37.38 37.35 37.26 37.27 37.45 37.65 37.85 38.06 38.29 38.41 38.58 38.69 38.74 

PhB 37.26 37.28 37.25 37.24 37.23 37.23 37.24 37.23 37.31 37.48 37.76 38.00 38.32 38.52 38.83 39.01 39.28 39.44 39.51 

AM 37.09 37.09 37.04 37.02 37.06 37.06 37.09 37.08 36.94 37.15 37.36 37.59 37.77 37.95 38.14 38.33 38.50 38.75 38.73 

CG 37.27 37.23 37.24 37.23 37.24 37.21 37.31 37.25 37.22 37.25 37.41 37.56 37.78 37.93 38.13 38.26 38.46 38.64 38.74 

PD 36.98 36.99 36.99 37.01 37.00 37.03 37.02 37.05 37.01 37.29 37.57 37.76 37.88 38.00 38.13 38.23 38.32 39.13 39.01 

CA 37.50 37.49 37.49 37.49 37.50 37.50 37.50 37.52 37.73 37.87 38.08 38.32 38.57 38.81 39.05 39.28 39.49 - - 

TD 37.65 37.64 37.64 37.62 37.61 37.58 37.60 37.59 37.48 37.52 37.77 37.97 38.21 38.38 38.65 38.80 39.08 39.19 39.33 

Mean 37.4 37.4 37.4 37.4 37.4 37.4 37.4 37.4 37.4 37.5 37.7 37.9 38.1 38.3 38.5 38.7 38.9 39.1 39.1 

SD 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.3 0.3 
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Table D3.74. Rectal temperature throughout the IJ trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 37.95 37.95 37.96 37.97 38.00 38.02 38.02 38.03 37.90 38.02 38.22 38.40 38.63 38.81 39.04 39.18 39.38 39.56 39.69 

JA 37.10 37.12 37.15 37.17 37.17 37.15 37.18 37.19 37.17 37.41 37.62 37.79 38.03 38.25 38.55 38.81 39.10 39.26 39.24 

MB 37.17 37.18 37.18 37.15 37.12 37.08 37.06 37.12 37.16 37.23 37.47 37.64 37.95 38.11 38.41 38.59 38.89 39.08 39.03 

AC 37.29 37.30 37.29 37.32 37.35 37.35 37.35 37.34 37.38 37.49 37.74 38.02 38.31 38.54 38.80 38.98 39.21 - - 

MW 37.26 37.25 37.26 37.30 37.27 37.30 37.30 37.34 37.28 37.47 37.64 37.82 37.98 38.17 38.35 38.52 38.67 39.17 39.26 

DJ 37.34 37.34 37.29 37.30 37.29 37.27 37.29 37.25 37.19 37.21 37.46 37.68 37.94 38.15 38.45 38.63 38.87 38.99 39.06 

PhB 37.28 37.29 37.30 37.34 37.37 37.40 37.41 37.45 37.29 37.40 37.63 37.88 38.17 38.39 38.64 38.84 39.06 39.27 39.29 

AM 37.03 37.03 37.04 37.04 37.07 37.05 37.05 37.05 36.89 36.96 37.13 37.29 37.48 37.65 37.83 38.01 38.16 38.31 38.40 

CG 36.99 36.99 36.92 36.94 36.98 36.98 36.99 36.97 36.94 37.02 37.25 37.40 37.66 37.80 38.01 38.17 38.38 38.52 38.61 

PD 37.10 37.07 37.07 37.05 37.06 37.06 37.04 37.02 36.95 37.09 37.36 37.59 37.79 37.89 38.07 38.16 38.32 38.75 38.75 

CA 37.55 37.57 37.60 37.66 37.68 37.67 37.68 37.62 37.67 37.88 38.17 38.38 38.65 38.84 39.10 39.20 39.54 - - 

TD 37.09 37.08 37.09 37.10 37.08 37.08 37.06 37.06 36.89 37.18 37.47 37.73 37.90 38.09 38.29 38.45 38.66 38.75 38.76 

Mean 37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.3 37.2 37.4 37.6 37.8 38.0 38.2 38.5 38.6 38.9 39.0 39.0 

SD 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.4 
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Table D3.75. Rectal temperature throughout the WB trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 37.40 37.41 37.28 37.15 36.99 36.80 36.54 36.22 36.42 36.32 36.42 36.69 37.03 37.37 37.69 38.03 38.46 38.75 38.95 

JA 37.47 37.50 37.49 37.51 37.47 37.47 37.39 37.29 36.90 36.84 37.02 37.19 37.47 37.74 38.06 38.36 38.65 38.97 39.13 

MB 37.06 37.26 37.35 37.36 37.37 37.33 37.30 37.27 36.73 36.83 37.05 37.31 37.58 37.87 38.20 38.45 38.74 39.04 39.14 

AC 37.60 37.61 37.57 37.57 37.58 37.59 37.58 37.56 37.07 37.12 37.20 37.39 37.59 37.82 38.05 38.31 38.57 - - 

MW 37.41 37.46 37.64 37.62 37.62 37.61 37.60 37.58 36.99 37.02 37.20 37.40 37.64 37.86 38.09 38.28 38.50 38.79 38.89 

DJ 37.56 37.57 37.61 37.57 37.55 37.53 37.51 37.49 36.70 36.78 37.02 37.34 37.59 37.89 38.12 38.41 38.61 38.85 39.16 

PhB 37.04 36.94 36.94 36.95 36.94 36.92 36.87 36.82 36.41 36.47 36.88 37.12 37.51 37.80 38.18 38.46 38.84 39.10 39.23 

AM 37.48 37.44 37.48 37.46 37.41 37.34 37.35 37.34 36.54 36.70 37.07 37.42 37.63 37.92 38.04 38.12 38.37 38.44 38.76 

CG 37.25 37.28 37.26 37.25 37.27 37.29 37.31 37.31 37.10 37.06 37.08 37.18 37.38 37.58 37.92 38.06 38.19 38.34 38.41 

PD 37.13 37.04 37.03 37.01 37.00 36.97 36.90 36.79 36.33 36.36 36.81 37.20 37.52 37.79 38.04 38.18 38.27 38.89 38.85 

CA 37.26 37.24 37.14 37.01 36.99 36.99 36.89 36.68 36.76 36.85 37.06 37.26 37.53 37.79 38.09 38.48 38.82 - - 

TD 37.31 37.31 37.31 37.30 37.30 37.29 37.28 37.27 36.49 36.62 37.04 37.35 37.69 37.94 38.24 38.46 38.72 38.88 39.03 

Mean 37.3 37.3 37.3 37.3 37.3 37.3 37.2 37.1 36.7 36.7 37.0 37.2 37.5 37.8 38.1 38.3 38.6 38.8 39.0 

SD 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.4 0.3 0.3 0.2 0.2 0.2 0.2 0.1 0.2 0.2 0.2 0.2 
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Table D3.76. Mean skin temperature throughout the AJ trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 35.66 35.53 33.76 33.91 34.30 34.23 33.96 33.84 35.54 36.37 36.41 36.01 36.35 35.71 36.31 35.55 35.79 35.72 35.44 

JA 34.09 34.23 33.09 33.15 32.97 33.02 32.79 33.12 35.38 35.59 36.23 36.63 36.12 35.76 35.84 35.88 36.00 34.93 35.15 

MB 34.66 34.46 33.03 33.39 33.36 33.43 33.38 33.18 35.64 36.58 36.49 36.25 36.21 36.44 36.45 36.55 36.47 36.21 36.13 

AC 35.98 36.06 35.53 35.66 35.63 35.28 35.22 35.08 36.82 37.22 37.37 37.25 37.01 36.85 37.13 36.94 37.01 - - 

MW 35.88 35.33 34.73 33.96 33.52 33.43 33.13 33.48 35.94 35.93 36.80 36.69 36.48 36.40 36.62 36.17 36.10 35.89 35.62 

DJ 35.11 35.22 34.20 33.80 33.79 33.31 33.40 33.52 36.10 36.35 37.10 37.12 37.00 36.73 36.83 36.95 37.19 36.79 35.55 

PhB 35.73 35.48 34.65 35.02 34.56 34.41 34.17 34.35 35.99 36.06 36.42 36.17 36.26 36.01 36.44 36.16 36.42 36.16 35.80 

AM 34.42 34.27 32.99 32.72 32.47 32.71 33.22 33.30 35.12 35.35 36.24 36.12 35.99 35.72 35.91 35.60 35.92 35.48 35.42 

CG 34.53 33.92 32.72 31.84 31.39 31.17 31.27 31.49 35.25 35.54 35.82 35.79 35.97 35.89 36.35 36.25 36.36 35.92 35.29 

PD 34.10 34.58 33.06 33.36 33.35 33.45 33.47 34.70 35.72 35.78 35.54 35.21 35.66 35.61 35.60 35.16 35.64 35.65 35.52 

CA 35.23 35.19 34.31 33.95 33.92 33.76 33.66 34.19 35.90 36.26 36.54 36.54 36.58 36.37 36.70 36.45 36.70 - - 

TD 34.90 34.39 33.85 33.41 33.63 33.08 33.00 33.44 35.66 35.90 36.62 36.40 36.60 36.63 36.88 36.76 36.81 36.44 36.38 

Mean 35.0 34.9 33.8 33.7 33.6 33.4 33.4 33.6 35.8 36.1 36.5 36.3 36.4 36.2 36.4 36.2 36.4 35.9 35.6 

SD 0.7 0.7 0.9 1.0 1.1 1.0 0.9 0.9 0.5 0.5 0.5 0.6 0.4 0.4 0.5 0.6 0.5 0.5 0.4 
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Table D3.77. Mean skin temperature throughout the C trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 35.35 35.52 35.59 35.60 35.20 35.48 35.61 36.16 36.12 36.94 36.92 36.46 36.30 36.55 36.80 36.36 36.18 36.05 35.64 

JA 35.33 35.35 35.33 35.19 35.05 35.40 35.47 35.40 35.98 36.60 36.61 36.23 36.68 36.60 36.73 36.80 36.55 36.49 36.05 

MB 34.03 34.34 34.75 34.76 34.89 35.03 35.05 35.04 35.06 35.46 36.35 35.65 35.96 35.77 36.17 35.89 36.34 36.24 36.10 

AC 35.70 35.90 35.99 35.78 35.73 35.72 35.64 35.44 36.57 36.64 37.37 37.49 37.75 37.63 37.78 37.69 38.06 - - 

MW 35.33 35.41 35.48 35.50 35.42 35.49 35.50 35.39 36.43 36.68 36.79 36.12 36.19 36.32 36.53 36.55 36.54 35.84 35.58 

DJ 33.77 33.74 33.74 33.61 33.78 34.12 34.38 34.55 35.80 36.25 36.33 36.37 36.31 36.38 36.27 36.07 36.31 36.59 35.82 

PhB 35.31 35.40 35.37 35.15 35.32 35.54 35.57 35.63 36.61 37.16 37.38 37.34 37.21 36.70 36.76 36.75 36.74 36.45 35.57 

AM 34.18 34.16 34.28 34.37 34.57 34.62 34.53 34.68 35.56 36.18 35.87 35.90 35.92 35.96 35.62 35.39 35.40 36.19 35.22 

CG 33.91 33.90 34.30 34.31 33.74 34.02 34.36 34.51 35.10 35.20 36.24 36.04 36.18 35.82 36.35 35.83 36.11 35.19 34.68 

PD 35.33 35.47 35.25 35.04 35.01 35.00 35.25 35.28 35.41 35.45 35.67 35.58 35.64 35.72 35.61 35.75 35.55 35.61 34.03 

CA 35.66 35.62 35.65 35.96 35.52 35.50 35.37 35.59 36.00 36.69 37.03 36.67 36.95 36.92 37.25 36.64 36.64 - - 

TD 34.87 35.03 35.16 34.95 34.66 34.68 34.91 35.19 35.60 35.84 36.45 35.95 36.18 35.93 36.63 36.31 36.54 35.88 36.07 

Mean 34.9 35.0 35.1 35.0 34.9 35.1 35.1 35.2 35.9 36.3 36.6 36.3 36.4 36.4 36.5 36.3 36.4 36.1 35.5 

SD 0.7 0.7 0.7 0.7 0.6 0.6 0.5 0.5 0.5 0.6 0.5 0.6 0.6 0.6 0.6 0.6 0.7 0.4 0.7 
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Table D3.78. Mean skin temperature throughout the IJ trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 35.52 34.47 30.66 29.42 29.68 29.08 28.81 28.39 35.23 35.97 36.65 36.45 36.44 36.44 36.47 36.54 36.55 36.16 35.74 

JA 35.59 33.19 31.30 30.55 30.61 30.25 29.35 28.77 34.88 35.54 36.46 36.50 36.58 36.45 36.48 36.46 36.71 36.63 36.29 

MB 33.84 34.03 30.09 28.05 26.54 26.66 26.52 26.43 35.00 35.40 36.60 36.64 36.63 36.38 36.66 36.36 36.66 36.14 36.18 

AC 35.26 34.72 30.62 28.10 26.41 25.75 24.62 23.89 35.43 36.25 36.79 36.60 37.07 36.86 37.34 36.99 37.23 - - 

MW 34.55 34.00 33.96 33.69 33.28 32.56 32.35 32.99 35.71 36.20 36.49 36.63 36.63 36.71 36.70 36.83 36.88 36.62 36.41 

DJ 33.93 33.22 29.00 29.80 29.67 29.24 28.93 29.70 35.26 36.37 37.04 36.30 36.55 36.85 37.08 36.97 36.94 37.26 36.47 

PhB 35.44 33.78 28.98 27.35 26.61 25.84 25.25 24.31 34.63 35.11 35.65 35.93 36.36 36.10 36.08 36.02 36.32 36.08 35.90 

AM 34.57 33.50 29.86 29.03 29.19 30.00 29.99 28.58 34.51 35.10 36.17 36.01 36.65 36.21 36.38 36.35 36.63 35.87 35.70 

CG 33.96 33.16 30.50 28.94 28.72 28.60 28.31 27.30 34.45 34.69 35.65 35.68 35.81 35.95 36.01 36.05 35.74 35.76 35.64 

PD 34.66 33.41 28.70 27.14 26.31 25.62 25.54 24.82 34.73 35.14 35.69 35.60 35.68 35.47 35.77 35.68 35.81 35.88 35.20 

CA 35.84 35.20 30.47 29.92 29.13 28.92 29.05 29.11 36.44 36.58 36.84 36.56 36.84 36.53 36.93 36.61 36.66 - - 

TD 34.37 32.92 29.04 28.16 27.31 26.65 26.08 26.06 34.79 36.00 36.43 36.25 36.28 36.06 36.45 36.39 36.59 36.23 36.10 

Mean 34.8 33.8 30.3 29.2 28.6 28.3 27.9 27.5 35.1 35.7 36.4 36.3 36.5 36.3 36.5 36.4 36.6 36.3 36.0 

SD 0.7 0.7 1.4 1.8 2.1 2.2 2.3 2.6 0.6 0.6 0.5 0.4 0.4 0.4 0.5 0.4 0.4 0.5 0.4 
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Table D3.79. Mean skin temperature throughout the WB trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 35.55 35.22 30.63 30.04 30.11 30.07 29.41 28.42 31.62 33.25 34.28 34.75 35.40 35.25 35.57 35.56 36.09 35.78 35.32 

JA 35.32 35.38 29.68 29.02 28.25 27.54 26.92 26.67 32.60 33.46 34.80 35.56 36.50 35.85 36.01 35.96 36.04 35.89 36.04 

MB 34.79 32.01 29.76 29.47 28.52 28.07 27.25 27.09 35.33 35.90 35.75 35.98 36.10 36.14 36.26 36.60 36.57 36.13 35.15 

AC 35.53 34.68 28.97 28.48 27.95 27.25 26.67 26.26 32.83 33.76 35.63 35.71 36.37 36.56 36.86 36.43 36.77 - - 

MW 34.90 32.09 29.40 28.80 28.50 28.10 27.69 27.37 32.53 33.52 35.64 35.36 35.83 35.49 35.26 35.31 35.58 34.86 34.43 

DJ 34.73 33.99 29.59 28.43 27.64 27.59 27.37 26.94 32.36 33.60 34.06 35.34 34.96 35.39 35.20 35.49 34.82 35.31 36.20 

PhB 35.40 33.22 29.76 29.10 28.25 27.98 27.58 26.97 31.30 31.79 33.80 34.30 35.13 34.97 35.13 34.76 35.11 35.15 35.48 

AM 34.27 34.60 29.38 28.80 27.95 27.30 26.75 26.29 30.03 30.93 32.87 34.13 34.61 33.98 33.91 34.20 35.05 34.25 35.00 

CG 34.98 34.52 29.65 28.85 27.70 27.00 26.34 26.25 31.98 32.26 34.21 35.32 35.69 35.63 35.69 35.79 35.96 35.73 35.88 

PD 35.21 34.78 29.50 29.03 28.55 27.83 27.31 26.48 31.90 32.72 33.83 34.38 35.09 34.95 34.70 34.77 35.26 34.90 34.78 

CA 34.78 33.06 29.29 28.87 28.81 28.33 27.27 26.43 33.28 34.04 35.76 35.92 35.73 35.65 35.78 35.21 35.38 - - 

TD 35.11 32.59 29.93 29.56 29.31 28.97 28.43 27.02 32.86 33.98 35.09 35.70 36.17 35.79 36.04 36.03 36.01 35.54 35.51 

Mean 35.0 33.8 29.6 29.0 28.5 28.0 27.4 26.8 32.4 33.3 34.6 35.2 35.6 35.5 35.5 35.5 35.7 35.4 35.4 

SD 0.4 1.2 0.4 0.5 0.7 0.8 0.8 0.6 1.3 1.3 0.9 0.7 0.6 0.7 0.8 0.7 0.6 0.6 0.6 
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Table D3.80. Mean body temperature throughout the AJ trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 36.80 36.75 36.17 36.21 36.34 36.31 36.20 36.16 36.93 37.29 37.52 37.61 37.90 37.92 38.28 38.28 38.49 38.56 38.55 

JA 36.01 36.07 35.70 35.72 35.67 35.68 35.63 35.74 36.79 36.96 37.18 37.42 37.42 37.49 37.66 37.81 38.04 37.87 37.96 

MB 36.38 36.32 35.85 36.00 35.99 36.04 36.02 35.93 36.86 37.20 37.37 37.48 37.67 37.89 38.09 38.29 38.45 38.64 38.50 

AC 36.88 36.90 36.76 36.82 36.82 36.73 36.73 36.71 37.44 37.64 37.89 38.06 38.27 38.41 38.69 38.80 39.02 - - 

MW 37.07 36.89 36.70 36.44 36.28 36.24 36.15 36.27 37.35 37.36 37.64 37.74 37.84 37.96 38.16 38.21 38.33 38.54 38.59 

DJ 36.58 36.61 36.25 36.13 36.11 35.94 35.97 36.00 36.98 37.12 37.46 37.65 37.86 38.00 38.24 38.44 38.68 38.73 38.52 

PhB 36.67 36.60 36.35 36.49 36.36 36.35 36.28 36.37 37.04 37.10 37.38 37.51 37.77 37.89 38.21 38.33 38.60 38.73 38.69 

AM 36.24 36.21 35.76 35.68 35.59 35.66 35.80 35.79 36.53 36.59 36.97 37.08 37.21 37.28 37.51 37.61 37.86 38.00 38.08 

CG 36.31 36.06 35.65 35.35 35.20 35.13 35.16 35.23 36.66 36.80 36.97 37.13 37.47 37.55 37.72 37.77 37.94 37.94 37.85 

PD 36.11 36.27 35.77 35.88 35.85 35.86 35.85 36.26 36.74 36.79 36.99 37.04 37.30 37.34 37.48 37.46 37.67 37.80 37.98 

CA 36.68 36.65 36.38 36.29 36.29 36.23 36.19 36.35 37.05 37.22 37.45 37.67 37.89 38.04 38.36 38.50 38.78 - - 

TD 36.53 36.33 36.15 36.02 36.06 35.87 35.84 35.99 36.87 37.01 37.40 37.53 37.82 38.00 38.23 38.34 38.55 38.52 38.48 

Mean 36.5 36.5 36.1 36.1 36.0 36.0 36.0 36.1 36.9 37.1 37.4 37.5 37.7 37.8 38.1 38.2 38.4 38.3 38.3 

SD 0.3 0.3 0.4 0.4 0.4 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.3 
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Table D3.81. Mean body temperature throughout the C trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 36.73 36.72 36.75 36.77 36.82 36.84 36.82 36.86 37.40 37.65 37.73 37.90 38.05 38.19 38.27 38.38 38.52 38.74 38.71 

JA 36.64 36.66 36.65 36.61 36.56 36.69 36.74 36.75 37.13 37.32 37.47 37.54 37.81 37.95 38.18 38.38 38.53 38.67 38.66 

MB 36.15 36.26 36.36 36.29 36.32 36.45 36.45 36.46 36.69 36.84 37.17 37.16 37.41 37.50 37.77 37.84 38.11 38.24 38.29 

AC 36.83 36.88 36.89 36.81 36.78 36.84 36.82 36.76 37.28 37.35 37.64 37.85 38.08 38.27 38.49 38.72 38.98 - - 

MW 36.81 36.85 36.89 36.93 36.89 36.94 36.95 36.92 37.35 37.56 37.73 37.73 37.88 38.03 38.21 38.34 38.44 38.60 38.66 

DJ 36.28 36.26 36.25 36.20 36.25 36.34 36.39 36.43 36.95 37.06 37.21 37.38 37.53 37.71 37.87 37.92 38.10 38.25 38.10 

PhB 36.62 36.66 36.63 36.55 36.60 36.67 36.69 36.70 37.16 37.41 37.68 37.86 38.09 38.14 38.40 38.54 38.75 38.81 38.68 

AM 36.52 36.57 36.56 36.55 36.45 36.54 36.60 36.78 36.77 37.11 37.27 37.35 37.46 37.66 37.86 37.92 38.01 38.21 37.99 

CG 36.16 36.13 36.27 36.27 36.09 36.16 36.34 36.35 36.77 36.82 37.16 37.24 37.44 37.49 37.76 37.75 37.97 37.92 37.89 

PD 36.44 36.49 36.42 36.36 36.34 36.36 36.44 36.47 36.67 36.90 37.17 37.30 37.41 37.52 37.60 37.71 37.74 38.39 37.96 

CA 36.89 36.87 36.88 36.99 36.85 36.84 36.80 36.88 37.37 37.62 37.86 37.97 38.23 38.41 38.67 38.73 38.89 - - 

TD 36.73 36.78 36.82 36.74 36.64 36.62 36.71 36.80 37.09 37.17 37.49 37.55 37.78 37.87 38.23 38.28 38.55 38.49 38.65 

Mean 36.6 36.6 36.6 36.6 36.6 36.6 36.7 36.7 37.1 37.2 37.5 37.6 37.8 37.9 38.1 38.2 38.4 38.4 38.4 

SD 0.3 0.3 0.2 0.3 0.3 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.4 
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Table D3.82. Mean body temperature throughout the IJ trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 37.15 36.80 35.55 35.15 35.26 35.07 34.98 34.85 37.34 37.59 37.89 37.99 38.17 38.31 38.50 38.63 38.79 38.85 38.86 

JA 36.60 35.82 35.22 34.99 35.01 34.87 34.60 34.41 36.69 37.02 37.38 37.52 37.73 37.87 38.12 38.32 38.60 38.70 38.62 

MB 36.07 36.14 34.84 34.15 33.63 33.64 33.58 33.59 36.71 36.85 37.29 37.43 37.67 37.75 38.04 38.12 38.42 38.46 38.43 

AC 36.62 36.45 35.09 34.28 33.74 33.52 33.15 32.90 36.97 37.23 37.54 37.72 38.05 38.19 38.49 38.56 38.79 - - 

MW 36.37 36.18 36.17 36.11 35.95 35.74 35.67 35.90 36.95 37.20 37.40 37.57 37.70 37.86 38.00 38.17 38.29 38.63 38.66 

DJ 36.21 35.98 34.55 34.83 34.78 34.62 34.53 34.76 36.78 37.03 37.37 37.39 37.65 37.88 38.16 38.28 38.46 38.63 38.52 

PhB 36.67 36.13 34.55 34.04 33.82 33.59 33.40 33.11 36.73 36.92 37.21 37.47 37.79 37.91 38.10 38.25 38.48 38.63 38.51 

AM 36.22 35.87 34.67 34.40 34.47 34.72 34.72 34.25 36.39 36.57 36.93 37.02 37.31 37.35 37.53 37.66 37.84 37.80 37.83 

CG 35.99 35.73 34.80 34.30 34.25 34.21 34.13 33.78 36.42 36.53 36.91 37.04 37.27 37.41 37.59 37.72 37.83 37.94 37.99 

PD 36.29 35.86 34.31 33.78 33.51 33.28 33.25 32.99 36.48 36.68 37.01 37.17 37.35 37.38 37.59 37.64 37.79 38.15 38.00 

CA 36.99 36.79 35.25 35.11 34.86 34.78 34.83 34.81 37.41 37.61 37.89 38.00 38.27 38.35 38.64 38.66 38.94 - - 

TD 36.19 35.71 34.43 34.15 33.86 33.64 33.44 33.43 36.45 36.93 37.25 37.42 37.56 37.66 37.90 38.02 38.23 38.22 38.20 

Mean 36.5 36.1 35.0 34.6 34.4 34.3 34.2 34.1 36.8 37.0 37.3 37.5 37.7 37.8 38.1 38.2 38.4 38.4 38.4 

SD 0.4 0.4 0.5 0.7 0.8 0.8 0.8 0.9 0.3 0.4 0.3 0.3 0.3 0.3 0.4 0.4 0.4 0.4 0.3 
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Table D3.83. Mean body temperature throughout the WB trials. 

S
u

b
je

c
t 

Pre-cooling Cycling Performance 

Rest 0 5 10 15 20 25 30 Pre 5 10 15 20 25 30 35 40 TTE 
Post 
TTE 

TR 36.79 36.69 35.09 34.80 34.72 34.58 34.19 33.65 35.41 35.68 35.97 36.28 36.69 36.92 37.24 37.51 37.96 38.13 38.19 

JA 36.42 36.50 34.81 34.60 34.29 34.03 33.85 33.69 35.17 35.49 36.19 36.73 37.00 37.09 37.17 37.30 37.67 38.32 38.48 

MB 36.31 35.53 34.85 34.76 34.45 34.27 33.98 33.91 36.44 36.63 36.78 37.03 37.27 37.51 37.79 38.06 38.28 38.43 38.30 

AC 36.71 35.79 34.87 34.68 34.58 34.46 34.32 34.20 36.12 36.36 36.87 36.96 37.22 37.33 37.46 37.68 37.94 - - 

MW 36.79 36.54 34.78 34.60 34.43 34.19 33.99 33.84 36.12 36.34 36.87 37.05 37.37 37.59 37.83 37.89 38.14 37.96 37.95 

DJ 36.63 36.39 34.96 34.55 34.28 34.25 34.16 34.01 35.79 36.11 36.40 36.92 37.04 37.37 37.51 37.80 37.81 38.11 38.54 

PhB 36.50 35.71 34.57 34.36 34.07 33.97 33.80 33.57 35.34 35.49 36.23 36.53 37.01 37.21 37.54 37.68 38.06 38.28 38.45 

AM 36.42 36.50 34.81 34.60 34.29 34.03 33.85 33.69 35.17 35.49 36.19 36.73 37.00 37.09 37.17 37.30 37.67 37.56 37.97 

CG 36.50 36.37 34.75 34.48 34.11 33.89 33.69 33.66 36.02 36.05 36.48 36.79 37.03 37.17 37.45 37.58 37.72 37.79 37.88 

PD 36.50 36.29 34.55 34.38 34.21 33.95 33.74 33.39 35.40 35.60 36.18 36.61 37.01 37.19 37.34 37.46 37.64 38.05 38.00 

CA 36.50 36.37 34.75 34.48 34.11 33.89 33.69 33.66 36.02 36.05 36.48 36.79 37.03 37.17 37.45 37.58 37.72 - - 

TD 36.58 35.75 34.87 34.75 34.66 34.54 34.36 33.89 35.73 36.07 36.63 37.00 37.37 37.49 37.78 37.95 38.15 38.18 38.29 

Mean 36.6 36.2 34.8 34.6 34.4 34.2 34.0 33.8 35.7 36.0 36.4 36.8 37.1 37.3 37.5 37.7 37.9 38.1 38.2 

SD 0.2 0.4 0.2 0.1 0.2 0.3 0.2 0.2 0.4 0.4 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.2 
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Table D3.84. Individual blood lactate concentration throughout the trials. 

S
u

b
je

c
t Trial 

AJ C IJ WB 

Pre 
End 
PC 

1 2 3 4 
Post 
TTE 

Pre 
End 
PC 

1 2 3 4 
Post 
TTE 

Pre 
End 
PC 

1 2 3 4 
Post 
TTE 

Pre 
End 
PC 

1 2 3 4 
Post 
TTE 

TR 1.1 1.1 8.4 8.2 9.2 10.3 13.1 1.0 1.2 6.2 7.0 8.0 9.3 12.6 1.1 1.3 7.2 6.0 8.3 8.7 13.9 1.3 1.3 6.1 6.3 7.3 8.0 12.3 

JA 1.7 1.2 8.6 12.2 11.8 11.8 13.6 1.6 1.1 10.8 12.7 13.2 13.6 16.1 2.3 1.7 12.4 12.8 14.2 14.1 14.2 0.8 1.2 10.1 12.9 12.9 13.9 14.7 

MB 1.9 1.3 5.9 7.3 8.1 10.1 10.9 0.8 1.1 5.6 6.7 7.1 8.9 10.9 1.3 0.9 6.4 7.7 9.7 10.9 12.3 0.8 1.0 6.0 7.6 9.0 10.9 11.8 

AC 1.6 1.7 7.2 9.0 10.0 10.4 - 1.0 1.1 7.4 9.2 10.4 10.9 - 1.7 1.3 9.4 10.7 11.4 12.9 - 1.8 1.1 7.7 9.2 9.7 11.0 - 

MW 1.7 1.3 8.0 8.6 7.9 8.6 16.4 1.3 0.9 7.8 7.8 8.3 9.1 14.4 1.7 1.2 7.8 8.0 9.0 8.1 15.4 1.7 2.1 6.9 7.1 8.3 8.9 14.6 

DJ 1.0 1.3 6.9 7.1 7.6 7.7 7.6 1.0 0.8 7.0 7.0 7.0 7.8 10.4 1.4 1.0 6.6 6.8 7.7 8.9 12.2 1.1 1.0 8.6 8.0 7.4 7.8 11.9 

PhB 1.8 1.1 5.9 7.1 10.3 11.4 11.6 1.9 1.2 6.2 7.3 9.1 11.7 13.2 1.8 0.9 5.1 5.8 8.1 8.8 11.7 2.4 1.3 6.0 7.3 10.7 12.9 13.6 

AM 1.8 1.1 5.3 6.2 7.6 6.1 11.7 2.0 1.4 6.1 5.8 6.6 6.6 10.9 1.6 1.3 6.3 6.2 6.2 6.7 8.7 1.6 1.9 7.9 8.0 7.4 7.1 12.8 

CG 1.1 0.9 7.3 8.3 8.9 10.9 10.7 1.4 1.4 6.6 8.3 7.7 9.6 10.9 1.3 1.3 6.2 8.4 8.7 8.9 11.2 1.0 1.1 7.0 7.8 9.1 9.0 10.0 

PD 1.3 0.8 2.8 2.7 2.7 3.1 11.1 1.4 1.2 2.6 2.6 3.2 3.2 12.0 1.3 1.1 3.4 2.6 3.0 3.1 10.6 1.0 1.1 3.2 3.7 3.2 4.6 10.8 

CA 1.0 0.9 10.1 11.1 11.6 11.3 - 1.1 1.0 9.8 10.3 9.4 10.7 - 1.0 1.1 8.6 9.2 10.2 11.0 - 1.2 1.3 9.8 10.2 11.9 12.8 - 

TD 1.2 1.3 5.8 6.6 7.0 6.9 10.8 1.2 1.4 6.3 6.2 7.3 8.4 12.1 1.3 1.3 5.2 4.9 5.2 6.8 11.9 1.3 1.3 7.0 6.1 7.7 8.4 11.4 

Mean 1.4 1.2 6.9 7.9 8.6 9.1 11.8 1.3 1.2 6.9 7.6 8.1 9.2 12.4 1.5 1.2 7.1 7.4 8.5 9.1 12.2 1.3 1.3 7.2 7.9 8.7 9.6 12.4 
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Table D3.85. Systolic blood pressure throughout the trials. Data are reported as mmHg at rest, end of pre-cooling and following the 2
nd

 and 4
th
 block of 

cycling. 2
nd

 Fam denotes data from second familiarisation trial. 

S
u

b
je

c
t Trial 

2
nd

 Fam AJ C IJ WB 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 

TR 162 156 118 122 174 174 122 120 168 156 118 120 148 150 126 128 162 158 

JA 166 170 116 128 176 178 130 132 174 166 124 124 158 148 128 126 154 162 

MB - - 134 142 192 198 122 126 174 190 114 116 166 172 124 128 148 192 

AC 156 168 124 120 160 166 122 124 162 176 126 124 174 166 118 126 174 176 

MW - - 122 132 154 176 126 128 162 190 128 124 188 184 124 120 160 176 

DJ 172 182 118 122 180 188 124 124 186 202 122 128 178 204 126 120 188 198 

PhB - - 122 120 188 206 124 124 184 202 126 122 190 200 122 126 184 194 

AM 164 174 126 126 174 178 126 128 166 174 128 124 184 188 132 134 188 178 

CG 156 160 122 124 148 160 112 114 150 154 116 122 156 162 114 122 148 160 

PD - - 126 120 158 172 124 126 162 168 126 124 154 174 124 122 166 170 

CA 170 194 124 122 202 186 126 128 172 198 128 122 194 204 116 126 210 202 

TD 166 170 128 126 184 188 124 126 166 174 122 124 170 176 122 120 174 182 

Mean 167.9 171.8 123.3 125.3 174.2 180.8 123.5 125.0 168.8 179.2 123.2 122.8 171.7 177.3 123.0 124.8 171.3 179.0 

SD 5.9 12.0 4.9 6.4 16.4 13.1 4.3 4.6 10.0 17.0 4.9 2.9 15.5 19.3 5.1 4.2 18.7 15.0 
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Table D3.86. Diastolic blood pressure throughout the trials. Data are reported as mmHg at rest, end of pre-cooling and following the 2
nd

 and 4
th
 block of 

cycling. 2
nd

 Fam denotes data from second familiarisation trial. 

S
u

b
je

c
t Trial 

2
nd

 Fam AJ C IJ WB 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 

TR 58 54 82 78 74 64 80 78 64 54 82 84 68 42 82 88 74 66 

JA 58 52 76 86 62 60 78 68 48 44 74 78 48 42 84 86 64 58 

MB - - 78 74 76 72 70 80 72 76 78 76 76 76 84 80 72 78 

AC 68 54 84 88 56 48 78 80 68 62 82 76 76 52 78 80 68 62 

MW - - 78 88 72 74 78 78 64 62 78 78 52 58 80 90 58 54 

DJ 60 50 80 80 64 62 82 74 66 62 78 88 62 60 78 88 62 60 

PhB - - 74 76 64 60 80 78 64 64 80 82 66 68 76 84 66 64 

AM 64 48 76 78 66 64 74 76 58 52 82 86 62 64 78 86 48 50 

CG 70 62 78 80 68 62 74 76 66 60 76 78 70 64 76 86 72 68 

PD - - 78 80 72 56 82 80 74 66 82 86 76 64 78 84 68 64 

CA 68 66 76 78 52 50 78 76 60 62 88 82 64 56 76 82 52 52 

TD 50 52 78 80 52 54 80 80 56 54 80 82 58 54 78 82 56 46 

Mean 62.0 54.8 78.2 80.5 64.8 60.5 77.8 77.0 63.3 59.8 80.0 81.3 64.8 58.3 79.0 84.7 63.3 60.2 

SD 6.8 6.1 2.8 4.5 8.2 7.8 3.6 3.5 7.1 8.1 3.6 4.1 9.2 10.0 2.9 3.2 8.3 8.8 
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Table D3.87. Mean arterial pressure throughout the trials. Data are reported as mmHg at rest, end of pre-cooling and following the 2
nd

 and 4
th
 block of 

cycling. 
S

u
b

je
c
t 

Trial 

AJ C IJ WB 

Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 Rest 
End 
PC 

2 4 

TR 96 92 119 116 97 92 112 103 96 96 105 94 98 101 115 110 

JA 90 98 111 116 94 87 106 102 93 93 100 94 96 99 104 107 

MB 90 90 125 126 82 90 112 126 86 85 113 116 93 90 102 127 

AC 98 96 100 100 92 95 109 115 96 93 119 103 92 92 112 113 

MW 92 101 110 123 93 92 109 122 93 92 113 117 93 101 104 111 

DJ 90 94 115 120 93 87 119 123 90 99 111 124 91 99 117 126 

PhB 91 89 119 129 95 94 120 131 96 96 121 130 92 98 116 122 

AM 94 94 115 117 94 95 105 108 99 100 114 121 97 102 111 110 

CG 91 91 101 105 86 88 100 100 88 92 105 106 87 99 107 111 

PD 94 93 109 109 97 96 111 112 98 99 110 114 94 97 109 112 

CA 92 90 112 108 93 95 112 129 101 96 123 127 88 93 117 118 

TD 91 96 113 119 91 92 101 106 91 93 104 107 89 93 106 109 

Mean 92.4 93.7 112.4 115.7 92.3 91.9 109.7 114.8 93.9 94.5 111.5 112.8 92.5 97.0 110.0 114.7 

SD 2.6 3.6 7.2 8.7 4.3 3.3 6.2 11.1 4.6 4.1 7.2 12.1 3.5 4.0 5.4 6.9 
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Table D3.88. Cutaneous blood flow throughout the trials. Data are reported as mV at rest, end of pre-cooling and following each of the four blocks of cycling. 

Subject 

Trial 

AJ C IJ WB 

Rest 
End 
PC 

1 2 3 4 Rest 
End 
PC 

1 2 3 4 Rest 
End 
PC 

1 2 3 4 Rest 
End 
PC 

1 2 3 4 

TR 36.6 24.5 61.0 99.1 69.5 55.2 111.8 15.1 125.1 130.8 133.6 144.2 118.2 93.0 56.9 88.4 115.7 79.6 94.1 35.9 65.8 68.3 59.3 74.8 

JA 27.8 20.3 30.7 30.5 40.8 27.8 46.7 41.8 51.3 56.1 48.2 47.6 63.8 56.6 33.5 29.5 32.5 37.8 59.4 22.0 34.8 45.3 42.9 30.4 

MB 58.8 60.7 225.4 214.2 195.5 194.9 51.2 77.2 431.0 395.4 344.3 358.1 44.7 55.4 304.5 298.0 338.4 306.1 53.6 10.8 93.9 131.6 205.4 267.1 

AC 46.6 44.6 95.7 108.7 95.4 86.4 18.9 65.0 236.1 212.7 120.9 136.3 47.4 48.0 145.7 143.8 127.2 136.9 43.0 23.6 59.8 114.7 98.6 91.5 

MW 29.6 35.2 48.8 73.9 83.0 82.8 26.5 14.8 55.0 67.9 55.7 48.8 37.1 25.6 71.3 104.0 70.6 85.5 48.2 13.9 46.6 58.9 70.4 102.4 

DJ 36.4 54.2 57.3 50.1 64.2 46.5 20.8 23.8 52.4 56.3 67.4 67.7 39.1 23.5 72.4 101.8 126.0 76.6 18.9 11.3 23.1 32.0 64.1 72.5 

PhB 92.3 77.7 96.5 32.4 38.3 40.7 61.0 40.1 89.0 138.2 157.9 76.9 50.8 22.6 62.3 79.0 40.1 32.6 12.4 18.9 30.3 80.3 35.2 40.8 

AM 63.0 23.7 39.5 89.3 68.8 81.8 71.3 30.4 96.3 58.7 71.1 33.8 33.0 27.5 43.4 45.4 36.6 52.0 14.3 10.1 98.2 127.9 188.5 110.1 

CG 66.4 51.3 74.7 89.3 101.8 46.5 31.4 20.7 44.4 50.6 50.7 53.1 16.2 28.9 203.9 133.9 127.8 126.4 45.2 17.3 117.9 159.7 147.5 118.9 

PD 15.3 13.3 85.7 99.0 116.4 136.4 63.1 17.7 196.8 190.5 219.2 125.0 26.4 26.5 73.3 75.8 87.9 85.7 34.9 12.1 50.0 69.8 63.1 87.0 

CA 47.7 23.7 95.5 134.1 161.0 131.1 20.8 8.9 33.2 78.3 83.0 92.0 16.0 34.3 94.0 111.9 141.8 139.1 22.9 16.7 61.5 84.4 101.2 99.8 

TD 60.1 112.1 154.2 329.9 353.3 379.1 47.5 35.9 46.6 44.0 45.1 50.8 45.8 27.3 115.0 113.5 94.4 99.4 54.9 29.4 86.7 128.6 80.0 82.9 

Mean 48.4 45.1 88.8 112.5 115.7 109.1 47.6 32.6 121.4 123.3 116.4 102.9 44.9 39.1 106.4 110.4 111.6 104.8 41.8 18.5 64.1 91.8 96.4 98.2 

SD 21.0 28.6 54.3 84.2 88.0 97.9 27.1 20.9 116.7 103.0 89.4 88.6 27.0 20.9 78.4 67.7 81.2 72.5 23.3 8.0 29.7 39.8 55.7 59.3 
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Table D3.89. Individual ratings of thermal sensation during pre-cooling trial. 

Subject 

Trial 

AJ C IJ WB 

Rest 5 10 15 20 25 30 Rest 5 10 15 20 25 30 Rest 5 10 15 20 25 30 Rest 5 10 15 20 25 30 

TR 7.0 7.0 6.0 6.0 6.0 6.0 6.0 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.0 5.0 5.0 5.0 5.0 5.0 5.0 7.0 5.0 5.0 5.0 4.0 4.0 4.0 

JA 7.0 5.0 5.0 5.0 5.0 5.0 6.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 6.0 6.0 6.0 6.5 7.0 7.0 8.0 4.0 5.5 5.5 5.0 5.5 5.0 

MB 7.5 5.5 6.0 6.0 6.0 6.0 6.0 7.5 7.5 7.5 7.5 7.5 7.5 7.5 6.0 5.0 5.0 5.0 5.0 5.0 5.0 7.0 5.0 5.0 4.5 4.5 4.5 4.5 

AC 7.0 6.0 5.0 5.0 5.0 5.0 5.0 7.0 7.0 7.0 8.0 8.0 8.0 8.0 7.0 5.0 5.0 5.0 5.0 5.0 5.0 8.0 4.0 3.0 3.0 3.0 3.0 3.0 

MW 7.0 7.0 7.0 7.0 6.0 6.0 5.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 6.0 6.0 6.0 6.0 6.0 7.0 5.0 4.0 4.0 4.0 3.0 3.0 

DJ 8.0 6.5 6.5 6.5 6.5 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 8.0 4.0 4.0 3.5 3.5 3.0 2.5 

PhB 8.0 9.0 9.0 9.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 9.0 9.0 8.0 8.0 8.0 8.0 8.0 8.0 6.0 6.0 5.0 5.0 4.0 4.0 

AM 7.0 6.0 6.0 6.0 6.0 6.0 6.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 7.0 6.0 5.0 5.0 5.0 5.0 5.0 7.5 4.5 4.5 4.0 4.0 4.0 4.0 

CG 7.0 6.0 6.0 6.0 6.0 6.0 6.0 8.0 8.0 8.0 8.0 8.0 8.0 8.0 7.0 5.0 5.0 5.0 5.0 5.0 5.0 7.0 6.0 4.0 3.0 3.0 3.0 3.0 

PD 8.0 6.5 6.5 6.0 6.0 6.0 6.0 7.0 7.0 7.5 7.5 7.5 7.0 7.0 8.0 6.0 6.0 6.0 6.0 6.0 6.0 8.0 4.0 4.0 3.5 3.0 3.0 3.5 

CA 7.0 6.0 6.0 6.0 6.0 6.0 6.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 6.0 6.0 6.0 6.0 6.0 6.0 7.0 5.0 5.0 5.0 4.0 4.0 4.0 

TD 7.0 6.0 6.0 6.0 6.0 6.0 6.0 7.0 7.0 7.0 7.0 7.0 7.0 7.0 8.0 6.0 6.0 6.0 6.0 5.0 5.0 6.0 5.0 5.0 4.0 4.0 3.0 3.0 

Mean 7.3 6.4 6.3 6.2 6.0 6.1 6.1 7.1 7.1 7.1 7.2 7.2 7.2 7.2 7.3 6.1 5.8 5.8 5.9 5.8 5.8 7.4 4.8 4.6 4.2 3.9 3.7 3.6 

SD 0.5 1.0 1.0 1.0 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 1.2 0.9 0.9 1.0 1.0 1.0 0.6 0.7 0.8 0.8 0.7 0.8 0.7 
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Table D3.90. Individual ratings of thermal discomfort during pre-cooling trial. 

Subject 

Trial 

AJ C IJ WB 

Rest 5 10 15 20 25 30 Rest 5 10 15 20 25 30 Rest 5 10 15 20 25 30 Rest 5 10 15 20 25 30 

TR 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

JA 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 1.5 2.0 2.0 1.0 1.0 1.5 1.5 1.0 1.0 1.0 1.0 1.0 

MB 1.5 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 2.5 2.5 2.5 2.5 

AC 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 2.0 2.0 2.0 2.0 

MW 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 3.0 3.0 4.0 4.0 4.0 

DJ 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.5 2.5 2.0 2.0 1.5 1.5 1.5 1.0 2.0 2.0 3.0 3.5 4.0 4.0 

PhB 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 

AM 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 2.5 3.0 3.0 3.0 

CG 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 3.0 3.0 

PD 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 3.0 3.0 3.0 3.0 3.0 3.0 1.0 1.0 2.5 3.0 3.5 4.0 3.5 

CA 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 2.0 

TD 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 2.0 2.0 3.0 3.0 4.0 4.0 

Mean 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.1 1.1 1.0 1.4 1.3 1.3 1.3 1.2 1.2 1.0 1.5 1.7 2.1 2.4 2.7 2.7 

SD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.3 0.3 0.1 0.7 0.6 0.7 0.6 0.6 0.6 0.1 0.5 0.7 0.9 1.0 1.1 1.1 
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Table D3.91. Individual ratings of perceived exertion during the cycling protocol. 

S
u
b

je
c
t Trial 

AJ C IJ WB 

1 2 3 4 TTE 1 2 3 4 TTE 1 2 3 4 TTE 1 2 3 4 TTE 

TR 3.5 4.0 7.0 8.5 10.0 3.5 4.5 6.0 8.0 10.0 4.0 4.0 5.0 5.0 10.0 3.0 4.0 5.0 7.0 10.0 

JA 4.0 6.0 7.0 9.0 10.0 3.5 4.0 5.0 6.5 10.0 4.0 5.0 8.0 9.5 10.0 3.0 5.0 7.0 9.5 10.0 

MB 3.5 4.5 6.5 8.5 10.0 3.0 4.5 6.5 8.5 10.0 3.0 4.0 6.0 8.5 10.0 2.0 4.0 7.0 9.0 10.0 

AC 5.0 7.0 9.0 10.0 10.0 5.0 7.0 8.0 9.0 10.0 5.0 6.0 7.0 7.0 10.0 4.0 5.0 7.0 8.0 - 

MW 3.0 5.0 7.0 8.0 10.0 4.0 5.0 6.5 7.0 10.0 3.0 5.0 6.0 7.0 10.0 3.0 5.0 6.5 7.0 10.0 

DJ 4.0 6.0 8.5 9.0 10.0 3.0 6.0 8.0 9.0 10.0 5.0 5.0 6.5 8.5 10.0 5.0 5.0 6.0 8.0 10.0 

PhB 5.0 7.0 10.0 10.0 10.0 3.0 5.0 9.0 10.0 10.0 3.0 7.0 7.0 9.0 10.0 4.0 6.0 8.0 10 10.0 

AM 3.0 3.5 3.5 3.5 10.0 3.0 3.0 3.5 4.0 10.0 3.0 3.5 3.5 4.0 10.0 2.5 3.0 3.0 3.0 10.0 

CG 2.0 4.0 4.0 8.0 10.0 6.5 8.0 9.5 9.5 10.0 1.5 2.0 3.5 4.5 10.0 6.0 6.5 7.0 8.0 10.0 

PD 2.5 3.0 3.5 4.0 10.0 3.0 3.0 3.0 3.5 10.0 3.0 3.0 3.0 3.5 10.0 3.0 3.0 3.5 3.5 10.0 

CA 3.0 4.0 5.0 6.0 10.0 3.0 3.0 4.0 5.0 10.0 2.0 3.0 5.0 6.0 10.0 3.0 4.0 5.0 6.0 - 

TD 4.0 5.0 7.0 8.0 10.0 4.0 4.0 6.0 7.0 10.0 4.0 4.0 5.0 5.0 10.0 4.0 6.0 6.0 7.0 10.0 

Mean 3.5 4.9 6.5 7.7 10.0 3.7 4.8 6.3 7.3 10.0 3.4 4.3 5.5 6.5 10.0 3.5 4.7 5.9 7.2 10.0 

SD 0.9 1.3 2.1 2.1 0.0 1.1 1.6 2.1 2.2 0.0 1.1 1.4 1.6 2.1 0.0 1.1 1.1 1.5 2.2 0.0 
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Table D3.92. Volume of oxygen consumed per block of cycling protocol during the AJ trials. 
Data are mL.min

-1
. 

Subject 
Pre-cycling Block of cycling 

Rest PC Start PC End 1 2 3 4 

TR 325 324 296 3292 3397 3469 3398 

JA 310 358 345 2537 2725 2733 2795 

MB 355 353 366 3639 3700 3869 4028 

AC 399 386 360 3337 3476 3441 3505 

MW 356 398 391 2818 2942 2975 2933 

DJ 307 273 212 3439 3468 3487 3570 

PB 238 240 156 2661 2760 2838 2757 

AM 373 423 329 3121 3172 3277 3209 

CG 299 267 314 3044 3195 3190 3286 

PD 314 382 320 2320 2243 2345 2414 

CA 366 375 400 3531 3589 3721 3702 

TD 273 289 308 3208 3236 3220 3188 

Mean 326 339 316 3079 3159 3214 3232 

SD 46 59 71 415 423 433 452 

 
 
 
 
 

Table D3.93. Volume of oxygen consumed per block of cycling protocol during the C trials. 
Data are mL.min

-1
. 

Subject 
Pre-cycling Block of cycling 

Rest PC Start PC End 1 2 3 4 

TR 298 307 309 3343 3425 3441 3433 

JA 324 276 269 2445 2721 2804 2839 

MB 384 399 381 3830 3948 3967 4056 

AC 424 445 410 3294 3422 3379 3522 

MW 431 436 484 2915 2985 3047 3090 

DJ 299 311 296 3524 3657 3692 3780 

PB 232 225 243 2546 2684 2764 2777 

AM 315 322 323 3222 3203 3346 3334 

CG 343 333 306 2931 3088 3027 3160 

PD 319 289 233 2314 2299 2356 2349 

CA 363 281 349 3582 3736 3580 3608 

TD 286 236 265 3167 3230 3291 3293 

Mean 335 322 322 3093 3200 3225 3270 

SD 58 71 74 475 479 447 468 
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Table D3.94. Volume of oxygen consumed per block of cycling protocol during the IJ trials. 
Data are mL.min

-1
. 

Subject 
Pre-cycling Block of cycling 

Rest PC Start PC End 1 2 3 4 

TR 303 343 342 3238 3282 3298 3406 

JA 347 325 305 2637 2774 2802 2808 

MB 374 393 380 3702 3806 3907 3992 

AC 431 499 482 3436 3555 3567 3552 

MW 420 461 458 2934 3013 3051 3065 

DJ 325 320 360 3594 3649 3679 3706 

PB 297 202 272 2590 2648 2767 2716 

AM 372 411 407 3058 3174 3270 3385 

CG 365 316 333 3000 3190 3148 3129 

PD 340 395 301 2338 2384 2413 2391 

CA 480 529 480 3204 3597 3609 3747 

TD 283 268 242 3204 3286 3265 3375 

Mean 361 372 364 3078 3197 3231 3273 

SD 59 95 80 410 432 429 469 

 
 
 
 

 

Table D3.95. Volume of oxygen consumed per block of cycling protocol during the WB trials. 
Data are mL.min

-1
. 

Subject 
Pre-cycling Block of cycling 

Rest PC Start PC End 1 2 3 4 

TR 277 335 332 3529 3599 3591 3569 

JA 340 276 304 2810 3047 3084 3075 

MB 426 723 740 4141 4171 4292 4259 

AC 400 593 618 3523 3699 3663 3626 

MW 329 501 516 2707 2781 2784 2856 

DJ 387 426 522 3836 3862 3835 3878 

PB 255 399 543 2798 2800 2969 2822 

AM 324 356 345 3221 3267 3300 3331 

CG 422 368 288 3076 3191 3210 3347 

PD 292 340 337 2264 2345 2395 2403 

CA 344 445 394 2954 3100 3101 3104 

TD 283 299 200 3162 3156 3188 3230 

Mean 340 422 428 3168 3252 3284 3292 

SD 58 130 158 522 510 503 501 
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Table D3.96. Average heart rate during the AJ trials. Data are beats.min
-1

. 

Subject 
Block of cycling 

Pre 1 2 3 4 

TR 85.9 146.7 162.6 171.4 176.2 

JA 73.2 124.8 144.7 154.9 160.6 

MB 38.3 128.3 139.3 148.3 156.6 

AC 68.4 139.9 151.9 156.8 160.2 

MW 62.1 128.3 150.9 164.3 170.7 

DJ 46.2 128.1 142.3 148.9 155.3 

PB 68.9 143.8 158.4 166.5 171.9 

AM 70.0 124.8 132.7 139.5 141.5 

CG 53.4 112.0 125.0 130.2 136.8 

PD 63.7 133.5 138.0 147.6 152.7 

CA 66.8 148.7 164.2 173.0 177.1 

TD 44.5 125.6 140.8 150.1 155.8 

Mean 61.8 132.0 145.9 154.3 159.6 

SD 13.7 10.8 12.0 12.9 12.8 

 

 

 

 

 

Table D3.97. Average heart rate during the C trials. Data are beats.min
-1

. 

Subject 
Block of cycling 

Pre 1 2 3 4 

TR 87.8 149.5 160.7 165.7 172.4 

JA 55.4 137.8 158.0 166.4 169.9 

MB 39.3 125.0 134.5 142.1 148.3 

AC 58.8 135.6 148.4 154.2 158.8 

MW 58.0 129.9 151.0 165.9 172.1 

DJ 45.8 122.7 138.7 143.1 147.4 

PB 64.0 155.4 165.3 172.7 176.8 

AM 84.0 132.3 137.6 142.4 148.7 

CG 56.6 111.1 122.9 127.6 135.6 

PD 69.1 129.1 134.6 146.1 152.5 

CA 60.0 148.6 163.4 172.2 176.3 

TD 45.5 128.0 140.2 149.5 155.9 

Mean 60.4 133.8 146.3 154.0 159.6 

SD 14.5 12.6 13.5 14.4 13.6 
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Table D3.98. Average heart rate during the IJ trials. 

Subject 
Block of cycling 

Pre 1 2 3 4 

TR 86.2 146.7 159.8 163.8 169.5 

JA 85.5 141.0 160.8 166.8 169.3 

MB 40.3 130.1 142.2 150.2 154.2 

AC 59.9 139.0 152.0 155.8 159.3 

MW 52.9 125.3 144.1 161.6 168.7 

DJ 49.8 132.8 144.9 154.7 160.9 

PB 68.6 144.3 153.3 164.2 172.3 

AM 74.8 126.0 133.5 140.1 145.6 

CG 54.8 112.5 123.7 131.4 135.8 

PD 70.9 131.3 140.7 144.8 150.4 

CA 63.6 150.9 163.4 170.2 175.2 

TD 45.6 124.2 132.2 137.5 146.1 

Mean 62.7 133.7 145.9 153.4 158.9 

SD 14.9 11.1 12.4 12.6 12.6 

 

 

 

 

Table D3.99. Average heart rate during the WB trials. 

Subject 
Block of cycling 

Pre 1 2 3 4 

TR 78.1 140.2 153.0 161.8 166.5 

JA 48.6 136.6 160.2 169.4 172.2 

MB 38.3 128.1 139.9 150.8 154.3 

AC 70.3 136.2 149.5 155.4 160.0 

MW 56.8 122.6 143.5 164.2 168.8 

DJ 48.7 130.8 143.1 153.7 161.2 

PB 69.7 143.0 158.5 168.4 171.1 

AM 71.3 127.0 133.5 139.2 142.3 

CG 55.4 111.5 122.2 130.1 135.3 

PD 66.3 128.5 140.1 151.2 157.0 

CA 54.1 135.3 155.1 163.1 169.2 

TD 43.9 118.5 134.3 144.5 151.2 

Mean 58.5 129.9 144.4 154.3 159.1 

SD 12.5 9.2 11.4 12.0 11.7 
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Table D3.100. Absolute whole body sweat rate during the cycling protocol. Data are kg.hour
-

1
. 

Subject AJ C IJ WB 

TR 1.25 1.25 1.33 1.16 

JA 1.12 1.07 0.92 0.84 

MB 1.43 1.22 1.45 1.15 

AC 1.26 1.29 1.29 0.8 

MW 1.34 1.78 1.37 1.17 

DJ 1.35 1.14 1.29 1.09 

PB 1.24 1.23 1.23 1.06 

AM 1.35 1.31 1.25 0.67 

CG 1.42 1.20 1.25 1.35 

PD 1.05 1.02 0.98 0.86 

CA 1.79 1.83 2.02 1.05 

TD 1.06 1.18 1.12 0.85 

Mean 1.31 1.29 1.29 1.00 

SD 0.20 0.25 0.28 0.20 

 

 

 

 

Table D3.101. Relative whole body sweat rate during the cycling protocol. Data are mg.hour
-

1
.kg body mass

-1
. 

Subject AJ C IJ WB 

TR 15.4 15.6 16.5 14.4 

JA 15.6 14.6 13.1 11.7 

MB 14.8 12.8 15.0 12.0 

AC 14.6 15.1 15.0 9.3 

MW 15.5 20.6 15.6 13.6 

DJ 16.7 13.8 15.5 13.1 

PB 20.4 20.2 20.1 17.7 

AM 16.0 15.7 14.8 7.9 

CG 16.6 14.0 14.8 15.9 

PD 15.6 15.2 14.7 12.8 

CA 22.6 23.1 25.2 13.2 

TD 14.9 16.6 15.4 12.3 

Mean 16.6 16.4 16.3 12.8 

SD 2.4 3.2 3.2 2.6 
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Table D3.102. Chest regional sweat rate during the AJ trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 0.379 1.270 1.914 2.058 2.246 2.205 2.167 2.232 2.111 

JA - - - - - - - - - 

MB 0.642 1.440 2.595 2.766 2.979 3.040 3.275 3.288 3.306 

AC 0.396 1.058 2.159 2.294 2.546 2.495 2.661 2.579 2.751 

MW 0.212 1.194 2.587 2.728 2.818 2.837 2.844 2.835 2.829 

DJ 0.467 1.552 3.814 4.155 4.466 4.536 4.633 4.553 4.675 

PB 0.364 1.192 2.755 3.018 3.359 3.372 3.713 3.996 3.998 

AM 0.896 1.095 3.049 3.732 3.888 3.975 4.261 3.860 4.288 

CG 0.189 0.793 1.817 2.131 2.610 2.868 3.097 3.069 3.297 

PD 0.513 0.977 2.424 2.855 3.343 3.313 3.367 3.265 3.327 

CA - - - - - - - - - 

TD 1.179 1.377 3.002 3.269 3.732 3.732 3.776 3.722 4.125 

Mean 0.5 1.2 2.6 2.9 3.2 3.2 3.4 3.3 3.5 

SD 0.3 0.2 0.6 0.7 0.7 0.7 0.7 0.7 0.8 

 

 

 

 

Table D3.103. Chest regional sweat rate during the C trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 0.771 1.522 2.268 2.374 2.513 2.506 2.648 2.678 2.791 

JA - - - - - - - - - 

MB 1.352 1.676 2.713 2.827 3.165 3.167 3.276 3.306 3.361 

AC 0.777 0.981 1.276 1.491 1.705 1.824 1.915 2.012 2.209 

MW 0.853 1.909 3.249 3.422 3.529 3.347 3.457 3.209 3.383 

DJ 0.689 1.513 2.733 2.805 3.651 4.011 4.133 4.114 4.008 

PB 0.782 1.619 1.843 1.980 2.251 2.588 2.620 2.763 2.884 

AM 0.962 1.876 3.240 3.231 3.429 3.323 3.237 3.350 3.036 

CG 0.697 1.289 2.635 2.596 3.119 3.127 3.274 3.314 3.460 

PD 1.015 1.466 2.174 2.915 2.959 3.348 3.229 3.578 3.471 

CA - - - - - - - - - 

TD 1.116 2.088 3.724 3.973 4.158 4.239 4.403 4.357 4.481 

Mean 0.9 1.6 2.7 2.8 3.0 3.1 3.2 3.3 3.3 

SD 0.2 0.4 0.8 0.7 0.7 0.7 0.7 0.7 0.6 
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Table D3.104. Chest regional sweat rate during the IJ trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 0.616 0.686 0.898 1.101 1.249 1.367 1.461 1.555 1.642 

JA - - - - - - - - - 

MB 0.877 1.684 2.430 2.544 2.617 2.797 2.838 2.960 2.932 

AC 0.620 0.863 2.106 2.987 2.865 3.213 3.341 3.429 3.486 

MW 0.195 1.302 3.116 3.443 3.866 4.053 4.325 4.272 4.280 

DJ 0.233 0.984 2.231 2.517 2.818 2.483 2.363 2.308 2.238 

PB 0.096 0.540 2.413 2.875 3.081 3.176 3.426 3.459 3.486 

AM 0.593 1.017 3.029 3.824 3.944 3.747 3.573 3.538 3.415 

CG 0.243 0.823 1.895 2.107 2.641 3.060 3.253 3.069 2.949 

PD 0.088 0.216 1.735 2.800 2.914 3.372 3.279 3.722 3.618 

CA - - - - - - - - - 

TD 1.009 1.779 3.186 3.391 3.544 3.504 3.668 3.638 3.697 

Mean 0.5 1.0 2.3 2.8 3.0 3.1 3.2 3.2 3.2 

SD 0.3 0.5 0.7 0.8 0.8 0.7 0.8 0.8 0.8 

 

 

 

 

Table D3.105. Chest regional sweat rate during the WB trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 0.000 0.000 0.597 1.506 2.126 2.193 2.431 2.474 2.639 

JA - - - - - - - - - 

MB 0.255 0.539 2.025 2.374 2.758 2.790 2.965 3.003 2.994 

AC 0.067 0.885 2.995 3.332 3.581 3.577 3.833 3.853 3.902 

MW 0.075 0.081 1.031 2.874 3.350 3.737 3.875 4.070 4.097 

DJ 0.060 0.259 0.607 0.919 1.794 1.850 1.814 1.832 1.852 

PB 0.077 0.088 1.511 2.423 3.173 3.182 3.413 3.575 3.657 

AM 0.054 0.345 1.815 2.016 2.679 2.714 2.894 2.813 2.916 

CG 0.412 0.369 1.263 1.896 2.278 2.371 2.359 2.803 2.699 

PD 0.065 0.064 0.779 1.685 2.760 2.796 2.887 3.040 3.230 

CA - - - - - - - - - 

TD 0.111 0.303 2.684 3.637 3.955 4.086 4.152 4.384 4.544 

Mean 0.1 0.3 1.5 2.3 2.8 2.9 3.1 3.2 3.3 

SD 0.1 0.3 0.8 0.8 0.7 0.7 0.8 0.8 0.8 
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Table D3.106. Back regional sweat rate during the AJ trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 1.476 2.068 2.235 2.461 2.899 3.025 3.081 3.219 3.279 

JA 0.512 0.739 1.552 1.962 2.300 2.568 2.734 2.931 2.996 

MB - - - - - - - - - 

AC - - - - - - - - - 

MW 0.588 1.544 2.678 2.811 2.807 3.197 3.143 2.943 2.668 

DJ 1.022 1.926 3.760 4.018 4.314 4.380 4.526 4.598 4.684 

PB 0.475 1.205 2.600 2.848 3.114 3.149 3.280 3.277 3.356 

AM 0.964 1.835 3.479 3.913 3.770 4.053 4.079 3.766 3.941 

CG 0.958 1.682 2.504 2.946 3.124 3.321 3.313 3.240 3.645 

PD 1.162 1.489 1.795 1.928 2.063 2.206 2.303 2.334 2.455 

CA 0.673 1.687 3.302 3.557 3.909 3.933 4.046 4.003 4.088 

TD - - - - - - - - - 

Mean 0.9 1.6 2.7 2.9 3.1 3.3 3.4 3.4 3.5 

SD 0.3 0.4 0.8 0.8 0.7 0.7 0.7 0.7 0.7 

 

 

 

 

Table D3.107. Back regional sweat rate during the C trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 1.519 1.997 2.743 2.405 2.175 2.092 2.118 2.383 2.245 

JA 1.166 1.273 2.390 2.834 3.164 3.308 3.324 3.494 3.466 

MB - - - - - - - - - 

AC - - - - - - - - - 

MW 1.284 2.023 2.907 3.120 3.372 3.516 3.685 3.625 3.697 

DJ 1.124 1.856 2.504 2.581 3.073 3.358 3.538 3.747 3.699 

PB 0.798 1.672 2.445 2.567 2.928 3.187 3.295 3.503 3.584 

AM 1.238 1.659 2.914 3.029 3.282 3.286 3.479 3.680 3.729 

CG 1.392 1.464 3.119 3.755 3.981 4.128 4.226 4.306 4.234 

PD 1.551 1.996 2.923 3.482 3.785 4.024 4.104 4.153 4.134 

CA 0.433 2.021 3.608 3.939 4.031 4.512 4.397 4.339 4.268 

TD - - - - - - - - - 

Mean 1.2 1.8 2.8 3.1 3.3 3.5 3.6 3.7 3.7 

SD 0.4 0.3 0.5 0.5 0.6 0.7 0.7 0.6 0.6 
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Table D3.108. Back regional sweat rate during the IJ trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 0.634 0.707 1.716 1.778 2.084 2.473 2.305 2.605 2.689 

JA 1.585 2.067 2.379 2.473 2.775 2.833 2.740 2.733 2.885 

MB - - - - - - - - - 

AC - - - - - - - - - 

MW 0.890 1.912 3.359 3.587 3.831 3.865 4.070 4.129 4.248 

DJ 0.354 1.195 1.398 1.558 1.446 1.478 1.550 1.594 2.126 

PB 0.064 0.306 1.958 2.547 2.987 3.091 3.280 3.280 3.307 

AM 1.322 1.857 3.295 3.909 4.225 4.174 4.221 4.232 4.213 

CG 0.521 0.903 1.430 2.748 3.728 3.810 3.881 4.004 3.984 

PD 0.322 0.707 2.018 2.861 3.240 3.386 3.480 3.649 3.635 

CA 0.854 2.685 4.279 4.341 4.529 4.276 4.314 4.228 4.206 

TD - - - - - - - - - 

Mean 0.7 1.3 2.4 2.9 3.2 3.3 3.3 3.4 3.5 

SD 0.5 0.8 1.0 0.9 1.0 0.9 0.9 0.9 0.8 

 

 

 

 

Table D3.109. Back regional sweat rate during the WB trials. 

Subject 
Time (minutes) 

Pre 0-5 5-10 10-15 15-20 20-25 25-30 30-35 35-40 

TR 0.000 0.016 0.992 1.559 1.912 1.881 2.020 3.175 2.694 

JA 0.002 0.007 0.071 1.171 2.013 2.397 2.462 2.687 2.601 

MB - - - - - - - - - 

AC - - - - - - - - - 

MW 0.000 0.000 1.309 2.795 3.061 3.391 3.483 3.681 3.395 

DJ 0.051 0.268 1.592 2.182 2.497 2.531 2.939 2.895 3.164 

PB 0.051 0.059 1.502 2.243 2.882 2.971 3.113 3.111 3.143 

AM 0.221 0.571 1.895 1.908 2.541 2.336 2.563 2.324 2.454 

CG 0.000 0.574 1.697 2.100 2.426 2.534 2.800 2.803 2.951 

PD 0.063 0.061 1.257 2.129 2.919 2.987 3.247 3.293 3.451 

CA 0.088 0.347 2.534 3.436 3.759 3.826 3.887 3.868 3.869 

TD - - - - - - - - - 

Mean 0.1 0.2 1.4 2.2 2.7 2.8 2.9 3.1 3.1 

SD 0.1 0.2 0.7 0.7 0.6 0.6 0.6 0.5 0.5 
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Table D3.110. Subject preferences for pre-cooling mode. 1 denotes highest preference. 

Subject AJ C IJ WB 

TR 3 4 2 1 

JA 4 1 3 2 

MB 4 2 3 1 

AC 4 3 2 1 

MW 3.5 3.5 2 1 

DJ 3 2 4 1 

PB 3.5 3.5 2 1 

AM 3 4 2 1 

CG 4 3 1 2 

PD 3 4 2 1 

CA 4 1 3 2 

TD 4 3 2 1 

Mean 3.6 2.8 2.3 1.3 

SD 0.5 1.1 0.8 0.5 

 

 

 

 

Table D3.111. Time to exhaustion at 100% VO2max following the cycling protocol. 

Subject AJ C IJ WB 

TR 117.4 119.2 122.6 132.9 

JA 105.4 106.4 95.5 94.9 

MB 136.7 143.7 142.0 145.9 

AC - - - - 

MW 366.7 344.6 387.7 399.0 

DJ 92.9 141.2 166.7 147.4 

PB 92.2 124.7 134.8 101.7 

AM 259.2 258.2 222.3 292.1 

CG 99.0 128.4 137.2 122.1 

PD 425.7 438.2 396.4 387.7 

CA - - - - 

TD 146.9 168.6 167.7 155.9 

Mean 184.2 197.3 197.3 198.0 

SD 122.8 112.9 107.9 120.3 
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Table D3.112. Maximal aerobic power values pre and post familiarisation and pre-cooling 
trials. 

Subject 
Pre Post 

V
.
O2max (L.min

-1
) V

.
O2max (mL.kg

-1
.min

-1
) V

.
O2max (L.min

-1
) V

.
O2max (mL.kg

-1
.min

-1
) 

TR 4918 61.3 4627 59.0 

JA 3680 51.7 3662 52.5 

MB 5476 57.6 5661 58.9 

AC 4849 58.2 4668 55.6 

MW 4113 49.8 4312 50.9 

DJ 5219 63.6 5071 63.2 

PB 3824 63.9 3883 64.9 

AM 4591 55.6 4436 53.7 

CG 4237 49.4 4101 49.2 

PD 3664 56.1 3547 55.5 

CA 4856 62.8 4662 60.8 

TD 4532 64.1 4424 62.6 

Mean 4496.6 57.8 4421.2 57.2 

SD 599.2 5.5 592.8 5.1 

 

 

 

Table D3.113. Cycle ergometry peak power values pre and post familiarisation and pre-
cooling trials. 

Subject 
Pre Post 

Peak Power (W) Peak Power (W.kg
-1

) Peak Power (W) Peak Power (W.kg
-1

) 

TR 462.5 5.7 462.5 5.9 

JA 350.0 4.9 337.5 4.8 

MB 475.0 5.0 487.5 5.1 

AC 437.5 5.2 412.5 4.9 

MW 412.5 5.0 400.0 4.7 

DJ 462.5 5.6 437.5 5.4 

PB 337.5 5.6 325.0 5.4 

AM 412.5 5.0 400.0 4.8 

CG 387.5 4.5 375.0 4.5 

PD 350.0 5.4 362.5 5.7 

CA 412.5 5.3 400.0 5.2 

TD 381.3 5.4 375.0 5.3 

Mean 406.8 5.2 394.8 5.1 

SD 46.9 0.4 48.1 0.5 
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Table D3.114. Cycle ergometry peak power values pre and post familiarisation and pre-
cooling trials. 

Subject 
Pre Post 

Peak Power (W) Peak Power (W.kg
-1

) Peak Power (W) Peak Power (W.kg
-1

) 

TR 462.5 5.7 462.5 5.9 

JA 350.0 4.9 337.5 4.8 

MB 475.0 5.0 487.5 5.1 

AC 437.5 5.2 412.5 4.9 

MW 412.5 5.0 400.0 4.7 

DJ 462.5 5.6 437.5 5.4 

PB 337.5 5.6 325.0 5.4 

AM 412.5 5.0 400.0 4.8 

CG 387.5 4.5 375.0 4.5 

PD 350.0 5.4 362.5 5.7 

CA 412.5 5.3 400.0 5.2 

TD 381.3 5.4 375.0 5.3 

Mean 406.8 5.2 394.8 5.1 

SD 46.9 0.4 48.1 0.5 

 

 

 

Table D3.115. Subject anthropometric characteristics at commencement of study. 

Subject 
Sum of 7 

Skinfolds (mm) 
Mean Skinfold 

Thickness (mm) 
Body Fat (%) 

Body Mass 
Index (kg.m

-2
) 

Body Surface 
Area (m

-2
) 

TR 43.4 6.2 7.7 22.7 2.07 

JA 55.6 7.9 9.8 23.0 1.87 

MB 64.9 9.3 11.4 23.8 2.32 

AC 73.9 10.6 12.9 23.5 2.10 

MW 74.5 10.6 13.0 25.0 2.04 

DJ 58.0 8.3 10.2 23.6 2.10 

PB 48.7 7.0 8.6 22.7 1.64 

AM 56.9 8.1 10.0 23.9 2.07 

CG 106.6 15.2 18.7 29.2 1.98 

PD 37.8 5.4 6.8 20.7 1.82 

CA 51.0 7.3 9.0 23.0 1.99 

TD 64.5 9.2 11.3 23.6 1.84 

Mean 61.3 8.8 10.8 23.7 1.99 

SD 18.1 2.6 3.1 2.0 0.17 
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Table D3.116. Subject anthropometric characteristics at cessation of study. 

Subject 
Sum of 7 

Skinfolds (mm) 
Mean Skinfold 

Thickness (mm) 
Body Fat (%) 

Body Mass 
Index (kg.m

-2
) 

Body Surface 
Area (m

-2
) 

TR 42.2 6.0 7.5 22.1 2.05 

JA 53.4 7.6 9.6 22.6 1.86 

MB 59.6 8.5 10.5 24.0 2.33 

AC 75.1 10.7 13.2 23.7 2.10 

MW 79.3 11.3 13.9 25.5 2.06 

DJ 47.2 6.7 8.4 22.8 2.06 

PB 49.8 7.1 8.8 22.7 1.64 

AM 48.9 7.0 8.7 23.9 2.07 

CG 103.3 14.8 18.1 28.3 1.97 

PD 34.5 4.9 6.2 20.2 1.80 

CA 53.2 7.6 9.2 22.8 1.99 

TD 61.7 8.8 10.8 23.7 1.84 

Mean 59.0 8.4 10.8 23.7 1.98 

SD 18.1 2.7 3.1 2.0 0.18 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 


