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ABSTRACT 

 

Most advice for improving physiological strain in the heat includes maintaining 

hydration using long-term acclimation protocols (>10 days). Therefore, the major 

aims of this thesis were to examine; (i) effectiveness of short term (5-day) heat 

acclimation (STHA) with moderately and highly trained athletes; (ii) fluid regulatory 

strain has a thermally-independent role in heat adaptation; and, (iii) impact of STHA 

on a marker of thermotolerance (inducible heat shock protein 70; HSP70).   

 

Ten moderately trained males completed heat acclimation (Acc) under 

controlled hyperthermia (rectal temperature 38.5°C) for 90-min on five consecutive 

days (Ta = 40°C, 60% RH), on two occasions separated by a five-week washout, in a 

cross-over design.  One Acc was undertaken with euhydration (fluid replenishment; 

EUH) and one with dehydration (no fluid intake; DEH) during daily Acc bouts.  

Participants completed an exercising heat stress test (HST) one week before, then on 

the 2
nd

 day after Acc for both regimes.  HST involved cycling at 40% PPO for 90 min 

(Ta = 35°C, 60% RH), 10 min rest and a ramp protocol (2% PPO each 30 s) to 

volitional fatigue.  HSTs were further completed 1, 2, and 3 wks after Acc to track the 

acclimation decay.  On a later occasion eight highly trained male rowers were heat 

acclimated under the same protocol but with DEH acclimation only and a rowing-

specific HST (2000 m rowing performance test).  Plasma volume (PV) at rest and 

cardiac output ( Q ) during HSTs were measured using CO and CO2 rebreathing, 

respectively.  A number of plasma constituents were measured: PV, AVP, 

aldosterone, HSP70, total protein, albumin, Na
+
, K

+
, Cl

-
 and osmolality.   

 

Short term heat acclimation resulted in physiological adaptation and enhanced 

exercise capacity for moderately trained participants.  Compared to EUH permissive 

DEH during Acc bouts conferred larger acclimation-induced increases in resting PV 

by 4.1% (95%CI: -1.5 to 9.8%; p=0.06), FQ  (4.2: 0.7 to 7.8 ml
.
min

-1.
100 ml

-1
; 

p=0.009), FVC (0.06: 0.02 to 0.10 ml
.
100ml Tissue

-1.
min

-1.
mmHg

-1
; p=0.006), end-

exercise SV (45.9: 3.6 to 84.4 mL; p=0.02) and decreased end-exercise cf  by 17% 

(19: -29 to 9 b·min
-1

; p=0.08).  Cardiovascular adaptations except PV persisted for 

one wk, but not two wks after Acc indicating that cardiovascular-related benefits from 

STHA may not be mediated by hypervolaemic responses per se.  The highly trained 

athletes had functional heat adaptations of similar magnitude to lesser fitness-adapted 

participants across DEH acclimation, including resting PV expansion (4.5: 0.7 to 

8.3%) and increased performance (-4.0: -6.3 to 0.6
 
s; p=0.02).  Plasma total protein-

corrected HSP70 concentration increased from rest to end-exercise across acclimation 

(p=0.001).  There was a greater change from rest to end-exercise on day one versus 

day five Acc (p=0.05), indicating a reduced stress-induced increase and a protective 

adaptive change.  There were weak to moderate relationships between hydration 

indices in dynamic circumstances indicating that there is no single measure to 

accurately assess hydration status. 

 

In conclusion, short-term (5-day) heat acclimation was effective with 

adaptations more pronounced after fluid regulatory strain from a dehydration 

acclimation regime.  Similar findings were found using highly trained and lesser-

fitness adapted participants. Thermotolerance was increased by dehydration 

acclimation.  
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CHAPTER ONE: INTRODUCTION 

 

1.1 Introduction 

The physiological and metabolic responses to continuous exercise in the heat 

have been well documented with the term heat used to describe high ambient 

temperatures (Harrison, 1985; Sawka, Wenger, & Pandolf, 1996; Sawka, Young, 

Caderette, Levine, & Pandolf, 1985; Senay, Mitchell, & Wyndam, 1976; Strydom & 

Williams, 1969; Wyndham et al., 1968).  However, it is important to realise that heat 

is a form of energy (Hales, Hubbard, & Gaffin, 1996) and not a measure of 

temperature.  For example, the body‟s specific heat is gained either from chemical 

energy (metabolism during exercise) or directly from the environment (convection, 

radiation and condensation) and is not easily related to temperature increase.  The use 

of the term heat to describe high ambient temperature by the majority of workers in 

the field is perhaps a result of its ease of use.  This can often become skewed and 

inaccurate.  However, the ability to absorb heat with the least increase in temperature 

(due to higher specific heat) is advantageous under heat stress (Sawka et al., 1996).  

Therefore, this thesis will use the term heat to reflect exposure to high ambient 

temperatures.  Repeated heat exposures longer than 3 d to 2 weeks have been reported 

to produce cardiovascular and thermoregulatory adaptations, which increase exercise 

tolerance to heat stress (Armstrong, 1992).  Therefore, to combat heat stress, humans, 

after a period of exposure, show an adaptive process called acclimatisation.  

Acclimatisation describes the adaptive changes that occur within an organism in 

response to changes in a natural climate (Greenleaf & Greenleaf, 1970).  This can, for 

example, be achieved by travelling to a country with hot climatic conditions to 

prepare for the physical activity to be performed.  Acclimation describes the adaptive 
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changes that occur within an organism in response to artificially induced changes in 

particular climatic factors, such as ambient temperature in a controlled environment.  

Therefore, the terms acclimatisation and acclimation should not be used to describe 

the actual stress imposed to induce adaptation to the heat.   

Procedures to achieve optimal adaptation in heat stress conditions should 

involve training in an environment which is comparable to the one in which the 

activity or competition will occur (Drinkwater, 1985).  This approach was adopted in 

the preparation of an elite marathon runner for the Los Angeles Olympics in 1984 

(Armstrong, 1992).  However, for many individuals, time and financial restrictions of 

travelling to a hot climate often necessitate preparation for exercise by applying heat 

using artificially induced means such as water baths, saunas or ideally a climatic 

chamber if this facility is readily accessible.  However, several notions of adaptation 

to the heat remain unresolved, one being the nature of stimulus for adaptation.  Many 

of the adaptations to the heat are cardiovascular and these occur relatively rapidly.  

Throughout this thesis the author refers to the notion of cardiovascular stability to 

reflect improvements in cardiovascular variables in response to a given exercise 

workload, such as lower cf  (Sawka, Young, Caderette et al., 1985), a reduction in 

submaximal  2OV  (Sawka, Pandolf, Avellini, & Shapiro, 1983; Shvartz et al., 1977) 

and the earlier onset of sweating (Gisolfi & Robinson, 1969).  Therefore, this thesis 

proposes that short-term heat acclimation is effective for adaptation to the heat and 

the strain experienced by the cardiovascular system may have a more important role 

in the stimulus of the adaptive responses to exercise in the heat than is generally 

accepted.  Furthermore, it is proposed that permissive dehydration independently 

facilitates adaptation to the heat during short-term heat acclimation.  This work will 

also investigate the rate at which adaptations are lost, as research on heat acclimation 
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has primarily focused on its induction, with the retention (or decay) requiring further 

attention.  Similarly, due to the lack of available knowledge this thesis will 

investigate the effectiveness of short-term heat acclimation for highly trained athletes, 

as most previous work has used lesser adapted participants who are untrained or 

moderately trained.  Further, this thesis will investigate whether heat shock protein 

response will be impacted by the relatively brief submaximal stress nature of short-

term (5-d) heat acclimation.  Finally, as most hydration methodology research has 

often been conducted in relatively stable hydration states this work will examine the 

relationship between indices of hydration in dynamic circumstances with variable 

rehydration.    

Impaired heat loss by humans and the gain of heat from the environment must 

be taken into account when assessing the potential threats posed during exercise in 

the heat.  Heat stress is the sum of the endogenous (metabolic) and exogenous 

(environmental) heat loads.  The total thermal load is related to the exercise intensity 

(metabolic load), Dry Bulb Temperature ( dbT ), clothing and the evaporative potential 

of the environment (it‟s water vapour pressure).  Heat strain is the bodily effect of 

heat stress. For example, elevated body core temperature, average skin temperature, 

and heart rate over those existing in the absence of heat stress (IUPS, 2001).   To 

maintain thermal homeostasis a state of body heat balance must be achieved.  This 

involves a complex interaction of factors that create heat and those that alter heat 

transfer.  Transfer is governed and controlled by autonomic mechanisms of 

thermoregulation, which are primarily geared to prevent overheating.  Body heat is 

lost by radiation, conduction, convection and evaporation, with the latter having the 

greatest power (Gisolfi & Wenger, 1984). 
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The fundamental problem during exercise in the heat is that blood flow is 

compromised.  The exercising muscle requires an increase in arterial blood flow to 

supply oxygen and nutrients, but the corresponding increase of metabolic heat needs 

to be carried to the peripheral vasculature to aid heat loss (Rowell, 1974), whilst other 

tissues still require some perfusion.  It has been reported that during exercise in the 

heat endurance trained versus untrained individuals have a greater cardiac output ( Q ) 

associated with increased blood volume and skin blood flow ( skQ ) (Convertino, 

1991).  Therefore, it has been established that higher levels of physical fitness, 

specifically related to cardiovascular conditioning, aids in the conferral of acclimation 

adaptation to repeated bouts of exercise in heat stressful conditions (Blomqvist & 

Saltin, 1983; Cheung & McLellan, 1998; Convertino, 1991; Gisolfi & Robinson, 

1969; Greenleaf & Greenleaf, 1970; Pandolf, Burse, & Goldman, 1977). 

Failure to adequately prepare for hot and humid conditions will result in the 

earlier onset of fatigue.  One of the major factors that must be considered is hydration 

status.  The potential, detrimental effects on performance and possibly on health 

during prolonged exercise in the heat can be reduced by adequate fluid ingestion 

(Armstrong et al., 1997; Coyle & Montain, 1992; Sawka, 1983; Shirreffs, 2000).   

The physiological benefits of heat acclimation are well established, and 

include a greater cardiovascular stability during exercise in the heat (Sawka, Young, 

Caderette et al., 1985; Senay et al., 1976; Strydom & Williams, 1969; Wyndham et 

al., 1968).  Increased cardiovascular stability is indicated by decreased cardiac 

frequency ( cf ) and increased Q  at the same relative intensity enhancing exercise 

performance in the heat (Harrison, 1985).  The physiological adaptations 

characteristic of heat acclimation, are increased cardiovascular stability, attenuated 

body core temperature (Armstrong & Maresh, 1991), a more dilute sweat, earlier 
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onset of sweating, and plasma volume (PV) expansion (Mack & Nadel, 1996).  To 

illustrate the major adaptations to heat stress the plateau days of physiological 

adaptation (approximately 95% adaptation is attained) from short, medium and 

longer-term acclimation regimes are shown in Table 1-1. 

 

Table 1-1: Plateau days of physiological adaptation during heat exposure (From 

(Armstrong, 1992). 

 

 

Most research on adaptation to heat stress has tended to use longer-term 

acclimation protocols.  However, many of the important adaptations to heat stress are 

cardiovascular, and these occur relatively rapidly.  Therefore, a short-term heat 

acclimation protocol of five days duration has been adopted for the current work, as 

there is clear evidence that the effects of moderate heat acclimation can be induced by 

such a regime (Cotter, Patterson, & Taylor, 1997; Patterson, Stocks, & Taylor, 2004b; 

Turk & Worsley, 1974).   

The effects of heat acclimation on gross physiological measures and exercise 

performance have received much attention (Armstrong, Hubbard, DeLuca, & 

Christensen, 1987; Greenleaf & Greenleaf, 1970; Nielsen, Hales, Strange, 

Christensen, & Saltin, 1993; Pandolf et al., 1977; Patterson, 1999) but little 

Adaptation Days of heat acclimatisation

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Heart rate decrease

Plasma volume expansion

Rectal temperature decrease

Perceived exertion decrease

Sweat Na
+
 and Cl

- 
decrease 

a

Sweat rate increase

Renal Na
+
 and Cl

- 
decrease

a
  While consuming a low NaCl diet 
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information exists on the relative importance and mechanisms responsible for the 

adaptations that occur after repeated exposure to heat stress conditions.  Therefore, 

this work proposes that short-term acclimation is effective for adaptation to the heat 

and the strain experienced by the cardiovascular system may have a more important 

role in the stimulus of the adaptive responses to exercise in the heat. 

The hyperthermia that develops during exercise may be the major limiting 

factor to exercise performance in the heat, compared to exercise in cooler conditions, 

where glycogen depletion and hypoglycaemia are probably more prominent 

components of fatigue (Hargreaves & Febbraio, 1998).  Moderate exercise in a hot 

environment reduces stroke volume ( SV ), and increases cf  accordingly, to cause 

little net effect on Q  until severe heat stress is imposed (Gonzalez-Alonso et al., 

1999b).  It has been hypothesised that the reduced SV  may be due predominantly to 

increased skin blood flow ( skQ ), although the mechanisms mediating this reduction 

are not fully understood (Gonzalez-Alonso, Mora-Rodriguez, & Coyle, 1999a).  

However, it may be that increased cutaneous capacitance plays a greater role than 

skQ  in reducing blood volume.  Hales (1997) suggested that a conflict develops for 

the cardiovascular system between maintenance of central blood pressure and the 

thermoregulatory requirement for increased skQ  (Hales, 1997).  However, in contrast 

to Hales‟ findings Nielsen and coleagues (1993) concluded that high core temperature 

and not circulatory failure was the critical factor for exhaustion during acclimation 

exercise bouts in hot and dry conditions (Nielsen et al., 1993).  Recent work has 

provided evidence for a critical core temperature limiting moderate exercise in the 

heat (Gonzalez-Alonso et al., 1999b; Walters, Ryan, Tate, & Mason, 2000). Central 

fatigue, or reduced central activation, is proposed as the mechanism underlying the 
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critical core temperature in heat stress conditions (Morrison, Sleivert, & Cheung, 

2004; Nybo & Nielsen, 2001).  The notion of central fatigue is supported by 

Horowitz (2002), who suggested that the fundamental adaptive feature of the 

acclimation mechanisms is increased contractile efficiency in the heart.  This is based 

on investigations of the isolated heart in the rat model (Horowitz, 2002).  Therefore, 

current research strongly supports the notion of central rather than peripheral 

mechanisms limiting exercise performance in the heat. 

It is accepted that exercise-induced PV expansion has the beneficial effect of 

enhancing cardiovascular and thermoregulatory responses to prolonged aerobic 

exercise (Fellman, 1992).  Therefore, it has been assumed that the cardiovascular and 

thermoregulatory improvement noted early during heat acclimation (Armstrong, 

1992; Hargreaves & Febbraio, 1998; Nielsen et al., 1993) is mediated by PV 

expansion (Harrison, 1985; Senay et al., 1976).  However, in contrast with this 

notion, it has been demonstrated that although artificially induced PV expansion may 

play a supportive role to enable lowered cf  responses, it does not improve 

thermoregulatory function or performance time in the heat (Sawka, Hubbard, 

Francesconi, & Horstsman, 1983) and has little effect on cardiac function in trained 

versus untrained individuals (Krip, Gledhill, Jamnik, & Warburton, 1997).  

Therefore, PV expansion and a greater cardiovascular stability are rapidly occurring 

responses to heat acclimation, but it is not clear they are causally related.   

The fluid conserving hormones, aldosterone and arginine vasopressin (AVP), 

play a major role in the sustained control of PV expansion.  Aldosterone is produced 

by the adrenal cortex to facilitate reabsorption of sodium ( Na ) ions in the kidney 

and sweat glands. The release is mediated by plasma potassium ( K ) concentration, 

activity of the renin-angiotensin system and, to a lesser extent, plasma Na  
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concentration.  AVP is also known as anti-diuretic hormone and is secreted from the 

posterior pituitary gland to retain water and thus solute in the kidney.  It also 

maintains blood pressure by causing vasoconstriction.  Increased Na  concentration 

is considered the major stimulus for AVP secretion during exercise (Convertino, Keil, 

Bernauer, & Greenleaf, 1981).  Under heat stress conditions and hypohydration, the 

hormones aldosterone and AVP respond in an attempt to maintain fluid-balance.  It 

has been observed that during prolonged exercise in the heat, dehydrated compared to 

subjects with progressive hydration had a marked increase in the response of 

aldosterone, AVP and plasma cortisol (Brandenberger, Candas, Follenius, Libert, & 

Kahn, 1986).  It was determined that progressive rehydration with water or isotonic 

solution, prevented the increase in fluid conserving hormones because an absence of 

osmotic and volaemic stimuli had been created.  It has been established that fluid 

regulatory adaptations are an important factor in heat acclimation (Bass, Kleeman, 

Quinn, Henschel, & Hegnauer, 1955; Patterson et al., 2004b; Wyndham et al., 1968) 

and it may be that by stressing fluid homeostasis thermal adaptation will be optimised 

(Taylor & Cotter, 2006).  Therefore, this thesis puts forward the premise that 

following a regime of permissive dehydration during short-term heat acclimation, 

facilitates acclimation by increased fluid-electrolyte retention, PV expansion and 

cardiovascular response to heat stress. 

Cardiovascular function during exercise may be mediated by a combination of 

central and peripheral components.  It is generally assumed that improved 

cardiovascular stability with heat acclimation reflects an increased blood volume 

(Harrison, 1985; Sawka, Convertino, Eichner, Schnieder, & Young, 2000), possibly 

by increased ventricular contractility (Horowitz, 2002; Levi, Vivi, Hasis, Navon, & 

Horowitz, 1997; Levi et al., 1993).  However, in the upright position, ~75% of the 
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blood is below the heart at any one time (Rowell, 1983) and it is may be possible 

there is an improved maintenance of central blood volume by way of a more active, 

improved peripheral vascular function.  For example, the calibre of arterioles and pre 

capillary sphincters have been postulated as being regulated by local control factors 

including metabolic, myogenic and endothelial components (Laughlin, 1999; 

Laughlin, Korthuis, Duncker, & Bache, 1996).  Using a validated, non-invasive 

technique (high frequency ultra-sound), the brachial artery can be used for the 

assessment of peripheral vascular (endothelial) function (Celermajer et al., 1992; 

Corretti et al., 2002; Sorensen, Celermajer, & Spiegelhalter, 1995).  It has previously 

been used to determine the effects of exercise training on markers of endothelial 

function (Clarkson et al., 1999) in young men (Clarkson et al., 1999; O'Sullivan, 

2003; Rabobowchuk et al., 2005) but to the author‟s knowledge this technique has not 

been used to determine the effects of heat exposure on endothelial function in healthy 

participants.  Therefore, it may be possible to determine the contribution of peripheral 

(endothelial) adaptation to the cardiovascular stability after short-term heat 

acclimation.  

Research on heat acclimation has focused almost exclusively on its induction, 

resulting in less information available on its decay (Adams, Fox, Grimby, Kidd, & 

Wolff, 1960; Armstrong & Maresh, 1991; Bass et al., 1955; Henschel, Taylor, & 

Keys, 1943; Lind & Bass, 1963; Pandolf, 1998; Pandolf et al., 1977; Saat, Sirisinghe, 

Singh, & Tochihara, 2005; Shapiro, Hubbard, Kimbrough, & Pandolf, 1981; 

Williams, Wyndham, & Morrison, 1967; Wyndham & Jacobs, 1957).  Of the limited 

information available the characteristic adaptations to the heat have been shown to 

return to normal values three weeks following cessation of acclimation exposure 

(Adams et al., 1960; Armstrong & Maresh, 1991; Williams et al., 1967; Wyndham & 
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Jacobs, 1957).  It is generally accepted that the first adaptations to occur are the first 

to decay, which are within the cardiovascular system.  For example, the percentage 

loss of acclimation appears to be greater for cf  than rectal temperature ( reT ) from 6-

21 d post acclimation (Pandolf et al., 1977; Williams et al., 1967).  Therefore, further 

investigation into the decay of acclimation may provide valuable information of how 

the attenuation of cardiovascular strain associated with heat acclimation is mediated.  

From an applied perspective, if more information is available on the rate of 

acclimation decay, an estimate can be made on how long individuals can be free from 

hot and humid conditions before reacclimation is required.  This information could be 

applied for the relocation of athletes, civilians and military personnel to hot and 

humid countries.   

It has been established that the efficacy of a heat acclimation may be 

dependent on the fitness status of the individual (Cheung & McLellan, 1998).  The 

effectiveness of short-term heat acclimation protocols has tended to use untrained 

(Turk & Worsley, 1974) or moderately trained (Patterson, 1999) participants. 

Therefore, the physiological and performance adaptations associated with short-term 

heat acclimation for highly trained athletes require further investigation.  

It has been postulated that there are two main thermo-protective pathways to 

combat the effects of heat stress; heat shock protein response (HSR) and acclimation 

(Horowitz, 2002).  HSR is a rapid molecular mechanism that starts by the production 

of heat shock proteins on exposure to heat stress (Feder & Hofmann, 1999).  

Acclimation is a longer-term, adaptive mechanism resulting from chronic exposure to 

heat stress (Sawka et al., 1996).  However, it is possible they are two facets of a 

similar phenomenon that increase heat tolerance.  Heat shock protein expression has 

been correlated with resistance to stress (Feder & Hofmann, 1999) but this may not 
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infer causality.  Inducible heat shock protein 70 (HSP70) is a stress protein that is 

widely accepted to play a major role in preventing thermal injury by enhancing the 

signalling pathways of the cytoprotective mechanisms (Gabai & Sherman, 2002; 

Horowitz, 2002; Kregel, 2002).  However, the role of HSP70 response as a 

cardioprotective mechanism has not been clearly established.  Work described by 

Moseley (2000) has indicated that heat shock proteins modulate cytokine production 

as well as natural killer cell activation (Moseley, 1997, 2000).  This supports the 

theory that heat shock protein accumulation during exercise alters immune function, 

by enhancing the signalling pathways of the cytoprotective mechanisms.  However, 

despite the potential benefits from the interrelationship of HSR and acclimation, there 

is no clear evidence that short-term heat acclimation predisposes the HSP molecular 

machinery to respond faster (Horowitz, 2002).  Therefore, this work aims to 

investigate whether HSR are impacted by the relatively brief submaximal stress 

nature of short-term (5-d) heat acclimation, using moderately to highly trained 

athletes.   

Hydration is a multi-factorial and dynamic phenomenon relating to the 

volume and composition of bodily fluid compartments.  A state of euhydration can be 

defined as normal body water content, in contrast to hypohydration, which reflects 

body water deficit.  The transition from euhydration to hypohydration or the dynamic 

loss of body water is referred to as dehydration (Sawka et al., 1992).  Therefore, 

given the complexity of measurement, there is not one single criterion marker of 

hydration status, and a state of euhydration is difficult to determine accurately 

(Armstrong et al., 1994; Shirreffs, 2000).  Many indices of hydration status have been 

developed to more accurately assess hydration levels and include changes in body 

mass, plasma and urine parameters (Kavouras, 2002).  However, the validity of these 
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findings for athletes exercising in endurance sport is being called into question 

mainly for reasons relating to the artificially low heat transfer coefficients of the 

laboratory conditions (Saunders, Dugas, Tucker, Lambert, & Noakes, 2005).  Further, 

most hydration methodology research has often been conducted in relatively stable 

hydration states whereas measurement of hydration in athletes and workers is often 

required in a dynamic setting.  Therefore, this work will examine the relationship 

between indices of hydration when in a dynamic-acute state (i.e. immediately before 

and during the exercise itself, under variable hydration and environmental 

conditions). 

 

1.2 Aims 

The aims of this thesis were to: 

Verify that short-term (5-d) heat acclimation with euhydration is effective for 

improving physiological adaptation and increasing exercise performance in the heat.  

Determine whether permissive dehydration facilitates acclimation by 

increased fluid-electrolyte retention, PV expansion and cardiovascular response to 

heat stress. 

Examine whether peripheral vascular (endothelial) adaptation contributes to 

the improved cardiovascular stability with heat acclimation.  This was to be achieved 

by investigating the peripheral vascular (endothelial) adaptation to short-term heat 

acclimation. 

Investigate the decay of the physiological and performance adaptations 

associated with short-term (5-d) heat acclimation by examining the response to 

repeated heat stress tests on days 9, 16 and 23 days post acclimation.  A secondary 
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aim was the calculation of reliability for dependent measures, used to determine the 

effectiveness of short-term heat acclimation. 

Determine the effectiveness of short-term (5-d) heat acclimation and adaptive 

response of highly trained athletes, as most previous work has used untrained or 

moderately trained participants.   

Investigate whether plasma heat shock protein of trained participants was 

impacted by the relatively brief submaximal stress nature of short-term (5-d) heat 

acclimation.  Secondly, determine whether hydration status impacts on HSR with 

short-term (5-d) heat acclimation  

Examine the relationship between indices of hydration when in a dynamic-

acute state (i.e. immediately before and during the exercise itself, under variable 

hydration and environmental conditions), as no single criterion marker of hydration 

currently exists that can be used in variable circumstances.       

 

1.3 Hypotheses 

It is hypothesised that: 

1. Short-term (5-d) heat acclimation with euhydration is effective for 

physiological adaptation and increasing exercise performance in the heat. 

2. Permissive dehydration compared with a euhydration regime during short-

term heat acclimation, independently facilitates acclimation by increased 

fluid-electrolyte retention, PV expansion and cardiovascular response to heat 

stress. 

3. Peripheral vascular (endothelial) adaptation contributes to the improved 

cardiovascular stability with short-term heat acclimation.  
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4. Blood volume response during the decay of acclimation will indicate that 

some of the reduced cardiovascular strain associated with heat acclimation is 

not mediated by hypervolaemia per se. 

5. The carbon monoxide dilution technique used in this work to measure blood 

volume (Burge & Skinner, 1995) is a reliable measure, repeated after seven 

days with moderately trained participants 

6. Short-term (5-d) heat acclimation will enhance physiological function and 

exercise performance in the heat for highly trained athletes despite their lesser 

adaptive potential and will include further PV expansion in these athletes. 

7. Short-term (5-d) heat acclimation will impact upon plasma HSR in moderately 

to highly trained athletes. 

8. Plasma HSR is impacted by hydration status during the acclimation process in 

moderately trained athletes. 

9. The relationship between indices of hydration in a dynamic-acute state with 

variable hydration and environmental conditions will indicate that no single 

measure of hydration can be used as the criterion marker of hydration status.     
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Chapter Two: The effect of dehydration on adaptation to heat  

 

2.1 Introduction 

The present chapter will investigate the premises that short-term (5-d) heat 

acclimation with euhydration is effective for enhancing physiological function and 

increasing exercise capacity in the heat.  The adaptive effects of medium to longer-

term heat acclimation (8-12 d) have received much research attention (Table 2-2).  

However, many of the important adaptations to heat stress are cardiovascular, and 

these occur relatively rapidly.  Therefore, the use of short-term heat acclimation (<7 

d) requires further investigation.  Secondly, it will investigate whether permissive 

dehydration independently facilitates acclimation by increased fluid-electrolyte 

retention, PV expansion and cardiovascular response to heat stress.  The use of 

permissive dehydration during acclimation contradicts the existing fluid 

replenishment guidelines for heat acclimation, which recommend the maintenance of 

good hydration status during exposure to heat stress conditions (Armstrong & 

Maresh, 1991; Casa et al., 2000; Cheung & McLellan, 1998; Convertino et al., 1996).  

A secondary aim of this chapter will determine the contribution of peripheral vascular 

(endothelial) adaptation to the improved cardiovascular stability with short-term heat 

acclimation.    

 

2.1.1 Acclimation to the heat 

 The major benefits of heat acclimation are well established and include a 

greater cardiovascular stability (Strydom & Williams, 1969) such as lower cf  for a 

given exercise workload, earlier onset of sweating, increased evaporative cooling for 

a given workload (Gisolfi & Robinson, 1969), altered body fluid dynamics (Senay et 



16 

 

al., 1976) and a lower perceived exertion (Greenleaf & Greenleaf, 1970).  The 

acclimation process can be described as the physiological or behavioural changes 

occurring within an organism, which reduces the strain or enhances endurance of 

strain caused by experimentally induced stressful changes in particular climatic 

factors (IUPS, 2001).  Whilst these adaptive changes are often examined under well 

controlled, reproducible conditions (i.e. acclimation) the nature and extent of 

adaptations are essentially the same as those occurring in the natural climate, i.e. 

acclimatisation (Greenleaf & Greenleaf, 1970).  

Exercise performance in a hot environment is affected by the heat acclimation 

status of the subject (Nadel, Fortney, & Wenger, 1980).  Repeated active heat 

exposures over 4 d to 2 weeks produce cardiovascular and thermoregulatory 

adaptations, that increase exercise tolerance during combined ambient and work 

stress (Cheung & McLellan, 1998).  Careful consideration of the external 

environment is crucial for successful heat acclimation.  For example, Nielsen and 

colleagues (1993) found that exercise duration was extended by 67% in hot and dry 

conditions (40
o
C, 10% RH), which was greater than the 17% extension observed by 

Nielsen and colleagues (1997), in a hot and humid environment (35
o
C, 87% RH) 

following a similar acclimation program.  This illustrates that there are much smaller 

increases in exercise performance, when exercising in a hot-humid environment 

compared to hot-dry conditions.  Therefore, the stimulus of heat acclimation is 

affected by the length of exposure, acclimation type and thermal stress.  Examples of 

short (<7 d), medium (8-14 d) and longer-term (>15 d) acclimation regimes are 

shown in Table 2-2. 
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Table 2-2: Short, medium and longer-term acclimation regimes. 

____________________________________________________________________ 

Study            Time Daily acclimation  Thermal Stress 

            (days) protocol 

_________________________________________________________________________________ 

 

STHA (< 7days) 

(Patterson et al., 2004b)   7 90 min; HC   40
o
C 60% RH  

(Cotter et al., 1997)   6 70 min; HC   39
o
C 59% RH 

(Turk & Worsley, 1974)   5 2 h; HC    40-50
o
C WBGT 

     

MTHA (8-14 days) 

(Weller & Harrison, 2001)   10 70 min; HC /NBC 35
o
C 18% RH 

(Regan, Macfarlane, & Taylor, 1996) 10 60 min; HC  39
o
C 40% RH 

(Cheung & McLellan, 1998)   10 1 h; 3.5 km.h-1 / NBC 40
o
C 30% RH  

(Nielsen et al., 1997)   8-13 45 min; 45% max  2OV  35
o
C 87% RH  

(Nielsen et al., 1993)   9-12 90 min; 60% max  2OV    40
o
C 10% RH  

(Houmard et al., 1990)   9 50%-75% max  2OV   40
o
C 27% RH  

(Shapiro et al., 1981)   10 120 min; 1.34 ms-1 40
o
C 30% RH 

    

LTHA (>15 days) 

(Patterson et al., 2004b)   22 90 min; HC   40
o
C 60% RH  

(Levi et al, 1997)   60 Rat model/CE   34
o
C    

(Levi et al., 1993)   30 Rat model/CE   34
o
C   

  

_________________________________________________________________________________ 

where: STHA = short-term acclimation; MTHA = medium-term acclimation; LTHA 

= long-term heat acclimation; HC = hyperthermia controlled (36.5-38.8
o
C); NBC = 

nuclear, biological and chemical protective clothing; CE = continuous exposure. 

 

 

Reduced oxygen consumption (  2OV ) and metabolic heat production (  H ) at 

the same absolute work rate indicates improvements in work efficiency and this may 

be represented by increased mechanical efficiency.  However, efficiency of tasks such 
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as treadmill walking and cycle ergometry have been shown to be minor (Aoyagi, 

Mclellan, & Shepard, 1997).  Therefore, using these modes of exercise during 

acclimation, a reduction in  2OV  may reflect improvements in muscular efficiency 

and decreased  H .  In contrast, if  2OV  and correspondingly  H  are maintained 

following acclimation against the same absolute work rate, any change in increased 

cT  can be attributed to heat loss rather than heat production.  Sawka and colleagues 

(1983) reported that following acclimation there is a reduction in submaximal  2OV , 

and correspondingly  H  indicating greater heat tolerance.  In contrast, other 

researchers (Nielsen et al., 1993; Young, Sawka, Levine, Caderette, & Pandolf, 1985) 

have reported unaltered  2OV . 

It is well established that the physiological responses before and after heat 

acclimation are dependent on the length of exposure to heat stress conditions (Fox, 

Goldsmith, Hampton, & Lewis, 1964; Fox, Goldsmith, Kidd, & Lewis, 1963).  This is 

an important consideration for using short or longer-term acclimation regimes.  For 

example, increased sweating power is an adaptive response of commonly-employed 

longer-term (12-14 d) heat acclimation regimes (Sawka et al., 1996).  In contrast, 

enhanced cardiovascular capacity mostly occurs during the shorter (initial) 

acclimation period (<7 d) and this can enable more heat transfer to and from the skin 

(Nielsen et al., 1993) but it may also result in increased water loss without heat loss.  

Therefore, longer-term acclimation protocols may dehydrate people faster and not be 

beneficial for all participants.  For example, it has been reported that the continued 

secretion of sweat does not facilitate cooling in workers wearing protective clothing, 

leading to a more rapid dehydration and work performance decrement (McLellan, 

Jacobs, & Bain, 1993).  This supports the notion in certain situations of using short-

term heat acclimation regimes (<7 d), as a model for future research.  From a 
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practical perspective, completing a short-term heat acclimation regime for some 

athletes is not so problematic when sustaining quality training and tapering 

performance several weeks before competition.  

The actual method of the heat acclimation regime is an important 

consideration and generally can be grouped into three types: (1) constant work rate 

methods; (2) self-regulated exercise and (3) controlled hyperthermia (Taylor, 2000).  

The most commonly used method is employing a constant work rate (Greenleaf & 

Greenleaf, 1970) and has been typically used in evaluating performance in the 

military (Armstrong & Pandolf, 1988).  Although this method has been universally 

applied the results should be viewed with caution, as the relative load placed upon 

participants will be different, hence, variability in the physiological strain and the 

adaptive response.  Self-regulated methods allow participants to select their own work 

rates on the basis of their level of physical conditioning and perceived stress of the 

acclimation sessions (Armstrong, Hubbard, DeLuca, & Christensen, 1986).  This 

method has greater practical application than research focus, as it is difficult to 

control the relative load placed upon participants.  In contrast, controlled 

hyperthermia ensures equal thermal strain is placed upon participants, as it involves 

elevating and maintaining a steady-state body temperature above the sweating 

threshold using exercise.  This is an important consideration when choosing a more 

complete heat acclimation method, as it has been established that in the absence of an 

elevated body temperature, exercise by itself will be an inadequate stimulus for 

adaptation (Hessemer, Zeh, & Bruck, 1986).  The controlled hyperthermia method is 

referred to as the isothermal model of heat acclimation (Taylor & Cotter, 2006).  

Table 2-3 illustrates the physiological adaptations at rest and end-exercise induced  
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Table 2-3: Physiological adaptations at rest and end-exercise induced from short    

(<7 days), medium (8-14 days) and longer-term (>15 days) acclimation using the 

controlled hyperthermia technique.  Unless otherwise shown as resting (R) the 

variables being reviewed are at end-exercise. 

 

__________________________________________________________________ 

 

Study  cf     reT    skT  PV swm  Work 

_______________________________________________________________________________ 

 

STHA (< 7 days) 

(Patterson et al., 2004b) 6.8% R 0.5% R  9.8%  8.3% 

(Cotter et al., 1997) 6.1% 0.5% R     

(Turk & Worsley, 1974)   2.7%      

 

MTHA (8-14 days) 

(Weller & Harrison, 2001) 2.3% 0.5%     11.6% 

 

LTHA (>15 days) 

(Patterson et al., 2004b) 13.5% R 0.8% R  9.8%  13.3  

 

___________________________________________________________________ 

where: STHA = short-term acclimation; MTHA = medium-term acclimation; LTHA 

= long-term heat acclimation; cf  = cardiac frequency; reT  =  rectal temperature;  skT  

= mean skin temperature; PV = plasma volume; swm  = mean sweat rate; Work = 

work capacity;  = variable increase (%);  = variable decrease (%);  = variable 

unchanged.  

 

 

from short (<7 d), medium (8-14 d) and longer-term (>15 d) acclimation using the 

controlled hyperthermia technique. 
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In comparison with the constant and self-regulated methods, the controlled 

hyperthermia technique may offer a more complete adaptation (Taylor, 2000) but it 

has received limited attention in the literature.  From the information available, body 

temperature has been elevated and controlled using vapor-barrier suits (Fox, 

Goldsmith, Kidd, & Lewis, 1961) and it has been employed as a method to acclimate 

soldiers in the British military (Turk, 1974; Turk & Worsley, 1974).  Turk & Worsley 

(1974) with a large sample of participants (n=51), used the controlled hyperthermia 

technique for 5 d in a hot environment (36
o
C WBGT), for 2 h at reT  of 38.8

o
C.  This 

resulted in 80 ±5% of participants reaching a satisfactory level of acclimatisation, 

indicated by greater cardiovascular stability.  This procedure was later adapted into a 

work-rest protocol (Havenith & van Middendorp, 1986).  More recently, the 

isothermal strain model has been used to evaluate the importance of skin temperature 

after medium-term (10-d) heat acclimation (Regan et al., 1996).  Furthermore, 

reduced thermal strain and increased work capacity after medium-term (10-d) heat 

acclimation, using the controlled hyperthermia technique have been reported (Weller 

& Harrison, 2001).  Participants (n=10) maintained an aural temperature between 38 

and 38.5
o
C for 70 min on each day, by water immersion (40

o
C) and cycle exercise.  

Patterson (2004) reported that short-term heat acclimation of seven days (n=12), in 

hot and humid conditions (40
o
C, 60% RH), undertaken using controlled hyperthermia 

in 90 min daily bouts, conferred much of the physiological and performance 

improvement that was evident after 21 d of acclimation (Patterson et al., 2004b).   

Therefore, a short-term (5-d) heat acclimation regime, using the controlled 

hyperthermia technique was adopted for the present work in attempting to stimulate 

adaptation of the principal factors (especially cardiovascular) which may underlie 

improved work performance in heat stress conditions.   
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2.1.2 Role of hydration status on the adaptive processes 

The existing fluid replenishment guidelines for heat acclimation recommend 

the maintenance of good hydration status during exposure to heat stress conditions 

(Armstrong & Maresh, 1991; Casa et al., 2000; Cheung & McLellan, 1998; 

Convertino et al., 1996).  This is based upon the principal that during exercise in the 

heat, evaporation is the primary if not sole mechanism of heat dissipation for thermal 

homeostasis.  Therefore, participants whose sweat loss exceeds fluid intake will 

dehydrate.  However, in reality, it is often difficult and sometimes impossible to 

prevent at least some dehydration during repeated heat exposures, such as during 

acclimation (Convertino et al., 1996).  It is well recognised that humans normally do 

not voluntarily replace all water lost during prolonged exercise in the heat - a 

phenomenon paradoxically referred to as voluntary dehydration (Armstrong et al., 

1997; Greenleaf, 1992; Szlyk, Sils, Francesconi, Hubbard, & Armstrong, 1989).  In 

prolonged events and in some individuals with high sweating rate, total body water 

loss may be as much as 8% of initial body weight (Armstrong, Hubbard, Jones, & 

Daniels, 1986).  This has been considered of little consequence by some authors 

(Greenleaf, 1991; Noakes et al., 1988) on the basis that this readily occurs during 

repeated heat exposures.  Furthermore, it has been reported that despite free access to 

fluids, exercising participants voluntarily replace only 66-75% of their net water loss 

(Bourdon et al., 1987; Greenleaf & Sargent II, 1965; Hubbard et al., 1984).  

In a review on heat acclimation, Armstrong and Maresh (1991) reported that 

heat acclimation induces a protective PV expansion to replace fluid as fast as it is lost 

in sweat.  The nature of fluid-electrolyte adaptations that occur during heat 

acclimation depend on the hydration status of the individual, for the maintenance of 

PV (Harrison, 1985).  It has been reported that lack of fluid replenishment before and 
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during exercise alters fluid homeostasis and reduces performance (Armstrong, Costill, 

& Fink, 1985; Coyle & Montain, 1992; Gisolfi & Lamb, 1990).  In a review on 

guidelines for exercise in the heat, Casa and colleagues (2000) reported that 

dehydration of 1-2% body weight compromises physiological adaptation, decreases 

performance and a reduction of greater than 3% body weight can increase the risk of 

exertional heat illness.  In a study by Sawka and colleagues (1985) heat exhaustion 

was observed due to severe dehydration in participants with a loss of body water 

greater than 7% body weight (Sawka, Young, Franscesoni, Muza, & Pandolf, 1985).  

Cheung & McLellan (1998) used untrained (<50 mL·kg
-1

·min
-1

; n=8) and trained 

(>55 mL·kg
-1

·min
-1

; n=7) participants who were tested while they were euhydrated 

and hypohydrated, (~2.5% body mass), using exercise and fluid restriction the day 

preceding the trials (Cheung & McLellan, 1998).  This protocol involved 1 h 

treadmill exercise at 40
o
C 30% RH, for 2 weeks of daily heat acclimation wearing 

nuclear, biological, and chemical protective clothing.  They concluded that the level 

of hydration before exercise takes precedence over acclimation status in determining 

physiological strain and uncompensable heat stress (Bourdon et al., 1987; Greenleaf 

& Sargent II, 1965; Hubbard et al., 1984) 

The traditional index of hydration is the change in body mass (Casa et al., 

2000; Kavouras, 2002; Shirreffs, 2000).  It is used to determine the effect of body 

water deficit on exercise performance (Greenleaf, 1992) and the water loss is 

predominately through renal excretion by urination and sweating (Kavouras, 2002).  

However, it may be that change in body mass may reflect factors other than free 

water exchange, such as initial body mass, breakdown of energy substrates and 

associated water storage.  Therefore, it may not have functional relevance and closely 

relate to exercise tolerance.   
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It is well established that dehydration manifests itself as hypovolaemia (Nadel 

et al., 1980) and under such conditions, cT  regulation is comprised, leading to 

hyperthermia (Blatteis, 2000; Mack & Nadel, 1996).  However, this is compensated 

by the increased activity of the fluid-regulatory mechanisms.  Under heat stress and 

dehydration the fluid-regulatory hormones, aldosterone and arginine vasopressin 

(AVP), respond to maintain fluid balance by retention of Na  and water respectively.  

The secretion of aldosterone may be due to changes in angiotensin II concentration 

mediated by plasma renin activity (PRA) and the release of angiotensin II causes 

constriction of the systemic artery to the kidney, increasing peripheral resistance, 

blood pressure and aldosterone secretion.  Aldosterone is released from the zona 

glomerular cells in the adrenal cortex (Francesconi, Sawka, Hubbard, & Pandolf, 

1989; Wade, 1996) and facilitates Na  reabsorption at the distal and collecting 

tubules of the kidney (Morris, 1981).  Aldosterone stimulates the epithelial cells of 

the renal tubules resulting in synthesis of specific Na  channels, allowing the rapid 

movement of Na  from the lumen into the epithelial cells.  Secondly, the formation 

of Na - K -ATPase pumps permit Na  to be pumped out of the cell via the 

basolateral membrane and into the extra cellular fluid (Morel and Doucet, 1986).  In 

summary, aldosterone stimulation of the epithelial cells in the renal tubules of the 

kidney decrease water loss, increase K excretion, and enhance Na retention.  This 

is partly achieved by intra renal physical factors such as the constriction on the renal 

arterioles and increased filtration fraction which directly affects salt excretion (Mack 

& Nadel, 1996).  

AVP is produced in the hypothalamus and is released via the posterior 

pituitary by stimuli of increased extracellular fluid osmolality and reduced blood 

volume.  Reduction of extracellular fluid volume is associated with increased AVP 
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release and this is determined by arterial and cardiopulmonary baroreceptors.  AVP 

promotes the reabsorption of solute free water in the collecting tubules of the kidneys 

(Wade, 1984) and has been highly correlated with changes in plasma Na  

concentration (Convertino et al., 1981) and plasma osmolality (Wade & Claybaugh, 

1980) during graded exercise.  Increased AVP activity has been implicated as a factor 

leading to PV expansion with exercise training (Convertino, Brock, Keil, Bernauer, & 

Greenleaf, 1980). 

Increased atrial natriuretic peptide concentration [ANP]p is involved in the 

regulation of vascular fluid volume and has been associated with greater intravascular 

protein and fluid losses (Mannix, Palange, Aronoff, Manfredi, & Farber, 1990).  It 

has been demonstrated that [ANP]p facilitates arteriolar vasodilation and increases 

capillary protein permeability of vascular fluid inhibiting the promotion of 

vasoconstriction (Renkin & Tucker, 1996).  Furthermore, it has been demonstrated 

that [ANP]p suppresses the renin-angiotensin-aldosterone system (Mannix et al., 

1990), resulting in a reduction in Na  and water retention (Brandenberger et al., 

1986).   

Brandenberger and colleagues (1986) examined the relationship between 

vascular changes and the endocrine responses to prolonged exercise in the heat, after 

fluid intake of different osmolality associated with hydration status.  In a 34
o
C 

environment, five subjects carried out 4 h of low intensity, intermittent exercise 

(mechanical workload was 50% of the subject‟s steady-state heart rate; 170 b·min
-1

).  

They used three experimental conditions: no fluid consumption (participants lost 3.1 

0.1% of their initial body weight), and two with progressive rehydration using 

water or an isotonic solution administered after 70-min exercise (participants were 

given a fluid volume equal to 80% of their weight loss, which was equal to 1.8 0.4 



26 

 

L).  Brandenberger and colleagues (1986) reported that during prolonged exercise in 

the heat, dehydrated subjects had a marked increase in the response of aldosterone, 

AVP and plasma cortisol.  Increased aldosterone and AVP activity in dehydrated 

subjects started after 60 min exercise and was significantly higher in comparison with 

water and isotonic fluid intake from 2 h until the end of exercise.  They concluded 

that progressive rehydration prevented the increase in the fluid conserving hormones.  

Furthermore, progressive rehydration during exercise has been shown to be more 

effective than prior hydration levels in maintaining PV, osmolality and in reducing 

the fluid-regulatory hormone responses (Brandenberger, Candas, Follenius, & Kahn, 

1989).  The work of Brandenberger and colleagues (1989) used five subjects, exposed 

to 36
o
C for 3 h of intermittent exercise, at two initial hydration levels (hypohydrated 

and hyperhydrated).  During exercise, subjects were either fluid-deprived, or 

rehydrated with 100 mL water or an isotonic electrolyte solution at 10-min intervals.  

Concentrations of aldosterone, PRA and AVP were reduced substantially from 

baseline during prior hyperhydration and did not increase the subsequent vascular and 

fluid-regulatory hormone response when the participants were exercising.  The 

authors concluded that initial AVP provides an indication of an individual‟s state of 

hydration and concurrent rehydration substantially reduces the fluid-regulatory 

hormone response to exercise in the heat.  This indicates that rehydration during 

exercise is more important than pre-existing hydration status on the fluid-regulatory 

hormone response to exercise in the heat.  Furthermore, it has been demonstrated that 

ingesting large volumes of fluids after dehydration rapidly decreases AVP.  This is 

before the restoration of PV and osmolality leading to increased urine output (Figaro 

& Mack, 1997).  The increased activity of aldosterone and AVP, in dehydrated 

subjects, after 60-min exercise was similar to the time course of the activity levels of 
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the fluid-regulatory hormones reported by Brandenberger and colleagues (1986).  A 

similar time course kinetics and magnitude of the fluid-regulatory hormones under 

investigation, aldosterone and AVP, has previously been reported by Morel & Doucet 

(1986) and Patterson (1999). 

In more temperate conditions (21
o
C) McConell and colleagues (1997) 

examined whether no fluid (NF), 50% (FR-50) and 100% (FR-100) of estimated 

losses during prolonged cycling exercise (2 h at 69% peak 2OV ), affected cf , reT , 

plasma electrolytes, AVP and performance indices.  NF was associated with 3.2 

0.1% body weight loss, FR-50 and FR-100 had losses of 1.8 0.1% and 0.1 

0.1% respectively.  They concluded that the increased cf , reT , plasma Na  and 

AVP response during prolonged exercise were related to the degree of dehydration 

(McConell, Burge, Skinner, & Hargreaves, 1997).  Further, it has been demonstrated 

that the increased cf  and cT  associated with dehydration (Cheung & McLellan, 1998; 

Gisolfi & Lamb, 1990) is attenuated by fluid ingestion, primarily by preventing the 

decline in blood volume (Coyle & Montain, 1993).      

It is well established that PV typically drops with the onset of exercise in the 

heat (Hales et al., 1996; Harrison, Edwards, Graveney, Cochrane, & Davies, 1981; 

Senay et al., 1976) and is further reduced as sweating occurs.  It is accepted that 

exercise-induced hypervolaemia may be mediated by PV expansion (Harrison, 1985; 

Senay et al., 1976) and has the beneficial effect of enhancing cardiovascular and 

thermoregulatory responses to exercise (Fellman, 1992).  PV loss during exercise in 

the heat is relative to absolute blood volume (Convertino, 1987).  Therefore, 

conservation of blood volume is essential to maintain cardiac filling pressure and 

limit cT  elevation (Candas et al., 1986) and the early onset of fatigue (Morimoto, 

1990).   
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Exercise performance and physiological strain – for example, increases in cT  

and cf  are affected by hydration status, particularly in the heat (Sawka, 1983; Sawka, 

Francesconi, Pimental, & Pandolf, 1984).  Gonzalez-Alonso and colleagues (1999a) 

postulated that the main factor underlying early fatigue with dehydration, during 

prolonged exercise in the heat, may be more closely associated with hyperthermia 

than altered metabolism.  The decline in cardiac output ( Q ) and vascular conductance 

with dehydration, during prolonged exercise in the heat, has been shown to reduce 

blood flow to the exercising muscles, possibly due to a decrease in systemic blood 

flow and perfusion pressure rather than increased vasoconstriction (Gonzalez-Alonso, 

Calbert, & Nielsen, 1998).  Accordingly, body temperature regulation during exercise 

in the heat is enhanced in individuals with PV expansion, allowing for a more rapid 

recruitment and elevation of peak skin blood flow ( skQ ) (Hales et al., 1996; Mack, 

Nose, Akira, Okuno, & Morimoto, 1994).  It was observed that the PV expansion 

after heat acclimation, takes place within the first 7 d (Creasy, 2002; Patterson et al., 

2004b).  Previous investigations have proposed that after heat acclimation, the rapid 

PV expansion is a result of protein influx into the vasculature (Senay JR, 1970; Senay 

& Kok, 1977).  For example, albumin infusion has been demonstrated to move fluid 

into the vasculature (Francesconi et al, 1983).  Therefore, based on this notion Sawka 

and colleagues (1983) infused plasma albumin and expanded PV, in a similar manner 

to that which occurred naturally during heat acclimation.  Seven unacclimatised, male 

participants completed two 90 min walks at 45% max  2OV , in a hot and dry 

environment of 45
o
C 20% RH.  The experimental work was preceded by the infusion 

of human albumin (50 g in a 200 mL solution) and the control walk by infusion of 

isotonic saline (200 mL).  They observed that despite PV expansion, there was no 
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lowering of cT  or increased performance during the infusion of human albumin.  

Therefore, it was suggested that after artificially induced PV expansion, 

hypervolaemia may merely be a supportive adaptation to enable lowered cf  response, 

but may not improve thermoregulatory function or tolerance in the heat (Sawka, 

Hubbard et al., 1983).   

The mechanisms for PV expansion with acclimation are not fully understood, 

and may differ according to the nature of the stimulus (e.g. heat versus exercise).  

Since exercise in the heat produces the most effective acclimation (Gisolfi & Wenger, 

1984) and hypervolaemia (Harrison, 1985; Sawka et al., 2000) most acclimations are 

undertaken in this manner.  There are two potential mechanisms explaining PV 

expansion during heat acclimation.  First, greater renal and sweat related retention of 

electrolytes and fluid would expand the vascular compartment (Costill, Cote, Miller, 

Miller, & Wynder, 1975).  It has been demonstrated that when exercising in hot and 

dry conditions, an influx of protein to the vascular compartment and a sodium 

retention, induced by an increase in aldosterone, may result in an iso-osmotic volume 

expansion (Nielsen et al., 1993).  Secondly, it has been reported that PV expansion 

follows a reduction in total plasma protein loss to the interstitial fluid.  Therefore, it is 

possible that both these mechanisms occur during heat acclimation and that 

interaction may contribute to PV expansion (Patterson et al., 2004b). 

The role of electrolytes in PV expansion has been highlighted in previous 

research, by altering electrolyte intake or blockade of aldosterone (Armstrong, 

Costill, & Fink, 1987; Armstrong, Hubbard, Askew, DeLuca, & O'Brien, 1993; 

Costill et al., 1975; Luetkemeier & Thomas, 1994).  The electrolytes Na , K and 

Cl  have major functions in the determination of body fluid volumes, including PV 

(Allsopp, Sutherland, Wood, & Wooton, 1998; Luetkemeier & Thomas, 1994).  The 
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earlier findings of Bass et al (1955) support the notion of an electrolyte-mediated PV 

expansion (Bass et al., 1955).  The importance of the electrolyte content in the early 

stages of acclimation and the relationship between water balance and the movement 

of protein into the vascular compartment has been previously reported (Armstrong, 

Costill et al., 1987).  Armstrong and colleagues (1987) found that after four days of 

heat acclimation there had been a smaller PV elevation (3%) in subjects fed a low 

Na , compared to those on a high Na  diet (98 vs 399 mEq Na
.
d

-1
) but after 8-d 

acclimation similar PV expansion (3.9%) was measured for both groups.  Therefore, 

this may indicate that the PV expansion via movement of protein into the vascular 

compartment is dependent on the ability to move water from the interstitial space to 

the vascular compartment.  Furthermore, if PV expansion results directly from 

increased renal electrolyte and fluid retention, it may be that it is associated with 

greater fluid and electrolyte-retaining hormonal levels or greater sensitivity to these 

hormones.  

The movement of protein from the interstitial space, retention in the vascular 

compartment and its involvement in PV expansion during heat acclimation has been 

supported by previous research (Harrison et al., 1981; Wyndham et al., 1968).  

Elevated skin temperature ( skT ) and increased skQ  have been suggested to provide a 

driving force for the translocation of protein from the interstitial space to the vascular 

compartment (Senay JR, 1970).  However, more recently increased muscle interstitial 

fluid pressure has been suggested as the physiological mechanism responsible for the 

translocation of protein and the movement of fluid into the vascular space (Mack, 

Yang, Hargens, Nagashima, & Haskell, 1998). Therefore, it is suggested that PV 

expansion depends on the successful retention of the protein and the maintenance of a 

high level of water consumption.   
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After an initial decrease in PV on immediate exposure to the heat, it is well 

established that endurance trained people and natives to a hot environment exhibit a 

more acute PV expansion (Brotherhood, Brozovic, & Pugh, 1975; Dill & Costill, 

1974; Maw, Mackenzie, Comer, & Taylor, 1996; Yoshimura, 1958).  Furthermore, it 

has been determined that short-term endurance training selectively increases PV 

mediating blood volume expansion (Convertino, 1991; Fellman, 1992; Green et al., 

1984).  The hypervolaemia occurs in the form of increased intravascular total protein 

content, which is made up of ~85% in the form of albumin content (Convertino, 

Brock et al., 1980).  Furthermore, it has been reported (Convertino, Brock et al., 

1980; Gillen et al., 1991) that the increase in albumin concentration [alb]p can solely 

account for the increase in total protein concentration [TP]p.  Gillen and colleagues 

(1991) further observed that a 10% PV expansion, in untrained participants, at 24 h 

after a moderately intense bout of intermittent exercise, was largely dependent on an 

increase in the protein content of the vascular compartment.  Albumin is the most 

abundant plasma protein with a major role in controlling PV (Convertino, Brock et 

al., 1980).  It appears to have an instrumental role in PV expansion, in response to 

intense intermittent exercise (Nagashima, Cline, Mack, Shulman, & Nadel, 2000; 

Yang, Mack, Wolfe, & Nadel, 1998).  The mechanisms for increasing albumin 

content remain unclear and may be a result of increased synthesis, decreased 

degradation, increased translocation from the interstitial space or decreased 

intravascular loss (Gillen et al., 1991; Haskell, Nadel, Stachenfield, Nagishima, & 

Mack, 1997; Yang et al., 1998).  An increase in [alb]p synthesis following exercise 

has been reported (Yang et al., 1998).  However, more recently it has been observed 

that after intense, upright exercise there is increased [alb]p synthesis contributing to 

the expansion of albumin content and it‟s maintenance during exercise-induced 
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hypervolaemia (Nagashima et al., 2000).  Therefore, it is possible that perhaps 

irrespective of the mechanism(s), a repeated PV decrease during exercising heat stress 

might be expected to enhance the fluid-regulatory responses and the hypervolaemic 

adaptation.    

Therefore, in the present study it may be that in response to the physiological 

strain stimulus of dehydration acclimation, it may be expected that the activity levels 

of the fluid-regulatory hormones under investigation, plasma aldosterone and plasma 

arginine vasopressin, may increase in concentration.  This will conserve hydration 

status by ensuring the extra cellular volume does not reduce.  In summary, it may be 

that permissive dehydration independently facilitates acclimation by increased fluid-

electrolyte retention, PV expansion and cardiovascular stability in heat stress. 

  

2.1.3 Cardiovascular control during exercise in the heat 

Cardiovascular function during exercise may be mediated by a combination of 

central and peripheral components (Horowitz & Meiri, 1993).  It is generally assumed 

that improved cardiovascular stability with heat acclimation reflects an increased 

blood volume (Harrison, 1985; Sawka et al., 2000) but recently there is the notion 

that centrally mediated, increased ventricular contractility has a major role (Horowitz, 

2002; Horowitz & Meiri, 1993; Levi et al., 1997; Levi et al., 1993; Mirit, Gross, 

Hasin, Palmon, & Horowitz, 2000). 

Cardiovascular stability during exercise (Blomqvist & Saltin, 1983) and heat 

stress (Rowell, 1974) is heavily influenced by stroke volume ( SV ).  The control of SV  

during exercise reflects intrinsic myocardial function, heart size, as well as 

extramyocardial factors such as posture, exercise type, thermal status and increased 

blood volume (Hopper, Coggan, & Coyle, 1988).  Fortney and colleagues (1983) 
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reported that during upright exercise, in normally active men, PV expansion (440-700 

ml) increases SV  by 10-20% and is possibly a result of increased ventricular filling 

pressure and end-diastolic volume.  Findings from Hopper and colleagues (1988) 

indicated a 10-15% increase in SV  during upright exercise, after moderate endurance 

training (Blomqvist & Saltin, 1983; Rowell, 1974) does not necessarily indicate 

intrinsic myocardial adaptation. Further, the magnitude of change is similar to the 

extramyocardial adaptation of increased blood volume.  However, more recently 

Laughlin (1999) postulated that the major causes of increased SV  during exercise in 

humans were increased myocardial contractility and increased venous return.  

Contractility increases with cf  during systole for a greater ejection of blood, as 

systole is shortened allowing for a greater diastolic filling time.  It has been 

demonstrated that venous return is enhanced by the redistribution of skQ .  For 

example, from the viscera (renal and sphlanchic tissues) to skeletal muscle, muscle 

and respiratory pump (Sawka et al., 2001).   

It has been reported that when moderate exercise is performed in a hot 

environment SV  is compromised but increased cf  causes little net effect on the 

reduction of Q , until severe heat stress is imposed (Gonzalez-Alonso et al., 1999b).  

The mechanisms mediating decreased SV  are not fully understood and it has been 

hypothesised (Gonzalez-Alonso et al., 1999a) that the reduced SV  may be 

predominantly due to increases in skQ  and cutaneous capacitance.  Furthermore, 

Gonzalez-Alonso and colleagues (1999a) postulated that the reduced SV  may have a 

greater role than skQ  in reducing central blood volume.  Following heat acclimation, 

SV  augmentation has been attributed to heat acclimation-induced PV expansion 
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(Fortney, Wenger, Bove, & Nadel, 1983; Hopper et al., 1988).  However, based on 

investigations of the isolated heart, in the heat acclimated rat model.  Left ventricular 

compliance, SV  and systolic pressure generation are increased, while 2OV  in the 

heart decreases (Levi et al., 1997; Levi et al., 1993).  Horowitz (2002) further 

supports this notion that the fundamental adaptive feature of increased contractile 

efficiency, by greater SV  and Q  are produced by cardiac adaptations per se.  

Therefore, greater SV  and Q  was produced at lowered energy cost. 

It may be possible there is an improved maintenance of central blood volume 

by way of a more active, improved peripheral vascular function.  In the upright 

position, ~75% of blood is below the heart at any one time (Rowell, 1983) and may 

accommodate increases in blood volume that will not be readily utilised during 

exercise.  The increase in blood flow to cardiac and skeletal muscle during exercise 

appears to have local peripheral vascular control processes mediated by central 

control systems.  Vascular conductance in cardiac and skeletal muscle is tightly 

coupled to increasing metabolic rate during exercise.  This is due to the calibre of 

arterioles and pre capillary sphincters being regulated by local control factors 

including metabolic, myogenic and endothelial components (Laughlin, 1999; 

Laughlin et al., 1996).  The metabolites responsible for metabolic local vascular 

control have not been clearly established.  However, there is evidence of increased 

sympathetic nervous and plasma renin activity (PRA) during increasing exercise 

intensity and blood redistribution to active tissue (Laughlin, 1999).  This progressive 

constriction of resistance arteries in the visceral tissues (renal and sphlanchic) results 

in an increased vascular resistance and decreased blood flow to the viscera.  The 

endothelial vasodilator mechanisms have a major function in exercise hyperemia and 

endothelial function is offset in active tissue by metabolic autoregulation (Celermajer 
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et al., 1992; Corretti et al., 2002).  In arteries lined by healthy endothelium, increased 

blood flow causes dilation of the vessel.  Using a validated, non-invasive technique 

(high frequency ultra-sound), the brachial artery can be used for the assessment of 

peripheral vascular (endothelial) function (Celermajer et al., 1992; Sorensen et al., 

1995).  This technique involves high-frequency ultrasonographic imaging of the 

brachial artery to assess endothelium-dependent flow-mediated vasodilation.  It 

indicates the release of nitric oxide (NO), resulting in vasodilation of the brachial 

artery (Joyner & Dietz, 1997) and quantified as an index of vasomotor function.  The 

role of NO mediating brachial artery vasodilation in exercise hyperemia has been 

repudiated (Green, 2005; Green et al., 2002) but support for the use of ultrasound 

assessment of endothelial-dependent flow-mediated vasodilation of the brachial artery 

has been reported (Celermajer, 2005; Tshakovsky & Pyke, 2005).  Furthermore, 

updated guidelines using this method have recently been published (Corretti et al., 

2002).  This technique was initially developed by Celermajer and colleagues (1992) 

to determine if endothelial dysfunction is present in subjects at high risk of 

atherosclerosis before clinical evidence of vascular disease.  More recently, it has 

been used to determine the effects of exercise training on markers of endothelial 

function (Clarkson et al., 1999) in young men (Clarkson et al., 1999; O'Sullivan, 

2003; Rabobowchuk et al., 2005).  However, to the author‟s knowledge this technique 

has not been used before to determine the effects of heat exposure on endothelial 

function in healthy subjects.  Therefore, it may be possible to determine the 

contribution of peripheral (endothelial) adaptation to the improved cardiovascular 

stability with short-term heat acclimation. 
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2.1.4 Aims 

The three major aims of this study were to examine; (1) the nature and extent 

of adaptations induced by a short-term (5-d) heat acclimation regime; and, (2) focus 

on the role, if any, of permissive dehydration on those adaptations.  Although the 

latter is contradictory to current fluid-replenishment guidelines for exercise in the 

heat (Casa et al., 2000; Convertino et al., 1996), the reality for many people 

undergoing acclimation bouts is that some level of dehydration is normal, if not 

frequently inevitable (Greenleaf, 1992; Noakes et al., 1988).  More importantly, the 

dehydration might facilitate adaptive processes.  Since dehydration increases cT  

under active heat stress, it was necessary to clamp cT  independently of hydration 

status to nullify its influence.  A secondary aim was to investigate; (3) the 

contribution of peripheral (endothelial) adaptation to the improved cardiovascular 

stability with short-term heat acclimation.  Findings of this study have been presented 

at the 2004 Annual Meeting of the American College of Sports Medicine (Appendix 

I). 
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2.2 Methods 

2.2.1 Participants 

Participants were 10 male volunteers from the staff and students of the 

University of Otago. They ranged from moderately to well endurance trained (Table 

2-4), and from 21-37 yrs of age. Each participant was previously unacclimated to the 

heat.  Acclimations occurred within the dates of July 8th to November 30th, 2002, 

i.e., winter-spring, to minimise seasonal acclimatisation effects.  All participants were 

apparently in good health, determined from a modified Physical-Activity Readiness 

Questionnaire (PAR-Q). The study was conducted within the bounds of approval 

granted by University of Otago Human Ethics Committee (Approval number 02/035). 

 

2.2.2 Experimental design and overview 

A pseudo-randomly assigned, cross-over design was utilised.  Participants 

undertook two, 5-d heat acclimation regimes, separated by a 5-week washout: One 

acclimation with full rehydration (EUHydrated) and one with minimal fluid 

replenishment (DEHhydrated) during each daily acclimation session.  Participants‟ 

thermoregulatory, cardiovascular and fluid-regulatory status was measured at rest and 

in response to a standardised, exercising heat stress test (HST), which concluded with 

an exercise performance test to volitional exhaustion.  The HST was administered one 

week before in order to ensure there is no heat acclimation effect after repeated 

exercise exposure (Barnett & Maughan, 1993) and on the 2
nd

 day after each 

acclimation regime to allow one day of rest.   Fluid-regulatory measures were 

recorded on day 1 (D1) and day 5 (D5) of both (EUH and DEH) acclimation regimes.  

Blood volume was measured one week before the HST and on the 1
st
 day after both 

(EUH and DEH) acclimations.  Blood vessel (endothelial) function was measured one 
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week before the HST and on the 1
st
 day after EUH acclimation.  Figure 2-1 is a 

schematic of the experimental design. 

 

Table 2-4: Personal characteristics of participants 

 

Participant Age  Body mass peak 2OV     peak 2OV   PPO 

 (yrs)  (kg)  (L
.
min

-1
)   (mL

.
kg

-1.
min

-1
) (W) 

 

S1  22  78.1  4.11       52.6  371 

S2  21  76.7  4.44       57.9  348 

S3  37  74.1  4.74       64.0  375 

S4  21  80.9  4.03       49.8  327 

S5  21  66.8  4.53       67.8  276 

S6  26  79.8  4.13       51.8  341 

S7  33  72.1  4.71       65.3  372 

S8  23  74.9  4.42       59.0  325 

S9  37  72.7  4.77       65.6  341 

S10  36  70.4  4.60       65.3  321 

 

 

Mean  28  74.6  4.45       59.8  340 

SD  7  4.4  0.27       6.6   30 

 

peak 2OV  = peak oxygen uptake; PPO = peak power output; SD = standard deviation. 

 

2.2.3 Protocol 

2.2.3.1 Preliminary tests 

In addition to reliability and pilot work of the carbon monoxide (CO) dilution 

procedure for measuring blood volume (Appendix C), four pilot trials of the HST 

were carried out using two participants to test the feasibility of the HST protocol and 
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     Acclimation           Acclimation     

     (40
o
C, 60% RH)       Five week washout (40

o
C, 60% RH)     

     EUHydration           DEHydration     

     (n=5)           (n=5)     

                     

 
peak 2OV    HST DEHydration   HST    

peak 2OV    HST EUHydration   HST  

     (n=5)           (n=5)     

                     

                     

Week 1   2 3   4 5 6 7 8   9 10   11  

                     

                     

 
peak 2OV     Baseline and familiarisation             

 HST    Heat stress test (35
o
C, 60% RH)             

     Blood vessel (Endothelial) function            

     Blood, plasma and red cell volume            

                     

 

 

 

Figure 2-1:  Experimental design for examining the effects of short-term heat acclimation and dehydration on heat adaptations.  This  

design was staggered between participants for logistical reasons.  
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the reliability of the equipment and procedures.  Exercise intensities of 30% and 40% 

peak power output (PPO) were evaluated at a dry bulb temperature ( dbT ) of 35
o
C and 

40
o
C (60% RH, wind speed < 0.5 m

.
s

-1
).  Therefore, this resulted in a workload of 

40% PPO, maintained for 90 min at a dbT  of 35
o
C, being selected for HSTs based on 

measures of rectal temperature ( reT ), subjective thermal strain and previous research 

(Creasy, 2002). 

 

2.2.3.2 Aerobic fitness testing 

Participants first performed an incremental exercise test to voluntary    

exhaustion on an electromagnetically-braked cycle ergometer (Rodby Elektronik AB, 

Model RE 820/830, Sweden), for the determination of peak oxygen uptake ( peak 2OV ) 

and peak power output (PPO), using an adaptation of an existing method (Hawley & 

Noakes, 1992; Storer, Davis, & Calozzo, 1990).  This involved a warm-up at 150 W 

for 5 min followed by cycling at an intensity of 3.33 W
.
kg

-1
/body mass for 2.5 min 

(~65-70% peak 2OV ; Hawley & Noakes, 1992).  Workload was then increased by 50 W 

for 2.5 min, followed by increases in 25 W increments each 2.5-min periods until the 

workload could not be sustained (i.e. attainment of volitional exhaustion).  The 

peak 2OV  test was carried out before the HST, prior to the EUH and DEH acclimation 

regimes to ensure the same relative workload.  

 

2.2.3.3 Experimental standardisation 

 Participants were fully informed (verbally and in writing) of the pre-

experimental and daily procedures, and asked to refrain from strenuous exercise for 

24 h prior to each HST.  They were advised to consume a meal high in carbohydrate 
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and remain fully hydrated the evening before the HST.  The detail for standardised 

nourishment was based on the feedback from a 3-d nutritional diary, carried out as 

part of the familiarisation procedures.  This involved the participants reporting in a 

diary their typical timing and food consumption over a three day period.  The 

participants were asked to use this for each HST throughout the study to ensure 

consistency in nutritional and fluid intake.  They were asked to refrain from alcohol 

and caffeine consumption on the day of the HSTs, D1 and D5 of the acclimation 

sessions.  For logistical reasons regarding usage of the heat chamber facility and 

participant availability the HSTs were in the mornings, all beginning at the same time 

of the day (9.00 am).  Acclimation bouts took place in the late afternoon/early 

evening.  This consistency was important to control for changes in core temperature 

and sweating response that may occur if repeated heat exposures were to take place at 

different times of the day (Shido, Sugimoto, Tanabe, & Sakurada, 1999).  

Specifically, Shido and colleagues (1999) reported that the effect of acclimation on 

resting reT  was specific to the time of day of acclimation.  

On arrival at the environmental chamber before the HSTs participants 

consumed 250 ml of a 4% carbohydrate (CHO) fluid to increase the likelihood that 

they would begin in a euhydrated state (Armstrong et al., 1994; Armstrong et al., 

1997; Popowksi et al., 2001).  Fluid osmolality was between 240-270 mmol
.
kg

-1
, as 

measured using a vapor pressure osmometer (Model 5520 Vapro, Wescor, USA).   

 

2.2.3.4 Heat stress test (HST) 

Following instrumentation in an air conditioned room with a dbT  of 22
o
C 40% 

RH for 30 min, participants entered the climate chamber where pre-exercise 

measurements were made while they sat on the cycle ergometer for approximately 10 
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min.  Participants then cycled at 40% PPO for 90 min duration ( dbT , 35
o
C 60% RH, 

with a wind speed <0.5 m
.
s

-1
).  Participants then rested for 10 min before 

commencing a ramp protocol (2% PPO each 30 s) to volitional fatigue, or a reT  

≥39.5
o
C.  This protocol was adapted from that used by Patterson (1999).  Before the 

HSTs participants consumed 250 ml of the 4% CHO fluid.  At approximately 15 min 

intervals during HSTs, 150 ml of 4% CHO solution was consumed, for a total 

consumption of 900 ml in 90 min.   

  

2.2.3.5 Acclimation protocol 

Heat acclimation sessions consisted of cycling (Monarch Ergomedic 824E, 

Sweden) for 90 min in hot and humid conditions ( dbT , 40
o
C 60% RH, with a wind 

speed <0.5 m
.
s

-1
).  This high thermal loading was intended to emphasise heat 

acclimation more than the training stimulus.  Elevating reT  to the same level during 

exposure was intended to permit progressively more work being performed as 

acclimation proceeds.  Modest hyperthermia ( reT of 38.5
o
C) was attained as rapidly as 

realistically possible, maintained by regular adjustment of workload.  This controlled 

hyperthermia technique has previously been used by Turk & Worsley (1974), Taylor 

and colleagues (1995), Patterson (1999) and Weller & Harrison (2001).     

 To increase the likelihood of beginning in a euhydrated state, participants 

consumed 250 ml of the 4% CHO fluid before the EUH acclimation bouts (ACSM, 

1996; Casa et al., 2000).  They then consumed a minimum of 250 ml every 15 min 

during the bouts, for a total consumption of 1500 ml (Coyle & Montain, 1992).  

However, participants were allowed to drink ad libitum above this dosage.  Nominal 

fluid replacement (100 mL) was given immediately before the DEH acclimation 

bouts to limit their perception of fluid deprivation. 
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2.2.4 Apparatus, procedures and calculations 

2.2.4.1 Stress equipment 

The environmental chamber, housed in the School of Physical Education, was 

used to control ambient temperature and relative humidity.  An electro-magnetically 

braked cycle ergometer was used to apply constant and incremental resistance during 

the HST (Rodby Elektronik AB, Model RE 820/830, Sodertalje, Sweden). Monarch 

cycle ergometers were used during acclimation trials (Monarch Ergomedic, Model 

824E, Varberg, Sweden).   

 

2.2.4.2 Body temperature 

Body core temperature was measured using a rectal thermistor (Thermistor 

400, Mallinckrodt Medical Inc., St Louis, USA).  Skin temperature was measured 

using skin thermistors (Type EUS-U-V5-V2; Grant Instruments, Cambridge, 

England) placed at four, right-side sites: calf, upper thigh, chest and bicep.  Mean skin 

temperature ( skT ) and mean body temperature ( bT ) were calculated as: 

   

skT  = 0.3 Tchest + 0.3 Tbicep + 0.2 Tthigh + 0.2 Tcalf (Ramanathan, 1964)  

bT   = 0.9 Tre + 0.1 Tsk (Sawka et al., 1996)     

  

Rectal and skin thermistors were calibrated against a Telcare-accredited 

mercury thermometer before the start of the preliminary tests using a standardised 

water bath.  Temperature was incremented for 10 min in 5
o
C steps, across a range of 

20- 40
o
C, with a resolution of 0.05

o
C.  Recorded temperature had an accuracy of 

0.1
o
C (Grant 1200 series data logger; Grant Instruments, Cambridge, England). 
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Temperature data were logged at 60 s intervals on a portable data logger 

(1200 series, Squirrel Grant Instruments, Cambridge, England).   

 

2.2.4.3 Oxygen consumption and cardiac frequency 

Respiratory data were collected throughout the peak 2OV  test and at 25-30 min 

intervals in HSTs, using a breath-by-breath, open-circuit spirometer (Metamax 

Metalyser 3B, Cortex, Leipzig, Germany).  This was calibrated using a 3 L syringe 

and β-grade calibration gas (4.2%  2CO and 16.5%  2O ).   

Cardiac frequency ( cf ) was measured from the R-R interval of ventricular 

depolarisation (Polar Sport tester Advantage, Kemplele, Finland). 

 

2.2.4.4 Sweat rate 

Whole body sweat rate (ml
.
h

-1
) was calculated using measurements of pre- 

and post-exercise nude body mass using scales (±20g; Wedderburn Scales, Teraka 

Seiko, Tokyo, Japan), calibrated to an accuracy of 0.1 kg with calibrated masses.  

Sweat was towelled off before post-body mass was recorded.  The calculation used 

for the 1.5 h sweating during the HST was as follows: 

 

pre-mass (kg) – post-mass (kg) + volume fluid consumed (kg) 

Sweat rate =   _________________________________________________   x 1000 

(ml
.
h

-1
)     1.5 

 

Continuous measurement of sweat rate from discrete skin sites was 

undertaken using the ventilated sweat capsule technique (Brengelmann, McKeag, & 

Rowell, 1975; Graichen, Rascati, & Gonzalez, 1982).  The system was custom built 

(School of Physical Education), Sweat capsules (2.75 cm
2
) were glued to the forehead 
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and lateral upper arm with skin-bonding cement (Collodion ®, Mavidon Medical 

Products, California, USA) and ventilated with dry air the flow of which was 

measured electronically (Honeywell AWM5101VN Microbridge Mass airflow 

sensor, Freeport, IL, USA) before being passed through the sweat capsule. The post 

capsular air was sampled for temperature (National Semiconductors LM35CZ 

Precision Centigrade Temperature sensor, Kowloon, Hong Kong) and humidity 

(Honeywell HIH-3605-B, Freeport, IL, USA). The thermistor was calibrated against a 

certified thermometer, and the hygrometers calibrated against dry air and a saturated 

solution of sodium chloride (~76% RH) at known temperature. Sweat rate was 

derived from changes in the relative humidity and temperature of air entering and 

leaving each sweat capsule (Graichen et al., 1982):   

 

M{\O(m,_}sw = ( (RH2 .
 
 PH2O2 .

 
V{\O(V,_}2 / 100 .

 
 T2 .

 
 k) - (RH1 .

 
 

PH2O1.
 
V{\O(V,_}1 / 100 .

 
 T1 .

 
 k) ) .

 
1000 / A 

where: 

M{\O(m,_}sw = sweat excretion rate (mg·cm
-2

 · min
-1

), 

RH = relative humidity of air (%), 

PH2O = partial pressure of water vapor, if air is 100% saturated (mmHg),{\O 

(V,_}  

V = rate of airflow through the airline (L·min
-1

) 

k = 3.464=water vapor gas constant (mmHg·L·g
-1

·°K
-1

), 

T = temperature of air (°K),  

1000 = conversion of grams to milligrams 

A =area of skin under sweat capsule (ours is 2.75 ±0.05cm
2
). 

PH2O = exp (18.6686-4030.183 / (T(°C)+235 ) )  
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Sweat rate was calculated continuously (Maclab 8E; School of Physical 

Education sweat rate monitor) and logged (ADI Instruments Chart version 4.2 

software) every 60 s during the HSTs (ADI Instruments Chart version 4.2 software).  

 

2.2.4.5 Forearm blood flow, blood pressure and vascular conductance 

Forearm blood flow ( FQ ) was measured using venous occlusion 

plethysmography (Joyner, Dietz, & Shepard, 2001; Witney, 1953).  This technique is 

based on the principle that when the veins of the limb are initially relatively empty by 

placing them above heart level, and then venous outflow is rapidly occluded, the rate 

of increase in limb volume is proportional to the rate of arterial inflow.  Changes in 

perfusion of inactive limb primarily reflect changes in cutaneous perfusion (Johnson, 

1979). 

A custom built, non-invasive, venous occlusion plethysmography system was 

used in this study (V.O.P controller, School of Physical Education) and commercial 

software for data capture and filtering (Maclab 4e and Chart 4.1 for Windows event 

Manager software by Power Lab, ADInstruments, USA).  A pressure cuff around the 

elevated upper arm was inflated rapidly to a pressure of 50 mmHg driven with bottled 

compressed air.  Another pressure cuff, at the wrist, was pre-inflated above systolic 

pressure to create an isolated cylinder effect on the lower arm (Lenders, Janssen, 

Smits, & Thien, 1991).  The rate of increase in volume of the forearm was measured 

with a commercial mercury strain gauge and pressure cuffs (Hokanson, Inc., 

Bellevue, WA 98005, USA), according to the principles previously described 

(Witney, 1953).  Forearm blood flow was calculated retrospectively as the mean of 

three individual measurements, and exercise values were expressed as a percentage of 
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the initial resting value.  Measurements were made at rest in the climate chamber and 

at 15, 45 and 75 min during each HST.   

Blood pressure was measured by auscultation, as the average of three 

individual measurements taken following each FQ  measurement series, using a 

sphygmomanometer.  

The forearm vascular conductance (FVC) was calculated as FQ  divided by 

mean arterial pressure (MAP) to provide a measure of the extent of actively-

controlled change in peripheral perfusion.  The MAP was estimated from diastolic 

blood pressure (DBP) and systolic blood pressure (SBP) as MAP = (0.66 x DBP) + 

(0.333 x SBP).   

Thermoregulatory control was measured using the sensitivities of FVC and 

swm  relative to bT , where bT was calculated as: 

 

bT   = 0.9 Tre + 0.1 Tsk (Sawka et al., 1996)  

 

The 0.9 Tre + 0.1 Tsk weightings (Sawka et al., 1996) reflect a compromise 

between the research on sweat rate (Frank, Raja, Bulcao, & Goldstein, 1999) and FQ  

(Brengelmann et al., 1975) respectively.   

 

2.2.4.6 Cardiac output and stroke volume 

Cardiac output ( Q ) was measured during HSTs using the 2CO  rebreathing 

technique (Defares, 1958).  This is based upon the principle that 2CO  diffusion 

across the lung blood-gas barrier is perfusion limited, so the rate of disappearance of 

2CO  is directly proportional to pulmonary blood flow, which is equivalent to 
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systemic Q .  Because this procedure relies on steady state 2COV , it is most accurate, 

when 2COV  is both high and stable.  In the present study, there was an 8.3% 

coefficient of variation for Q  during submaximal exercise.  Previous research has 

reported ~5% coefficients of variation using the Defares technique during 

submaximal exercise (Warburton, Haykowsky, Quinney, Humen, & Teo, 1999).  

Furthermore, high correlations (0.87) have been reported for the indirect 2CO  

rebreathing method with the criterion „dye dilution‟ method, especially during steady 

state submaximal exercise (Ferguson, Faulkner, & Julius, 1968).  

The 2CO  rebreathing equipment consisted of an open and closed circuit 

connected by a three-way directional balloon valve (Hans Rudolph 8200 series, Hans 

Rudolph Inc., 7200 Wyandotte, Kansas city, Mo 64114, USA).  The closed circuit 

consisted of a mouthpiece (Hans Rudolph 2700 Series, Hans Rudolph Inc., 7200 

Wyandotte, Kansas city, Mo 64114, USA) connected in series by flexible plastic 

tubing, to a cross valve (Hans Rudolph valve #2600, Hans Rudolph Inc., 7200 

Wyandotte, Kansas city, Mo 64114, USA) holding a 3 L, polypropylene, anesthetic 

bag (Phoenix Medical Ltd, Unit 3, Lancashire Enterprise Business Park, Leyland, 

Lancashire PR26 6TZ, UK) initially containing a carbogen gas mix of 5% 2CO  and 

95% 2O .  Baseline values of 2CO  production and 2O  consumption were collected for 

two minutes prior to using the 2CO  rebreathing technique.  Fifteen breaths were 

collected on the closed circuit at rest, 15, 45 and 75 min throughout the HSTs.  The 

first two breaths were omitted due to heterogeneous gas mixing in the lungs (Vanhees 

et al., 2000).  Participants were required to maintain a constant breathing frequency, 

using a metronome (60 b
.
min

-1
).  Respiratory gases were sampled using an on-line 

gas analysis system (Metamax Metalyser 3B, Cortex, Leipzig, Germany). 
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Stroke volume ( SV ) was calculated using the following equation: 

 

   SV  (mL) = Q  (L
.
min

-1
) / cf (b·min

-1
) x 1000 

 

2.2.4.7 Blood measures 

Haemoglobin (Hb) mass and blood volume were measured one week before 

the HST and on the 1
st
 day after both (EUH and DEH) acclimations, using the carbon 

monoxide (CO) dilution/rebreathing technique (Ashenden et al., 1999; Burge & 

Skinner, 1995).  This technique is based on the principle that CO has a strong affinity 

with Hb, yielding carboxyhaemoglobin (HbCO), which allows Hb mass to be 

determined from the extent of increase in [HbCO] due to rebreathing a known mass 

of CO.  Venous blood samples were obtained after a priming dose and again after CO 

rebreathing for ten minutes to obtain [HbCO].  The dosage of CO for aerobically fit 

males is 20 mL for the priming dose and 1.5 mL CO/kg body mass for the main dose.  

CO rebreathing has shown a strong relationship with more invasive measures of 

blood volume analysis such as albumin labelling (r=0.98) and radioactive isotope 

labelling (r=0.97), and has therefore been recommended for repeat use on subjects 

(Thomsen, Fogh-Andersen, Bulow, & Devantier, 1991).  Furthermore, more recently 

Gore and colleagues (2005) meta-analysed 346 estimates of error measurement of 

using the CO rebreathing technique.  The results were adjusted to 1-d between trials 

and expressed as coefficients of variation, reporting a mean error for [HbCO] (2.2%; 

90% confidence interval 1.4:3.5%).  They concluded that CO rebreathing is a reliable 

measure, for use in clinical and research situations, to monitor changes in blood 

volume parameters(Green et al., 2002).  Our pilot testing (n=6) indicated that test-
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retest reliability for accuracy of repeated measurement had a coefficient of variation 

(CoV) of ~2.9%. 

The rebreathing circuit consisted of an open and a closed circuit, connected by 

a three-way directional balloon valve (Hans Rudolph 8200 series, Hans Rudolph Inc., 

7200 Wyandotte, Kansas city, Mo 64114, USA).  The open circuit had a two-way 

mouthpiece (Hans Rudolph 2700 Series, Hans Rudolph Inc., 7200 Wyandotte, Kansas 

city, Mo 64114, USA) attached via a respiratory tube to a Douglas bag containing 

100% oxygen.  The closed circuit consisted of a two-way plastic mouthpiece (Hans 

Rudolph 2700 Series, Hans Rudolph Inc., 7200 Wyandotte, Kansas city, Mo 64114, 

USA) connected in series by flexible plastic tubing, to a cross valve (Hans Rudolph 

valve #2600, Hans Rudolph Inc., 7200 Wyandotte, Kansas city, Mo 64114, USA) 

holding a 3 L, polypropelene, anaesthetic bag (Phoenix Medical Ltd, Unit 3, 

Lancashire Enterprise Business Park, Leyland, Lancashire PR26 6TZ, UK).  The 

volume of the closed circuit plus residual lung volume was measured as 4.7 L.  

Expired carbon dioxide was absorbed using 100 g soda lime within the closed circuit, 

in which one-way valves kept the air circulating in one direction.  Oxygen was added 

continuously to replace its consumption.  Carbon monoxide was added to the circuit 

using a graduated 50-mL syringe connected to a CO-reservoir (~160 mL) via a 

sequence of three stopcocks.  At least two cocks were shut at all times for safety.  A 

schematic of the open and closed carbon monoxide rebreathing circuit (Ashenden et 

al., 1999; Burge & Skinner, 1995) and the relevant calculations are shown in 

Appendix C. 

Participants rested for at least 20 min prior to the measurement procedures to 

allow for the stabilisation of  PV (Creasy, 2002; Harrison, 1985).  They then attached 

a nose clip and breathed 100% oxygen from the open circuit for 4 min, before being 
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switched to the closed circuit, and inhaling the 20 mL priming dose of CO.  After 10 

min a venous blood sample (5 mL) was taken from an antecubital vein (Vacutainer 

Precision Glide 21-gauge needle, Becton Dickinson Vacutainer Systems) by 

phlebotomy and immediately analysed – in sextuplet - for [Hb], [HbCO] (Model 

OSM3, Radiometer, Copenhagen, Denmark), and haematocrit (Hct) (using a 

Hawksley Micro-haematocrit centrifuge [Sussex, UK] and a Micro-capillary reader 

[Damon/IEC Division, Mass, USA]). After the initial 10 min priming period and 

blood sampling, CO was added at a dose of 1.5 mL CO
.
kg

-1
 body mass, as previously 

indicated to increase [HbCO] to approximately 8%.  The amount of administered CO 

was corrected for CO remaining in the rebreathing circuit, estimated at 2.2% 

(Thomsen et al., 1991), and for barometric pressure and room temperature.  After a 

further 10 min rebreathing on the closed circuit a second blood sample was taken by 

phlebotomy and analysed in sextuple in the same manner as the first sample. Mean 

values for total Hb, pre- and post- CO-rebreathing [HbCO], and Hct, were used to 

calculate absolute blood and plasma volumes (Appendix C).  Changes in plasma 

volume across HSTs and acclimations were calculated using a previously described 

method (Dill & Costill, 1974). 

Chilled Li-heparin tubes (15 I.U.heparin.ml
-1

) were used to store blood for 

albumin (10 l), total protein (20 l), Na and K (200 l), Cl  (20 l) and 

osmolality (8 l).  Tubes were centrifuged at 1500 g for 15 min at 4
o
C and stored at -

80
o
C.  Duplicate colorometric analysis (Cobas Mira Plus, New Jersey, USA) was then 

used apart from osmolality, which was analysed using a Wescor Vapro Vapour 

Pressure Osmometer (5520), Wescor Inc., 459 South main Street, Logan, Utah 84321, 

USA.  Three known calibration solutions from the Wescor Vapro Vapour Pressure 
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Osmometer kit (100, 290 and 1000 mosm
.
kg H2O

-1
) were used to calibrate the 

osmometer in triplicate.   

 

2.2.4.8 Fluid regulatory and stress hormones 

A flexible 20-gauge catheter was placed in a suitable forearm vein before each 

HST and on days one and five of the EUH and DEH acclimation trials.  Venous blood 

samples (15 mL) were taken without stasis, following a 1 mL discard.  The catheter 

was flushed with saline after sampling.  The samples were taken at rest, 30, 60 and 90 

min in the HST, and at the same times on days one and five of the acclimation 

regimes, but with the omission of the 30 min sample.  The time frame for blood 

sampling during the acclimation regimes was based on the kinetics of the fluid-

regulatory hormones under investigation, aldosterone and arginine vasopressin (AVP) 

(Creasy, 2002; Morel & Doucet, 1986).  Plasma samples were stored at -80
o
C until 

being analysed with the assistance of trained technicians, within the School of 

Physical Education and the Department of Human Nutrition.   

Plasma for aldosterone (200 l) and AVP (800 l) analysis was stored using 

chilled K-EDTA tubes (1.6 mg
.
ml

-1
).  Samples were centrifuged at 2500 g for 15 

minutes at 4
o
C and plasma stored at -80

o
C before analysis using the 

radioimmunoassay 
125

 labeling technique.  Coat-A-Count aldosterone procedure 

(DPCs) was used for the measurement of plasma aldosterone concentration [aldo]p.  

This procedure uses human serum calibrators, 
125

tracer and anti-body coated tubes.  

The tube was decanted and counted in a gamma counter.  The sample concentration 

was then determined from calibration standards (25-1200 pg
.
ml

-1
) and control 

samples using a standard curve.  The intra-assay coefficient of variation was 9.9% for 
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duplicate measures and all samples for a given individual were analysed within the 

same assay.     

AVP analysis required solid phase extraction of the plasma samples before 

being assayed using a competitive radioimmunoassay kit (Euro-Diagnostica, Arnhem, 

Netherlands).  This used a rabbit anti-vasopressin antiserum and radio-iodinated 

vasopressin 
125

tracer.  Bound and free phases were separated by a second antibody, 

which is bound to solid phase particles.  After centrifugation the radioactivity in the 

bound fractions was measured and the sample concentration determined by a typical 

standard curve.  The intra-assay coefficient of variation for plasma AVP 

concentration [AVP]p was 5.6% for duplicate measures.  All samples for a given 

individual were analysed within the same assay.  

Measurement for cortisol involved 25 l of whole blood placed in chilled Li-

heparin tubes (15 I.U.Heparin.ml
-1

), centrifuged at 2500 g for 15 min at 4
o
C and 

stored at -80
o
C before analysis using the radioimmunoassay 

125
labeling technique.  

The cortisol assay used a Coat-A-Count procedure (DPCs), which is a solid-phase 

radioimmunoassay, whereby 
125

labeled cortisol competed for antibody sites with 

cortisol from the sample.  The resultant supernatant was decantered, isolating the 

antibody-bound fraction of the radio labeled cortisol, as it was immobilised to the 

wall of the polypropylene tube.  The cortisol in the tube is then counted using a 

gamma counter to yield a number, which is converted to a calibration curve and then 

measured.  The intra-assay coefficient of variation of plasma cortisol concentration 

[cortisol]p was 12.1% for duplicate measures and all samples for a given individual 

were analysed within the same assay.   
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2.2.4.9 Urinary measures 

Urine samples were obtained before and after HST and acclimation bouts.  

Using fresh urine samples urine specific gravity and urine colour were measured 

using a calibrated refractometer (Uricon-N, Urine specific gravity refractometer, 

Atago Co., Tokyo, Japan) and urine colour chart (Armstrong et al., 1998; Armstrong 

et al., 1994) respectively.  Urine volume was recorded and urine osmolality was 

analysed after the experiment from frozen samples stored at -80
o
C.   

 

2.2.4.10 Psychophysical variables 

To gain individual perception of the stress of the exercise and thermal load 

imposed, they were asked to rate their perceived exertion on a 16-point scale (Borg, 

1982), perceived body temperature (1-13) and thermal comfort (1-5) (Gagge, 

Stolwijk, & Hardy, 1967) at 20-30 min intervals during HSTs. 

  

2.2.4.11 Physiological strain index (PSI) 

Although there is no universally accepted heat strain index, the PSI introduced 

by Moran, Shitzer, & Pandolf (1998) was adopted for this work.  It provides a single 

measure of strain, based on both thermal and cardiovascular strain and it has been 

shown to be sensitive to both heat acclimation and hydration status (Moran, 

Horowitz, Meiri, Laor, & Pandolf, 1999; Moran, Montain, & Pandolf, 1998; Moran, 

Shitzer, & Pandolf, 1998).  Clearly however, it has not had criterion validation.  PSI 

was calculated at rest and 90 min of the HSTs using the following calculation by 

Moran and colleagues (1998): 

 

PSI = 5 ( retT - 0reT ) .
 
(39.5 - 0reT )

-1
 + 5 ( ctf  - 0cf ) .

  
(180 - 0cf )

 -1
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Where: 0reT  and 0cf  are the initial reT  and cf  respectively and retT  and ctf  are 

simultaneous measurements taken at the same time. 

 

2.2.4.12 Blood vessel (endothelial) function 

Blood vessel (endothelial) function was assessed by 2D vascular doppler 

measurement of the brachial artery diameter under resting conditions at 8.00 a.m. on 

the day before and immediately after the euhydration acclimation (Figure 2-1).  EUH 

acclimation was used to standardise the type of acclimation regime undertaken by the 

participants and to stagger the usage of the hospital-based doppler equipment.  Prior 

to assessment the participants had a 12-h overnight fast, thus limiting dietary 

influences on endothelial function (Williams et al., 1999).  The measurements were 

undertaken and analysed in the Dunedin Public Hospital by trained clinicians of the 

School of Medical and Surgical Services, University of Otago.  

On arrival at the laboratory, the participants were rested in the supine position 

for 10 min prior to 2D vascular doppler measurement of the profile of blood flow in 

the brachial artery using a Hewlett-Packard Sonus 2000 ultra-sound machine and a 

high-resolution 7.5 MHz linear array transducer (Acuson, Mountain View, California, 

USA).  To obtain the most reliable images the probe was placed to give longitudinal 

scans of the right brachial artery proximal to the antecubital fossa.  A resting 

measurement of the brachial artery diameter was then made before a blood pressure 

cuff on the forearm was inflated to 300 mmHg for 5 min.  Before and during cuff 

deflation, flow-mediated, endothelium-dependent dilation was measured at the 

brachial artery.  Whilst the coefficient of variation was not measured in these trials, 

Celermajer (1992) has reported a 2.3% CoV from observed flow-mediated dilation 
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(FMD) and this may depend on the technicians, equipment and the participants being 

assessed.  It has been reported that an acceptable reproducibility in FMD over time is 

2-3% (Sorensen et al., 1995).  Arterial flow velocity was measured in the centre of the 

vessel using a pulsed doppler signal at an angle of 60
o
, at baseline and during the first 

15 s of hyperemia.  Ten minutes of rest followed before an endothelium-independent 

response on brachial artery diameter, was assessed using a 0.4 g spray of glyceryl 

trinitrate (GTN), applied sublingually. 

 

2.2.5 Data analysis 

This research addressed three questions; (1) the effectiveness and nature of 

adaptations induced by a short-term (5-d) heat acclimation regime with euhydration; 

(2) the role of permissive dehydration in facilitating adaptations to the heat; and, (3) 

the contribution of peripheral (endothelial) adaptation to the improved cardiovascular 

stability with short-term heat acclimation.  Statistical analyses were performed on 

data collected at rest and end-exercise, pre and post EUH and DEH acclimation and 

on day one (D1) and day five (D5) of each acclimation regime.  Data was generally 

analysed using two-way analysis of variance (ANOVA) with repeated measures.  

Factor one (time) had two levels for each variable, with factor two (acclimation type) 

having two levels.  Paired t-test analysis has been used where appropriate.  For 

example, the difference between regimes of change in plasma volume (Dill & Costill, 

1974), across HSTs and acclimations, was analysed using paired t-test analysis.  The 

change in stress response of dependent measures for EUH and DEH at rest and end-

exercise are reported as means with 95% confidence intervals (95% CI).  The third 

question to investigate the contribution of peripheral (endothelial) adaptation to the 

improved cardiovascular stability with short-term heat acclimation was determined by 
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measures of endothelial function, pre and post EUH acclimation and calculated using 

paired t-test analysis.  The relationship (r) between variables has been calculated 

using the Pearson Product Moment Correlation and expressed as r and r
2
. 

The possible implications of inflated, experiment wise error rate from the 

paired t-test statistical procedures used for this work have been offset using the 

following precautionary measures.  A reliability study was administered prior to 

experimentation (Hayden, Milne, Patterson, & Nimmo, 2004), for the measurement 

of blood volume and it established a CoV of ~2.9% (2.2.4.7).  Reservations have been 

made on the data interpretation, by making sure any comparisons of change in 

physiological variables are biologically related.  Furthermore, the dependent variable 

measures presented as means with 95% confidence intervals (95% CI) have been log-

transformed to deal with any systematic effect of an individual‟s pre-test value on the 

change due to treatment (Hopkins, 2003).   

  

2.3 Results 

All ten participants completed both acclimation regimes and the four heat 

stress tests (HSTs) associated with them, except that one participant developed 

cardiac arrhythmias following EUH acclimation, thereby reducing statistical 

comparison of the hydration component of the study to nine participants. The nine 

participants completed all experimental procedures, except that one participant 

became exhausted in one heat stress test at 67 min.  End data for this participant was 

therefore taken at the 60-min measurement in all tests. 

Data from acclimation bouts are presented first, followed by physiology at rest 

and in response to standardised exercise HSTs (undertaken before and after each 
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acclimation regime), and finally the peripheral vascular function measurements made 

pre and post the EUH regime. 

 

2.3.1 Acclimation 

Data from acclimation bouts are shown for n=9 unless otherwise stated.  

 

2.3.1.1 Thermal stress and strain 

Thermal stress and strain from day one (D1) and day five (D5) of EUH and 

DEH acclimation regimes are shown in Table 2-5.  Measures of dry bulb temperature 

( dbT ) and relative humidity (RH) indicated that the thermal stress was similar within 

and between EUH and DEH acclimations, on D1 and D5. Similarly, the thermal strain 

was consistent between regimes illustrated by mean cardiac frequency ( cf ) and rectal 

temperature ( reT ). Time to reT  38.5
o
C was longer on D1 EUH than DEH but by D5 

the time to reT  38.5
o
C was similar for EUH and DEH regimes.  Therefore, less work 

was performed during the first acclimation day when comparing (cf.) DEH and EUH 

in contrast with D5, when work output performed in the 90 min was equivalent for 

DEH cf. EUH (Figure 2-2). 

 

2.3.1.2 Urinary indices of hydration 

To determine hydration status body mass, urine specific gravity (SGu), urine 

colour (colouru) and urine osmolality (osmu) on days one and five of EUH and DEH 

acclimation regimes are shown in Figure 2-3. 

There were no significant differences at rest cf. end exercise for body mass, 

SGu, colouru and osmu on day one and five of EUH acclimation (Figure 2-3).  In 

contrast, rest cf. end exercise on D1 DEH, body mass significantly decreased  
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Table 2-5: Thermal stress and strain. 

 

  

 
DAY 1   EUH DAY 5   EUH 

      cf.     cf. 

      DEH     DEH 

  

 
EUH 

 
DEH 

 
p-value 

 
EUH 

 
DEH 

 

 
p-value 

 

              

dbT  (
o
C) 39.5 ±0.1 39.6 ±0.1 0.28 39.6 ±0.1 39.5 ±0.1 0.73 

RH (%) 62 ±0.5 62 ±0.5 0.72 62 ±0.6 61 ±0.4 0.55 

Mean cf  (b.min-1) 123 ±4 122 ±5 0.81 123 ±5 121 ±3 0.46 

Mean reT (
 o
C) 38.2 ±0.1 38.3 ±0.1 0.27 38.2 ±0.1 38.2 ±0.1 0.87 

Time to reT  38.5
o
C (min) 34 ±1.5 30.5 ±1 0.01 31 ±1.5 30 ±1 0.30 

Fluid consumed (mL) 1930 ±151 100 ±0 0.01 1861 ±111 100 ±0 0.01 

Body mass change (%) 0.4 ±0.2 -1.7 ±0.1 0.01 0.1 ±0.2 -2.0 ±0.2 0.01 

              

 

Dry Bulb Temperature ( dbT ), relative humidity (RH), rectal temperature ( reT ), time to 

reT  38.5
o
C, cardiac frequency ( cf ), body mass change and fluid consumed on day 

one and five of acclimation undertaken with (EUH) or without (DEH) fluid 

rehydration.  Data are mean ±SE for nine males for whom data was available across 

all sessions.  Significant differences by paired t-test analysis are shown in bold. 
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Figure 2-2:  Work output on the first day (1) to the last day (5) of euhydration and 

dehydration acclimation after 90 min heat exposure.  Data are shown as mean ±SE for 

nine males for whom data was available across all sessions.  Significant difference 
+
 (p<0.05) EUH cf. DEH acclimation analysed by two-way analysis of variance 

(ANOVA) with repeated measures.  One-way analysis of variance (ANOVA) and 

Tukey‟s post-hoc test was used to isolate differences between days of EUH and DEH 

acclimation.   
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Figure 2-3: Body mass, urine specific gravity (SGu), urine colour (colouru) and urine 

osmolality (osmu) on days one and five of EUH and DEH acclimation regimes.  Data 

are means ±SE for nine (EUH) and nine (DEH) males.  Significant difference            

* (p<0.01) and + (p<0.05), pre cf. post exercise on day one and five by one-way 

analysis of variance (ANOVA) with repeated measures.  Tukey‟s post-hoc test was 

used to isolate differences between days within each acclimation. 
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(p<0.01), with increases in SGu (p<0.05) and colouru (p<0.01).  Similarly, on D5 

DEH body mass decreased (p<0.01) with increase in colouru (p<0.01) but no change 

in SGu (p=0.17) or osmu (p=0.22).  

 

2.3.1.3 Fluid regulatory hormones 

Individual response data for blood measures are presented from DEH and 

EUH acclimation bouts for n=5, since a full cross over of blood samples (i.e., rest and 

post exercise for D1 and D5, for both acclimations) was obtained from only five 

participants during the acclimation bouts.   

In order to determine if short-term heat acclimation alters the fluid regulatory 

hormone response, and whether this response was facilitated by dehydration during 

the acclimation process, plasma aldosterone [aldo]p (Figure 2-4) and plasma AVP 

[AVP]p (Figure 2-5) concentrations were measured at rest, 60 and 90 min on the first 

and last day of EUH and DEH acclimation regimes. 

The main effect for resting [aldo]p did not change across acclimation [F 

(1,8)=0.22, p=0.65] and the effect size was small (eta squared=0.027).  The 

interaction effect between EUH and DEH was not significant [F (1,8)=0.11, p=0.74].  

The mean change in stress response of resting [aldo]p (Figure 2-4, upper panel) did 

not change across EUH (2 pg
.
mL

-1
 ; 95%CI: -30 to 33 pg

.
mL

-1
) or DEH (  10: -51 to 

70 pg
.
mL

-1
).  However, the main effect for [aldo]p at 90 min (Figure 2-4, lower panel) 

was significant [F (1,8)=2.80, p=0.05) and the effect size was large (eta 

squared=0.259).  The interaction effect between EUH and DEH was significant [F 

(1,8)=8.25, p=0.02].  Therefore, the mean change in [aldo]p at 90 min increased 

across DEH (  178: 33 to 324 pg
.
mL

-1
) but not EUH (  -47: -209 to 115 pg

.
mL

-1
). 
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The main effect for resting [AVP]p did not change across acclimation [F 

(1,9)=0.097, p=0.76] and the effect size was small (eta squared=0.011).  The 

interaction effect between EUH and DEH was not significant [F (1,9)=0.013, 

p=0.91].  The mean change in stress response of [AVP]p at rest (Figure 2-5, upper 

panel) did not change for EUH (  0.8: -3.5 to 5.1 p
.
mol

.
L

-1
) or DEH (  0.7: -0.4 to 

1.8 p
.
mol

.
L

-1
).  The main effect for [AVP]p at 90 min was not changed across 

acclimation [F (1,11)=0.086, p=0.78] and the effect size was small (eta 

squared=0.008).  There was no interaction effect between EUH and DEH [F 

(1,11)=3.392, p=0.09].  Therefore, the mean change in stress response of [AVP]p at 

90 min (Figure 2-5, lower panel) did not change across DEH (  3.0: -1.9 to 7.8 

p
.
mol

.
L

-1
) or EUH (  -1.3: -6.8 to 4.2 p

.
mol

.
L

-1
). 

The end-exercise concentration of [aldo]p was higher after (cf. before) 

acclimation in 5 of 5 participants in DEH but in only 1 of 5 participants in EUH.  

Normal plasma levels of aldosterone have been reported in the range of 40-310 

pg
.
mL

-1
 (Walsh, 1979).  However, Brandenberger and colleagues (1989) recorded 

plasma levels of aldosterone, up to 361±109 pg
.
mL

-1
, in hypohydrated participants, 

exposed to a 36
o
C environment for 3 h intermittent exercise.  After 90-min exercise 

AVP increased across acclimation in 4 of 6 participants in DEH compared with 1 of 6 

in EUH.  Normal plasma levels of AVP have been reported up to 13 pg
.
mL

-1
 p

.
mol

.
L

-1
 

(Uhlich, 1975; Wagner, 1977).  For example, in hypohydrated participants, exposed 

to a 34
o
C environment for 4 h intermittent exercise, plasma levels of AVP up to 

13±4.9 p
.
mol

.
L

-1
 have been reported (Brandenberger et al., 1986).  In summary, the 

differential response was statistically significant for [aldo]p at 90 min only, but no 

such effect was seen in a resting state.  Therefore, it appears that the exercise-induced 

response of [aldo]p became more pronounced in the DEH cf. EUH acclimation bouts.  
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Figure 2-4:  Plasma aldosterone concentration on the first day (1) and last day (5) of 

euhydration and dehydration acclimation, at rest (upper panel) and after 90 min heat 

exposure (lower panel).  Data are shown for individual and mean ±SE (black line) of 

five males for whom these data are available across all sessions and expressed in 

pg
.
mL

-1
. 
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Figure 2-5: Plasma AVP concentration on the first day (1) and last day (5) of 

euhydration and dehydration acclimation, at rest (upper panel) and after 90 min heat 

exposure (lower panel).  Data are shown for individual and mean ±SE (black line) of 

four males at rest and five males after 90 min for whom these data are available across 

all sessions and expressed in p
.
mol

.
L

-1
.   
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2.3.1.4 Total protein 

To determine whether short-term heat acclimation alters the plasma total 

protein [TP]p response to acute stress and acclimation, and whether this response was 

facilitated by dehydration during the acclimation process, [TP]p was measured on the 

first and last day of EUH and DEH acclimation regimes (Figure 2-6). 

The main effect for resting [TP]p was not changed across acclimation [F 

(1,8)=2.747, p=0.14] but the effect size was large (eta squared=0.256).  The 

interaction effect between EUH and DEH was not significant [F (1,8)=0.553, 

p=0.48].  The mean change in resting [TP]p (Figure 2-6, upper panel) was not 

different across EUH (  -2.7: -13.2 to 7.7 mg
.
mL

-1
) or DEH (  -7.2: -20.2 to 5.8 

mg
.
mL

-1
).  There was no main effect for [TP]p at 90 min [F (1,8)=0.591, p=0.46] and 

the effect size was moderate (eta squared=0.069).  However, the interaction effect 

between EUH and DEH was significant [F (1,8)=6.314, p=0.03].  Therefore, at 90-

min exercise (Figure 2-6, lower panel) the mean change for [TP]p decreased across 

EUH (  -5.9: -11.1 to 0.4 mg
.
mL

-1
) and increased across DEH (  2.9: -4.2 to 9.9 

mg
.
mL

-1
).  

 

2.3.1.5 Blood, plasma and red cell volume   

Blood (Figure 2-7), plasma (Figure 2-8) and red cell volumes (Figure 2-9) 

were measured before the baseline standardised heat stress tests and on the first day 

following each acclimation. 
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Figure 2-6: Plasma total protein concentration on the first day (1) and last day (5) of 

euhydration and dehydration acclimation, at rest (upper panel) and after 90 min heat 

exposure (lower panel).  Data are shown for individual and mean ±SE (black line) of 

five males after 90 min for whom these data are available across all sessions and 

expressed in mg
.
mL

-1
.   
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Figure 2-7: Blood volume measured before the baseline standardised heat stress tests 

and one-day following acclimation regimes undertaken with (DEH) and without 

(DEH) fluid restriction.  Data are means ±SE for nine males and expressed in mL
.
kg

-1
. 
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Figure 2-8: Plasma volume measured before the baseline standardised heat stress tests 

and one-day following acclimation regimes undertaken with (DEH) and without 

(DEH) fluid restriction.  Data are means ±SE for nine males and expressed in mL
.
kg

-1
. 
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Figure 2-9: Red cell volume measured before the baseline standardised heat stress 

tests and one-day following acclimation regimes undertaken with (DEH) and without 

(DEH) fluid restriction.  Data are means ±SE for nine males and expressed in mL
.
kg

-1
.  

 

 

There was a significant main effect for blood volume across acclimation [F= 

(1,16)=4.546, p=0.04] and the effect size was large (eta squared=0.221).  There was 

no interaction effect between EUH and DEH [F=(1,16)=0.751, p=0.40].  However, 

blood volume (seated resting) was  2.4 ±2.8% following the EUH regime (  1.8: -

3.6 to 7.3 mL
.
kg

-1
), but appeared more pronounced by  5.4 ±2.0% following DEH 

(  4.3: 0.5 to 8.2 mL
.
kg

-1
).  For resting PV across acclimation there was a main 

effect [F= (1,16)=6.601, p=0.02] and the effect size was large (eta squared=0.292).  

There was no interaction effect between EUH and DEH [F= (1,16)=0.424, p=0.52].  

The mean change after acclimation was 5.5 ±4.1% after EUH (  2.3: -2.0 to 6.7 

mL
.
kg

-1
) and 9.3 ±2.5% following DEH (  4.2: 0.4 to 7.4 mL

.
kg

-1
).  Interestingly, 

across DEH acclimation there was a moderate relationship (r=0.65, r
2
=0.42) between 

PV expansion and the increased [aldo]p after exercise that was evident after the DEH 
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regime (Figure 2-4, lower panel).  Further, using the Dill and Costill (1974) 

calculation the PV across HSTs and acclimations increased for EUH (4.2 ±3.4%) 

but more so following DEH (8.3 ±3.2%) and this difference between regimes (  4.1: 

-1.5 to 9.8%) was close to significance (p=0.06).   

Red cell volume (RCV), corrected for the volume of red cells removed during 

acclimation bouts had a significant main effect across acclimation (F (1,16)=9.983, 

p=006) and the effect size was large (eta squared=0.384).  The interaction effect 

between EUH and DEH was not significant [F (1,16)=1.933, p=0.18].  The mean 

change was 1.7 ±1.6% following EUH (  0.6: -0.7 to 1.9 mL
.
kg

-1
) and 4.1 ±0.9% 

after DEH (  1.5: 0.7 to 2.3 mL
.
kg

-1
).  Interestingly, 5 of 9 individuals RCV 

increased after EUH and all 9 of 9 participants following DEH acclimation. 

 

2.3.2 Heat stress test 

The physiology at rest and in response to standardised exercise HSTs 

undertaken before and after each acclimation regime is shown for n=9 unless 

otherwise stated.  

 

2.3.2.1 Oxygen consumption and cardiac frequency 

Oxygen consumption (  2OV ) was measured at rest, 20, 50 and 80 min (Figure 

2-10).  Cardiac frequency ( cf ) measurements were taken at 1-min intervals during the 

90-min exercise stress test (Figure 2-11).   

The main effect for resting  2OV was not significant [F (1,14)=2.042, p=0.18] 

and the effect size was large.  There was a significant interaction effect between the 

EUH and DEH regimes [F(1,14)=5.968, p=0.02] but this may be due to different 

baseline measures.  Mean change for resting  2OV  did not change across EUH by -0.1 
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L
.
min

-1
 (95%CI: -0.3 to 0 L

.
min

-1
) or DEH (  0: -0.2 to 0.2 L

.
min

-1
).  Exercising 

 2OV  at 80 min did not have a main effect [F (1,11)=0.307, p=0.59] and the effect size 

was small (eta squared=0.027).  There was no interaction effect between EUH and 

DEH [F (1,11)=2.486, p=0.14].  The mean change for exercising  2OV  did not change 

across acclimation at 80 min for EUH (  -0.2: -0.5 to 0.2 L
.
min

-1
) or DEH (  -0.2: -

0.2 to 0.2 L
.
min

-1
).  
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Figure 2-10: Oxygen consumption during 90-min cycling at 40% peak power output 

in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for five males and expressed in L
.
min

-1
. 
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Figure 2-11: Cardiac frequency during 90-min cycling at 40% peak power output in 

the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for nine males and expressed in b·min
-1

. 

  

 

The main effect for resting cf  was significant [F (1,16)=6.472, p=0.02] and 

the effect size was large (eta squared=0.288).  There was no interaction effect 

between EUH and DEH regimes [F (1,16)=0.137, p=0.72].  Mean change in resting 

cf  was reduced across EUH (  -7: -13 to 1 b·min
-1

) and DEH (  -5: -13 to 3.5 

b·min
-1

).  The main effect for exercising cf  at 90 min was significant [F 

(1,16)=27.76, p=001] and the effect size was large (eta squared=0.63).  The 

interaction effect was close to significance [F (1,16)=3.4, p=0.08].  Therefore, the 

mean change of exercising cf  was reduced by 7% at 90 min across EUH (  10: -17 

to -2 b·min
-1

) but more so, by 17% for DEH (  19: -29 to 9 b·min
-1

).  Interestingly, 

there was a moderate relationship (r=0.72; r
2
=0.52) between the reduced cf  at end-

exercise (Figure 2-11) and the PV expansion that was evident across the DEH regime 

(Figure 2-8).  
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2.3.2.2 Cardiac output and stroke volume 

Cardiac output ( Q ) (Figure 2-12) and stroke volume ( SV ) (Figure 2-13) were 

measured at rest, 20, 50 and 80 min during the 90-min exercise stress test. 
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Figure 2-12: Cardiac output during 90-min cycling at 40% peak power output in the 

heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for five males and expressed in L
.
min

-1
. 

 

 

The main effect for resting Q  was not significant [F (1,10)=0.097, p=0.76] 

and the effect size was small (eta squared=0.10).  There was no interaction effect 

between EUH and DEH [F (1,10)=0.211, p=0.66].  The mean change for resting Q  

did not change across EUH (  -1.2: -5.9 to 3.6 L
.
min

-1
) or DEH (  0.3: -1.7 to 2.4 

L
.
min

-1
).  Similarly, there was no main effect for exercise Q  at 80 min [F 

(1,11)=1.911, p=0.19] and the effect size was large (eta squared=0.148).  There was a 

significant interaction effect between the EUH and DEH regimes [F (1,11)=10.331, 

p=0.008].  However, this relative difference between regimes must be viewed with 
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caution, as the pre-acclimation exercise Q  at 80 min was different for DEH cf. EUH.  

Therefore, the mean change in exercise Q  at 80 min did not change across DEH (  

3.9: -1.0 to 8.9 L
.
min

-1
) or EUH (  -2.1: -5.4 to 1.2 L

.
min

-1
).  
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Figure 2-13: Stroke volume responses to 90-min cycling at 40% peak power output in 

the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for five males and expressed in mL. 

  

 

The main effect for resting SV  across acclimation was not significant [F 

(1,10)=0.051, p=0.83] and the effect size was small (eta squared=0.005).  There was 

no interaction effect between EUH and DEH regimes [F (1,10)=0.001, p=0.98].  

Mean change in resting SV  was unaffected by either acclimation, EUH (  5.9: -67.8 

to 78.7 mL) or DEH (  9.9: -45.1 to 65.0 mL).   However, the main effect for 

exercising  SV  was significant [F (1,11)=7.354, p=0.02] and the effect size was large 

(eta squared=0.401).  The interaction effect between EUH and DEH was significant 

[F (1,11)=9.634, p=0.01].  Mean change in SV  was higher during exercise across 



74 

 

DEH and after 80-min exercise had increased (  45.9: 3.6 to 84.4 mL).  This is in 

contrast to no change in exercising SV  across EUH at 80-min exercise (  20.5: -30.3 

to 23.1 mL).  Therefore, since this differential response was statistically significant 

for SV  during exercise and no such effect was seen in a resting state, it appears that 

exercising SV  at 80 min became more pronounced after the DEH cf. EUH 

acclimation bouts. 

 

2.3.2.3 Body temperatures 

Rectal temperature ( reT ) (Figure 2-14), mean skin temperature ( skT ) (Figure 

2-15) and mean body temperature ( bT ) (Figure 2-16) were measured at 1-min 

intervals during the 90-min exercise stress test. 

The main effect for rectal temperature ( reT ) at rest was not significant 

[F(1,16)=1.810, p=0.20] and the effect size was small (eta squared=0.102).  The 

interaction effect between EUH and DEH was not significant [F (1,16)=0.626, 

p=0.44].  The mean change for reT  at rest was not lowered across EUH ( 0.15: -0.40 

to 0.10
o
C) or DEH (  0.00: -0.2 to 0.2

o
C).  However, the main effect for reT  at 90-

min exercise was significant [F (1,16)=10.986, p=0.004] and the effect size was large 

(eta squared=0.407).  The interaction effect between EUH and DEH was not 

significant [F (1,16)=0.439, p=0.52].  The mean change for reT  at 90-min exercise 

was reduced by EUH (  -0.2: -0.6 to 0.05
o
C) and DEH (  -0.4: -0.75 to -0.1

o
C).  

After 90-min exercise reT  had decreased in 5 of 9 in EUH and all 9 of 9 participants 

for DEH acclimation.   



75 

 

37.0

37.4

37.8

38.2

38.6

39.0

-10 0 10 20 30 40 50 60 70 80 90

Time (min)

R
e
c
ta

l 
te

m
p
e
ra

tu
re

Pre Acclim: EUH

Post Acclim: EUH

Pre Acclim: DEH

Post Acclim: DEH

 

Figure 2-14: Rectal temperature during 90-min cycling at 40% peak power output in 

the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for nine males and expressed in 
o
C. 
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Figure 2-15: Mean skin temperature during 90-min cycling at 40% peak power output 

in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for nine males and expressed in 
o
C. 
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Figure 2-16: Mean body temperature during 90-min cycling at 40% peak power 

output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for nine males and expressed in 
o
C. 

 

 

The main effect for resting skT  was not significant across acclimation [F 

(1,16)=0.292, p=0.60] and the effect size was small (eta squared=0.18).  There was no 

interaction effect between EUH and DEH regimes [F (1,16)=0.914, p=0.35].  Mean 

resting skT  did not change across EUH (  0.1: -0.1 to 0.5
o
C) or DEH (  0.2: -0.1 to 

0.5
o
C).  However, the main effect in skT  at 90-min exercise was significant [F 

(1,16)=19.92, p=0.003] and the effect size was large (eta squared=0.555).  There was 

no interaction effect between EUH and DEH [F (1,16)=2.309, p=0.15].  The mean 

change in skT  after 90-min exercise decreased across EUH (  -0.3: -1.1 to 0.3
o
C) and 

DEH (  -0.4: -0.7 to 0.1
o
C).  There was reduced skT  after (cf. before) acclimation in 

8 of 9 in EUH and 7 of 9 participants in DEH.   

The main effect for resting bT  was not significant across acclimation [F 

(1,16)=3.299, p=0.10] and the effect size was large (eta squared=0.171).  There was 
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no interaction effect between EUH and DEH regimes [F (1,16)=1.188, p=0.29].  

Mean change in resting bT  response was unaltered by EUH (  -0.2: -0.4 to 0.1
o
C) or 

DEH (  0.1: -0.2 to 0.1
o
C).  The main effect for bT  at 90-min exercise was 

significant [F (1,16)=14.170, p=0.002] and the effect size was large (eta 

squared=0.470).  There was no interaction effect between EUH and DEH [F 

(1,16)=2.062, p=0.17].  Therefore, at 90-min exercise mean change in bT  reduced 

across EUH (  -0.2; -0.4 to 0.1
o
C) and DEH (  -0.4; -0.6 to 0.1

o
C).  There was 

reduced bT  after (cf. before) acclimation in 6 of 9 participants in EUH and in all 9 of 

9 participants for DEH.   

 

2.3.2.4 Physiological strain index (PSI) 

The physiological strain index (Figure 2-17) was calculated at rest and 15 min 

intervals during the 90-min exercise stress test.  The main effect for PSI at 90-min 

exercise was significant [F (1,16)=15.842, p=0.001] and the effect size was large (eta 

squared=0.498).  There was no interaction effect between EUH and DEH [F 

(1,16)=1.227, p=0.28].  The mean change in PSI was attenuated after 90-min exercise 

for EUH (  -1: -2 to 0 units) and DEH (  -2: -3 to 0.5 units).  Therefore, after 90-

min exercise the decreased PSIs was substantial across both acclimations and as 

expected similar to the end-exercise reductions in cf  (Figure 2-11) and reT  (Figure 2-

14) from which the measurement is derived. 
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Figure 2-17: Physiological strain index during 90-min cycling at 40% peak power 

output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for nine males and expressed as units (0-10).  

 

 

2.3.2.5 Forearm blood flow, blood pressure and vascular conductance 

Forearm blood flow ( FQ ), mean arterial pressure (MAP) and forearm 

vascular conductance (FVC) were measured at rest, 15, 45 and 75 min during the 90-

min exercise stress test (Figure 2-18).  The main effect for resting FQ  was significant 

across acclimation [F (1,16)=2.056, p=0.05] and the effect size was large (eta 

squared=0.114).  There was a significant interaction effect for EUH and DEH [F 

(1,16)=8.756, p=0.009].  The mean change for resting FQ  increased across DEH (  

4.2: 0.7 to 7.8 ml
.
min

-1.
100 ml

-1
) in contrast to no change for EUH (  -1.5: -3.7 to 

0.7 ml
.
min

-1.
100 ml

-1
).  The main effect for exercise at 75 min FQ  was not significant 

[F (1,16)=0.324, p=0.58] and the effect size was moderate (eta squared=0.020). 
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Therefore, there was no mean change at 75-min exercise for FQ  for EUH (  -2.5:     

-7.3 to 2.3 ml
.
min

-1.
100 ml

-1
) or DEH (  0.9: -0.9 to 3.8 ml

.
min

-1.
100 ml

-1
).    
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Figure 2-18: Forearm blood flow during 90-min cycling at 40% peak power output in 

the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for nine males and expressed in ml
.
min

-1.
100 ml

-1
. 

 

 

The main effect for resting MAP across acclimation was not significant [F 

(1,16)=0.358, p=0.56] and the effect size was small (eta squared=0.022).  The 

interaction effect between EUH and DEH was not significant [F (1,16)=1.734, 

p=0.21].  The mean change for resting MAP did not change across EUH (  1: -5 to 8 

mmHg) or DEH (  -4: -10 to 2 mmHg).  Similarly, there was no main effect for 

MAP at 75-min exercise [F (1,16)=2,371, p=0.14] and the effect size was moderate 

(eta squared=0.129).  There was no interaction effect between EUH and DEH [F 

(1,16)=0.263, p=0.62].  Therefore, there was no mean change for MAP at 75-min 

exercise for EUH (  -4: -10 to 1 mmHg) or DEH (  0: -10 to 6 mmHg).   

The main effect for resting FVC across acclimation was significant [F 

(1,16)=3.241, p=0.05] and the effect size was large (eta squared=0.168).  The 



80 

 

interaction effect between EUH and DEH was significant [F (1,16)=9.924, p=0.006].  

The mean change in resting FVC increased across DEH (  0.06: 0.02 to 0.10 

ml
.
100ml Tissue

-1.
min

-1.
mmHg

-1
), in contrast to no change across EUH (  -0.02:       

-0.05 to 0.01 ml
.
100ml Tissue

-1.
min

-1.
mmHg

-1
).   

There was no main effect for FVC at 75-min exercise [F (1,16)=0.951, 

p=0.34] and the effect size was moderate (eta squared=0.056).  There was no 

interaction effect between EUH and DEH [F (1,16)=0.869, p=0.36].  Therefore, there 

was no mean change for FVC at 75-min exercise for EUH ( 0.06: -0.03 to 0.15 

ml
.
100ml Tissue

-1.
min

-1.
mmHg

-1
) or DEH (  0.00: -0.07 to 0.07 ml

.
100ml Tissue

-

1.
min

-1.
mmHg

-1
).  In summary, the resting FQ  and FVC response were elevated 

across DEH cf. EUH but no such effect was seen at 75-min exercise FQ  and FVC.  

Therefore, it appears that the resting response of FQ  and FVC became more 

pronounced after the DEH cf. EUH acclimation. 

The relationship between FQ  and FVC with reT  at rest, 15, 45 and 75 min 

during the 90-min exercise stress test is illustrated in Figure 2-19.  The slope 

(sensitivity) of FQ  and FVC for a given reT , pre and post EUH and DEH acclimation 

are shown in Table 2-6.  There was no main effect for the slope (sensitivity) of 

relations between FQ  and reT  (Figure 2-19, upper panel) after acclimation [F 

(1,15)=0.006, p=0.94] and the effect size was small (eta squared=0.004).  There was 

no interaction effect between EUH and DEH acclimation [F (1,15)=0.066, p=0.80].  

Similarly, there was no main effect for the slope (sensitivity) of relations between 

FVC and reT  (Figure 2-19, lower panel) across acclimation [F (1,15)=0.169, p=0.69] 

and the effect size was small (eta squared=0.021).  There was no interaction effect 

between EUH and DEH acclimation [F= (1,15)=0.169, p=0.69]. 
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Figure 2-19: Forearm blood flow (upper panel) and mean forearm vascular 

conductance (lower panel) versus mean rectal temperature responses to 90-min 

cycling at 40% peak power output in the heat (35
o
C, 60% RH) before (pre) and after 

(post) acclimation, undertaken with (EUH) or without (DEH) rehydration during daily 

heat sessions.  Data are means ±SE for eight males.  Expressed in ml
.
min

-1.
100 ml

-1
 

for forearm blood flow and ml
.
100ml Tissue

-1.
min

-1.
mmHg

-1
 for FVC. 
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Table 2-6: Slope of  FQ  and FVC for a given reT , pre and post EUH and DEH 

acclimation. 

  

  EUH acclimation DEH acclimation 

  Pre Post Pre Post 

 

FQ  42.0 ±5.9 44.7 ±11.5 41.6 ±9.9 40.1 ±9.6 

 

FVC 0.5 ±0.1 0.6 ±0.2 0.6 ±0.1 0.6 ±0.1 

 

Forearm blood flow ( FQ ); forearm vascular conductance (FVC).  Data are means 

±SE for nine males.  Expressed in ml
.
min

-1.
100 ml

-1.o
C

-1
 for FQ  and ml

.
100ml Tissue 

-1.
min

-1.
mmHg

-1.o
C

-1 
for FVC.  Statistical analysis by two-way analysis of variance 

(ANOVA) with repeated measures. 

 

2.3.2.6 Sudomotor responses 

Forehead (Figure 2-20, upper panel) and forearm (Figure 2-20, lower panel) 

sweat rate were measured at rest and 1-min intervals during the 90-min exercise stress 

test.  Following EUH and DEH acclimation there appears to be an earlier onset of 

sweat rate from the forehead and the forearm.  Interestingly, sweat rates measured 

during established sweating on the forehead and arm were demonstrated in apparently 

opposite responses, and did so in both acclimation regimes.  Relative increases 

calculated from the mean data indicate that sweating on the forehead decreased after 

EUH (11%) and DEH (7%).  However, the main effect was not significant for sweat 

rate at the forehead at 90 min [F (1,16)=0.134, p=0.72] and the effect size was small 

(eta squared=0.008).  There was no interaction between EUH and DEH [F 

(1,16)=0.052, p=0.822].  In contrast, sweat rate at the forearm was elevated after 90 
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min for EUH (19%) and DEH (28%).  The main effect was significant 

[F(1,16)=7.917, p=0.01] with a large effect size (eta squared=0.331).  There was no 

iinteraction effect between EUH and DEH [F (1,16)=0.087, p=0.77].  Mean changes 

in sweating at the forearm after 90-min exercise increased for EUH (  0.3: -0.1 to 

0.7 mg·cm
-2

·min
-1

) and DEH (  0.4: 0 to 0.8 mg·cm
-2

·min
-1

). 
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Figure 2-20: Forehead (upper panel) and forearm (lower panel) sweat rate responses 

to 90-min cycling at 40% peak power output in the heat (35
o
C, 60% RH) before (pre) 

and after (post) acclimation, undertaken with (EUH) or without (DEH) rehydration 

during daily heat sessions.  Data are means ±SE for nine males.  Forehead and 

forearm sweat rate expressed in mg·cm
-2

·min
-1

. 
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Whole body sweat rates obtained from body mass loss did not increase across 

acclimation for EUH (Pre: 1.04 ±0.08 L·h
-1

; Post: 1.09 ±0.09 L·h
-1

; p=0.42) or DEH 

(Pre: 1.08 ±0.08 L·h
-1

; Post: 1.12 ±0.09 L·h
-1

; p=0.53).  Whole-body sweat loss 

determined using ventilated capsules is often higher than those obtained from whole-

body mass loss since hidrosis is lower inside the sweat capsules (Patterson, Stocks, & 

Taylor, 2004a).  

 

2.3.2.7 Thermoregulatory control 

The relationship between FVC and mean sweat rate ( swm ) with mean body 

temperature ( bT ) is shown in Figure 2-21.  There was no main effect for the slope 

(sensitivity) of relations between FVC and bT  (Figure 2-21, upper panel) after 

acclimation [F (1,15)=0.094, p=0.42] and the effect size was small (eta 

squared=0.040).  There was no interaction effect between EUH and DEH acclimation 

[F (1,15)=0.861, p=0.86].  Similarly, there was no main effect for the slope 

(sensitivity) of relations between swm  and bT  (Figure 2-21, lower panel) across 

acclimation [F (1,11)=2.215, p=0.17] and the effect size was small (eta 

squared=0.168).  There was no interaction effect between EUH and DEH acclimation 

[F= (1,11)=0.160, p=0.33]. 
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Figure 2-21: Forearm vascular conductance (upper panel) and mean sweat rate (lower 

panel) versus mean body temperature responses to 90-min cycling at 40% peak power 

output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for eight males.  Expressed in ml
.
100ml Tissue

-1.
min

-1.
mmHg

-1
 

for FVC and mg·cm
-2

·min
-1

 for mean sweat rate. 

 

2.3.2.8 Psychophysical responses 

Perceived body temperature and thermal comfort were measured at rest (5 min 

after entering the climatic chamber), 10, 40, 70 and 90 min during the exercise stress 

test.  Perceived body temperature did not change at rest across acclimation [F 

(1,15)=3.259, p=0.09] and the effect size was large (eta squared=0.178).  There was 
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no interaction effect between EUH and DEH [F (1,15)=0.009, p=0.93].  However, the 

main effect at 90 min was significant [F (1,15)=6.887, p=0.02] and the effect size was 

large (eta squared=0.315).  There was no interaction effect between EUH and DEH [F 

(1,15)=1.949, p=0.18]. Thermal comfort improved at rest and had a significant main 

effect [F (1,15)=4.386, p=0.05] and the effect size was large (eta squared=0.226).  

There was no interaction effect between EUH and DEH [F (1,15)=0.649, p=0.43].  

Similarly, after 90-min exercise thermal comfort improved across acclimation and the 

main effect was significant [F (1,15)=4.545, p=0.05] with a large effect size (eta 

squared=0.233).  However, there was no interaction effect between EUH and DEH  

[F (1,15)=0.819, p=0.38].   

Perceived exertion was measured at 10, 40, 70 and 90 min during the exercise 

stress test and was reduced after 90-min exercise across acclimation and main effect 

was significant [F (1,15)=5.114, p=0.04], with a large effect size (eta squared=0.254).  

There was no interaction effect between EUH and DEH [F (1,15)=0.212, p=0.65]. 

 

2.3.2.9 Plasma aldosterone 

The main effect for plasma aldosterone [aldo]p (Figure 2-22) at rest was not 

significant [F (1,13)=0.011, p=0.92] and the effect size small (eta squared=0.001).  

There was no interaction effect between EUH and DEH [F (1,13)=0.299, p=0.59].  

The mean change for [aldo]p at rest did not change for EUH (  -10: -79 to 60   

pg
.
mL

-1
) or DEH (  9: -61 to 79 pg

.
mL

-1
).  However, the main effect for [aldo]p at 

90-min exercise was significant [F (1,15)=24.449, p=0.001] with a large effect size 

(eta squared=0.620).  There was no interaction effect between EUH and DEH [F 

(1,15)=0.477, p=0.50].  The mean change at 90-min exercise [aldo]p substantially 
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decreased across EUH (  -144: -235 to -52 pg
.
mL

-1
) and DEH (  -55: -167 to -43 

pg
.
mL

-1
). 
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Figure 2-22: Plasma aldosterone concentration during 90-min cycling at 40% peak 

power output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for eight males and expressed in pg
.
mL

-1
. 

 

 

2.3.2.10 Plasma AVP 

The main effect for plasma arginnine vasopressin [AVP]p (Figure 2-23) at rest 

was not significant [F (1,12)=0.439, p=0.52] and the effect size was small (eta 

squared=0.035).  There was no interaction effect for EUH and DEH [F (1,12)=0.279, 

p=0.61].  There was no mean change for resting [AVP]p across acclimation for EUH 

(  -0.1: -0.3 to 0.5 p
.
mol

.
L

-1
) or DEH (  0.9: -2.5 to 4.2 p

.
mol

.
L

-1
).  However, the 

main effect for [AVP]p after 90-min exercise was significant [F (1,13)=8.265, p=0.01] 

with large effect size (eta squared=1.126).  There was no interaction effect between 

EUH and DEH [F (1,13)=1.126, p=0.31].   After 90-min exercise the mean change for 
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[AVP]p decreased across EUH (  -2.9: -6.1 to -0.2 p
.
mol

.
L

-1
) and DEH (  -2.1: -4.1 

to 0.1 p
.
mol

.
L

-1
). 
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Figure 2-23: Plasma AVP concentration during 90-min cycling at 40% peak power 

output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for seven males and expressed in p
.
mol

.
L

-1
. 

 

 

2.3.2.11 Cortisol 

The main effect for resting plasma cortisol [cortisol]p (Figure 2-24) was not 

significant [F (1,14)=0.682, p=0.42] with a moderate effect size (eta squared=0.046).  

There was no interaction effect between EUH and DEH [F (1,14)=3.042, p=0.10].  

Resting plasma [cortisol]p demonstrated no mean change for EUH (  3:-1 to 8 ug
.
dL

-

1
) and DEH (  -1: -4 to 2 ug

.
dL

-1
).  However, the main effect for [cortisol]p after 90-

min exercise was significant [F (1,14)=6.862, p=0.02] with a large effect size (eta 

squared=0.329).  There was no interaction effect between EUH and DEH [F 

(1,14)=0.033, p=0.86].  Therefore, after 90-min exercise mean change in [cortisol]p 

decreased across EUH ( -3: -40 to 13 ug
.
dL

-1
) and DEH (  -2: -15 to 31 ug

.
dL

-1
). 
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Figure 2-24: Plasma cortisol during 90-min cycling at 40% peak power output in the 

heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for eight males and expressed in ug
.
dL

-1
. 

  

 

2.3.2.12 Total protein 

 The main effect for plasma total protein [TP]p (Figure 2-25) at rest was not 

significant [F (1,15)=1.513, p=0.24] with a moderate effect size (eta squared=0.092).  

There was no interaction effect between EUH and DEH [F (1,15)=1.513, p=0.24].  

Mean change in [TP]p at rest demonstrated no mean change across EUH (  -0.2: -4.3 

to 4.6 mg·ml
-1

) or DEH ( -3.0: -6.1 to 0 mg·ml
-1

).  Resting [TP]p was lower after (cf. 

before) acclimation in 4 of 8 participants in EUH and 7 of 8 participants with DEH.  

The main effect for [TP]p at 90 min was significant [F (1,15)=6.352, p=0.02] with a 

large effect size (eta squared=0.297).  There was no interaction effect between EUH 

and DEH [F (1,15)=0.001, p=0.99].  After 90-min exercise the mean change in [TP]p 

was reduced across EUH ( -1.8: -4.6 to 1.0 mg·ml
-1

) and DEH ( -1.2: -3.0 to -0.5 

mg·ml
-1

). 
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Figure 2-25: Plasma total protein concentration during 90-min cycling at 40% peak 

power output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for eight males and expressed in mg·ml
-1

. 

 

 

2.3.2.13 Albumin 

The main effect for plasma albumin [alb]p (Figure 2-26) at rest was not 

significant [F (1,15)=0.648, p=0.43] and a moderate effect size (eta squared=0.041).  

There was no interaction effect between EUH and DEH [F (1,15)=3.265, p=0.10].  

There was no mean change in [alb]p at rest for EUH (  1.2: -3.0 to 5.4 mg·ml
-1

) or 

DEH (  -2.6: -5.8 to 0.7 mg·ml
-1

).  Similarly, there was no main effect for [alb]p at 

90 min [F (15,1)=0.875, p=0.36] with a large effect size (eta squared=0.055).  There 

was no interaction effect between EUH and DEH [F (15,1)=1.596, p=0.27].  After 90-

min exercise there was no mean change across EUH (  0.3: -2.9 to 3.4 mg·ml
-1

), or 

DEH (  -1.5: -2.8 to -0.2 mg·ml
-1

).  
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Figure 2-26: Plasma albumin concentration during 90-min cycling at 40% peak 

power output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for nine males and expressed in mg·ml
-1

. 

 

2.3.2.14 Sodium 

The main effect for plasma sodium concentration [ Na ]p (Figure 2-27) at rest 

was not significant [F (1,15)=0.836, p=0.38] and the effect size was moderate (eta 

squared=0.053).  There was no interaction effect between EUH and DEH [F 

(1,15)=4.288, p=0.11].  There was no mean change across EUH (  -1: -3 to 1 

mmol·L
-1

) or DEH (  0.5 :-1 to 2 mmol·L
-1

).  Similarly, the main effect for [ Na ]p 

after 90-min exercise was not significant [F (1,15)=2.192, p=0.16] and the effect size 

was moderate.  There was no interaction effect between EUH and DEH [F 

(1,15)=5.179, p=0.10].  There was no mean change across EUH (  -0.5: -1.5 to 1 

mmol·L
-1

) or DEH (  1.0: 0.5 to 2 mmol·L
-1

). 
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Figure 2-27: Plasma sodium concentration during 90-min cycling at 40% peak power 

output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for eight males and expressed in mmol·L
-1

. 

 

2.3.2.15 Potassium 

There was no main effect for plasma potassium concentration [ K ]p (Figure 

2-28) at rest [F (1,15)=1.844, p=0.20] and the effect size was small (eta 

squared=0.109).  There was no interaction effect between EUH and DEH [F 

(1,15)=3.729, p=0.09].  Therefore, there was no mean change across EUH (  -0.1: -

0.3 to 0.2 mmol·L
-1

) or DEH (  -0.3: -0.6 to 0.1 mmol·L
-1

).  Similarly, the main 

effect for [ K ]p at 90 min was significant [F (1,15)=5.791, p=0.12] and the effect 

size large (eta squared=0.279).  There was no interaction effect between EUH and 

DEH [F (1,15)=0.376, p=0.55].  There was no mean change in [ K ]p at 90-min 

exercise across EUH (  -0.2: -0.5 to 0.1 mmol·L
-1

) and DEH (  -0.1: -0.2 to 0.1 

mmol·L
-1

).  
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Figure 2-28: Plasma potassium concentration during 90-min cycling at 40% peak 

power output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for eight males and expressed in mmol·L
-1

. 

 

2.3.2.16 Chloride 

Plasma chloride concentration [Cl ]p (Figure 2-29) at rest did not have a 

significant main effect [F (1,15)= 3.939, p=0.16] with a large effect size (eta 

squared=0.208).  There was no interaction effect between EUH and DEH [F 

(1,15)=5.300, p=0.16].  There was no mean change across EUH (  -0.2: -1.7 to 1.4 

mmol·L
-1

) and DEH (  1.3: -0.1 to 2.6 mmol·L
-1

).  Similarly, after 90-min exercise 

there was no significant main effect [F (1,15)=0.173, p=0.68] and the effect size was 

small (eta squared=0.011).  There was no interaction effect between EUH and DEH 

[F (1,15)=2.977, p=0.11].  Therefore, there was no mean change after EUH (  -0.6: -

2.0 to 0.8 mmol·L
-1

) or DEH (  1.5: -0.10 to 3.1 mmol·L
-1

).   
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Figure 2-29: Plasma chloride concentration during 90-min cycling at 40% peak 

power output in the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, 

undertaken with (EUH) or without (DEH) rehydration during daily heat sessions.  

Data are means ±SE for eight males and expressed in mmol·L
-1

. 

 

2.3.2.17 Osmolality 

The main effect for plasma osmolality (Figure 2-30) at rest was not significant 

[F (1,15)=0.016, p=0.90] and the effect size was small (eta squared=0.001).  The 

interaction effect was not significant [F (1,15)=1.239, p=0.28].  There was no mean 

change across EUH (  6: -7 to 20 mmol·kg
-1

) or DEH (  2: -8 to 12 mmol·kg
-1

).  

Similarly, after 90-min exercise there was no significant main effect [F (1,15)=0.038, 

p=0.85] and the effect size was small (eta squared=0.003).  There was no main effect 

between EUH and DEH [F (1,15)=0.198, p=0.66].  There was no mean change across 

EUH (  -4: -22 to 13 mmol·kg
-1

) or DEH (  4: -12 to 20 mmol·kg
-1

).  
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Figure 2-30: Plasma osmolality during 90-min cycling at 40% peak power output in 

the heat (35
o
C, 60% RH) before (pre) and after (post) acclimation, undertaken with 

(EUH) or without (DEH) rehydration during daily heat sessions.  Data are means ±SE 

for eight males and expressed in mmol·kg
-1

. 

 

2.3.2.18 Exercise performance capacity 

Endurance exercise capacity was measured 10 min following the 90-min 

steady state exercise stress test, using an incremental protocol with 30-s step work 

increments to voluntary exhaustion (Figure 2-31).  There was a significant main 

effect [F (1,14)=2.411, p=0.001] and a large effect size (eta squared=0.857) but no 

interaction effect between EUH and DEH [F (1,14)=2.411, p=0.14].  Exercise time 

significantly increased across acclimation by 14% in EUH ( 104: 57 to 150 s) and 

19% for DEH ( 146: 101 to 191 s).  The participant fatiguing before completion of 

the 90-min exercise heat stress test was about to undertake the DEHydration 

acclimation regime. 
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Figure 2-31: Exercise endurance performance time after during 90-min cycling at 

40% peak power output in the heat (35
o
C, 60% RH) before (pre) and after (post) 

acclimation, undertaken with (EUH) or without (DEH) rehydration during daily heat 

sessions.  Performance was measured using an incremental protocol with 30-s step 

work increments to voluntary exhaustion.  Statistically significant 
**

 (p<0.01) change 

from pre acclimation.  Data mean ±SE for eight males and expressed in seconds who 

completed both acclimation regimes and did not reach exhaustion within 90-min work 

bouts during HSTs. 

 

2.3.3 Blood vessel (endothelial) function   

Nine participants were assessed for blood vessel (endothelial) function 

measured pre and post EUH acclimation (Table 2-7).  There was no change in 

brachial artery diameter (AD) (  0.1: -0.1 to 0.3 mm; p=0.20), blood flow (BF) (  

3.6: -34.1 to 41.3 mL
.
min

-1
; p=0.83) and blood flow change (BFc) (  17: -187 to 

220%; p=0.86).  Furthermore, there was no change in vascular reactivity, measured 

by flow-mediated endothelial dependent dilation (FMD) (  0: -2 to 3%; p=0.79) and 

flow-mediated endothelial independent dilation: GTN spray (GTN) (  0: -5 to 4%; 

p=0.84).   
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Table 2-7: Measurements of blood vessel (endothelial) function of the brachial artery 

by 2D vascular doppler of nine males before and after 5-days euhydration 

acclimation.  Statistical analysis by paired t-test. 

 

 
Participant AD-A AD-B BF-A BF-B BFc-A BFc-B FMD-A FMD-B GTN-A GTN-B

S1 3.9 3.5 104.5 65.9 530 668 4 0 21 18

S2 3.4 3.5 111.2 153.0 552 586 7 11 16 20

S3 4.4 4.4 59.0 69.9 898 702 2 5 17 18

S4 3.9 3.9 128.2 139.5 532 549 3 2 17 27

S5 3.6 3.8 167.0 244.3 278 295 4 6 21 18

S6 3.8 4.0 131.2 128.0 523 472 2 -3 32 20

S7 4.4 4.7 69.2 85.9 996 536 3 3 10 10

S8 4.0 4.4 88.0 101.1 781 911 0 4 14 10

S9 4.1 4.1 161.7 64.6 310 831 -1 0 21 25

Mean 3.9 4.0 113.4 116.9 600 617 3 3 19 18

SE 0.1 0.1 12.6 19.3 82 62 1 1 2 2

p-value 0.20 0.83 0.86 0.79 0.84

A Pre acclimation

B Post acclimation 

AD Brachial artery diameter (mm)

BF Blood flow (mL.min
-1

)

BFc Blood flow (%change)

FMD Flow mediated endothelial dependent dilation (%change)

GTN Flow mediated endothelial independent dilation: GTN spray (% change)  
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2.4 Discussion 

The current project was designed to determine; (1) the extent to which short-

term (5-d) heat acclimation induced cardiovascular and fluid-regulatory adaptations 

and whether it enhanced exercise capacity; (2) whether these adaptations would be 

more pronounced when dehydration was permitted; and, (3) examine the contribution 

of peripheral (endothelial) adaptation to the improved cardiovascular stability with 

short-term heat acclimation.  This study demonstrated the effectiveness of short-term 

(90 min·d
-1

 for 5-d) heat acclimation, using controlled hyperthermia (38.5°C rectal 

temperature), attenuating thermal strain and enhancing exercise capacity in the heat.  

Compared with the euhydration regime, permissive dehydration during acclimation 

bouts conferred larger acclimation-induced increases in resting plasma volume, FQ , 

FVC, end-exercise SV , and decreased cf  at the end of the standardised exercise heat 

stress test.  There was no change in blood vessel (endothelial) function in the brachial 

artery following the EUH acclimation regime.   

 

2.4.1 Effectiveness of short-term acclimation to the heat 

The adaptations from short-term (5-d) heat acclimation with euhydration, 

using the controlled hyperthermia technique, reduced exercising cardiovascular strain 

and enhanced exercise capacity.  This was indicated by the characteristic features of 

acclimation; decreased end-exercise cf  (7%; Figure 2-11), reT (0.7%; Figure 2-14), 

PSI (13%; Figure 2-17), increased forearm sweat rate (19%; Figure 2-20, lower 

panel), PV expansion (5.5%; Figure 2-8) and an increase in exercise capacity (14%; 

Figure 2-31).  These adaptations concur with previous reports (Cotter et al., 1997; 

Patterson et al., 2004b; Turk & Worsley, 1974).  For example, Patterson and 

colleagues (2004) after short-term (7-d) heat acclimation, using the controlled 
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hyperthermia technique, reported decreased end-exercise cf  (6.8%), reT (0.5%) and 

PV expansion (9.8%).   

The beneficial effects of short-term heat acclimation, using controlled 

hyperthermia reported by Patterson (1999), demonstrated that 7-d heat acclimation 

using 90-min bouts with controlled hyperthermia, conferred much of the 

physiological and performance improvement that was evident after 21 d of 

acclimation.  Turk and Worsley (1974) observed that decreased exercise cf  and reT  

is achieved by controlled hyperthermia, for 1 h daily, over 4-7 d of heat exposure.  

Weller and Harrison (2001) further reported the benefits of using controlled 

hyperthermia for heat acclimation, after a medium-term, 10-d heat acclimation 

regime.  During daily acclimation sessions, participants maintained cT  between 38-

38.5
o
C for 70 min, by water immersion (40°C) and cycle exercise concurrently.  They 

observed similar findings to this study, such as reduced thermal strain in the 

standardised heat stress test indicated by reduced resting cf  (2.3%), exercising reT  

(0.5%) and increased work capacity (11.6%).  The increased capacity for work 

observed in the present study (14%; Figure 2-31) and the physiological adaptation to 

heat stress may have been enhanced by using the controlled hyperthermia technique 

during acclimation.  This technique increases work stress progressively as the 

individual adapts to the heat stress conditions (Creasy, 2002; Taylor, 2000).   

Acclimation did not significantly lower reT  at rest but at 90-min exercise it 

decreased (Figure 2-14).  The limited change in resting reT  is in contrast to greater 

reductions reported in studies (Buget, Gati, & Souburan, 1988; Houmard et al., 1990; 

Shvartz, Saar, Meyerstein, & Benor, 1973).  However, the absence of an acclimation-

induced, reduced resting reT  may reflect the findings in animals (Sakurada, Shido, 
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Sugimoto, Fujikake, & Nagasaka, 1994) and humans (Shido et al., 1999) that resting 

cT  measurements are only attenuated at the time of day the heat exposures typically 

occur.  Shido and colleagues (1999) suggest that due to selectively modified, 

ocillatory control of body temperature (Bruck & Olschewski, 1987), repeated heat 

exposure in humans must be limited to a fixed time daily when investigating changes 

in cT  level and thermoregulatory function.  Therefore, in the present study resting reT  

was not substantially lowered and may be explained by the timing of the 

measurement.  The heat stress testing was in the morning (9.00-12.00), in contrast to 

the acclimation bouts that were scheduled in the late afternoon (15.00-17.00), mainly 

for timetable constraints of participants and experimentation.  Thus, it is suggested 

that the acclimation-induced effects of reducing resting body temperature would have 

been more pronounced if the heat stress test had been in the afternoon, but it may also 

have required more than 5-d acclimation (Buono, Heaney, & Canine, 1998; Sakurada 

et al., 1994; Shido et al., 1999). 

The decreased reT  at 90-min exercise across acclimations in this study (Figure 

2-14), demonstrates adaptation to heat stress from short-term acclimation, which is 

similar to the previous findings of Patterson (1999) and Turk & Worsley (1974).  

Lower reT  may allow individuals to exercise for a longer period of time in the heat 

before a critical temperature is reached (Nielsen et al., 1993) and the central drive to 

exercise in the heat is reduced (Bruck & Olschewski, 1987; Nielsen, Savard, Richter, 

Hargreaves, & Saltin, 1990).  It has been reported that during exercise and the 

associated greater metabolic heat production, there is increased stimulus for 

thermoregulatory adaptation due to the potential of increased reT  (Hales et al., 1996).  

In the present work further characteristic features of adaptation to repeated heat stress 
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were skT  (Figure 2-15) decreased following acclimation and there was a reduction in 

bT  (Figure 2-16).  However, there are many variables indicating adaptation to heat 

that will contribute to increased exercise capacity.  For example, lower  2OV  and 

increased work capacity could be one such factor as this may indicate a reduction in 

the rate of glycogen utilisation (Kozlowski et al., 1985).    

In the present work, there was a reduction in resting  2OV  but exercising 

 2OV  did not reduce across both acclimations at 80 min (Figure 2-10).  Therefore, as 

exercising  2OV  and metabolic heat production are maintained following acclimation, 

against the same absolute work rate, the lesser increase in reT  can be attributed to 

heat loss rather than heat production.  This is supported by the increased forearm 

sweat rate across acclimations (Figure 2-20, lower panel) and may indicate the 

redistribution of blood flow to the periphery for heat loss and a reduction in thermal 

strain (Figure 2-14).  Furthermore, the pattern of decreased forehead sweat rate 

(Figure 2-20, upper panel) is consistent with the redistribution of blood flow and may 

provide evidence supporting the notion of a redistribution of sweating to improve 

sweating efficiency and evaporative power (Cotter, Patterson, & Taylor, 1995; Cotter 

et al., 1997).  It is also consistent with the lower skT  observed following acclimation 

which also occurred in both regimes (Figure 2-15).  Increased heat loss is a 

consequence of a change in thermoregulatory set-point and this has previously been 

reported by Weller & Harrison (2001) after a medium-term, 10-d heat acclimation 

regime, using the controlled-hyperthermia technique.  However, the change in 

thermoregulatory set-point was not measured in the present study. 

Work capacity increased across acclimation (14%; Figure 2-31) and this 

performance enhancement may have been aided by the participant‟s lower perception 
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of the physical strain imposed by the conditions.  This was illustrated by the 

significantly less perception of high bT  , increased thermal comfort and reduced 

perceived exertion across the exercise heat stress test.   Furthermore, exercise 

performance may have benefited from the increased red cell volume (RCV) across 

acclimation (Figure 2-9).  Erythrocyte volume expansion after heat acclimation has 

been shown to reduce heat storage, cT , skin blood flow, improve sweating responses 

and blunt cf  response (Francesconi et al., 1988; Patterson, Cotter, & Taylor, 1995; 

Sawka et al., 1987; Sawka et al., 1988).   

  In summary, the adaptations in this study indicate that the cardiovascular 

stability after short-term (5-d) heat acclimation with euhydration was due to increased 

heat loss rather than lower heat content (~resting core temperature), at the time of day 

of testing HSTs and this concurs with previous work (Creasy, 2002; Turk & Worsley, 

1974; Weller & Harrison, 2001) but is in contrast with the findings of Nielsen and 

colleagues (1993).  Furthermore, work capacity was improved by euhydration 

acclimation and supported by these adaptations.  The greater work capacity is 

consistent with the lower strain during fixed-load exercise, indicated by reduced cf , 

reT , PSI, RPE, increased forearm sweat rate and PV expansion.  Therefore, this study 

has contributed to the limited information available on adaptation to heat stress after 

short-term acclimation, using the controlled hyperthermia technique (Table 2-3).         

 

2.4.2 Fluid regulation and blood volume response to repeated heat stress 

 Investigating the effect of hydration status during short-term heat acclimation 

may determine the role of fluid-electrolyte retention on the acclimation BV response.  
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2.4.2.1 Thermal stress and strain 

In the present study, there was no difference in environmental parameters 

between acclimation regimes and this was illustrated by similar dbT
 

and RH 

measures.  Similarly, thermal strain was identical between regimes as evidenced cf  

and reT  (Table 2-5).  Therefore, participants experienced the same thermal load 

which is the basis of using the controlled hyperthermia technique for heat 

acclimation.  This technique ensures that equal thermal strain is placed upon 

participants and involves elevating and maintaining a steady-state body temperature 

above the sweating threshold using exercise (Taylor, 2000).  This is an important 

consideration when choosing a more complete heat acclimation method, as it has 

been established that in the absence of an elevated body temperature, exercise by 

itself will be an inadequate stimulus for adaptation (Hessemer et al., 1986).  The 

controlled hyperthermia method is referred to as the isothermal model of heat 

acclimation (Taylor & Cotter, 2006).  In the present study, the time to a reT  of 38.5
o
C 

during acclimation was longer on day one of EUH than DEH (34 cf. 30.5 min) but 

similar by day five (31 cf. 30 min).  Consequently, there was less work being done 

during the first acclimation day for DEH than EUH, in comparison with day five, 

when work output was higher and time to a reT  of 38.5
o
C  was equivalent for both 

regimes (Figure 2-2).  This was possibly due to the euhydration status of the 

participants who were administered 250 mL of fluid, 30 min prior to testing and at 

15-min intervals during the EUH acclimation bouts (ACSM, 1996; Coyle & Montain, 

1992).  This is in contrast with DEH acclimation, when the participants had only 100 

mL of fluid replenishment to minimise the perceptions of fluid deprivation.  These 

results may reflect the use of the controlled hyperthermia technique for heat 

acclimation by increasing work stress progressively as the individual adapts to the 
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heat stress conditions (Creasy, 2002; Taylor, 2000).  Furthermore, it may suggest that 

the dehydration effect on physiological strain may no longer be present by day five 

and the increased capacity for work after short-term heat acclimation is indicative of 

adaptation to heat stress.      

Individual‟s hydration status was reflected on day five acclimation by total 

body water being maintained in EUH (~0.1% body mass) but after DEH the 

participants experienced a mild hypohydration of ~2% body mass (Table 2-5).  In a 

review, on the fluid replacement of athletes Casa and colleagues (2000) reported that 

dehydration of 1-2% body weight increases physiological stress and decreases 

performance.  While a reduction of greater than 3% body weight further disturbs 

physiological function, which can result in increased risk of exertional heat illness.  

However, in reality, it is often difficult and sometimes impossible to prevent at least 

some dehydration during repeated heat stress (Convertino et al., 1996).  This has been 

considered of little consequence by some authors (Greenleaf, 1991; Noakes et al., 

1988) on the basis that this readily occurs during repeated heat exposure.  However, 

during prolonged events and in some individuals with high sweating rate, total body 

water loss may be as much as 8% of initial body weight (Armstrong, Hubbard, Jones 

et al., 1986).  Furthermore, it has been observed by Sawka and colleagues (1985) that 

severe dehydration due to heat exhaustion involved a loss of body water greater than 

7% of body weight (Sawka, Young, Franscesoni et al., 1985).   

In summary, the author postulates that the increased physiological strain of 

restricted fluid replenishment during DEH acclimation may have resulted in 

adaptation of the fluid-regulatory system.  This will be further discussed based on the 

response of the fluid-regulatory hormones; aldosterone and AVP under investigation 

in this study. 
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2.4.2.2 Fluid regulatory hormones and electrolytes 

The neuroendocrine system regulates the volume and composition of plasma 

volume and intracellular fluid of red blood cells, whose essential components for the 

retention of Na  and water are the renin-angiotensin-aldosterone system and AVP 

(Brandenberger et al., 1986).  The major factors influencing aldosterone secretion are 

plasma concentrations Na , K and angiotensin II (Wade, 1996).  Further, it has 

been observed that the release of AVP has been highly correlated with changes in 

plasma Na concentration and plasma osmolality during exercise (Convertino et al., 

1981).   

Prolonged exercise in the heat without rehydration increases release of AVP 

(Convertino et al., 1981), PRA (Francesconi, Sawka, & Pandolf, 1983) and 

aldosterone (Brandenberger et al., 1986).  In the present study, after 90-min exercise 

[aldo]p (Figure 2-4, lower panel) increased across DEH bouts in contrast, to no 

response after EUH acclimation but there was no change in [AVP]p after 90-min 

exercise across acclimation (Figure 2-5, lower panel).  Unexpectedly for [aldo]p, the 

increase was not more pronounced in DEH than EUH during the first bout, which 

appears inconsistent with previous findings (Brandenberger et al., 1989; 

Brandenberger et al., 1986; McConell et al., 1997), but was more pronounced by the 

fifth bout.  This may have been due in part to the use of controlled hyperthermia 

(Creasy, 2002; Taylor, 2000), and less work being done during the first acclimation 

day for DEH (cf. EUH), in contrast to day five when work output was equivalent 

(Figure 2-2).  This indicates that after DEH acclimation (cf. EUH) [aldo]p increased 

to higher levels at the same level of thermal strain.  Therefore, in the present study a 

state of euhydration has been demonstrated to influence the fluid-regulatory hormonal 

responses to exercise as it has previously been shown to blunt the release aldosterone 
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(Brandenberger et al., 1989; Brandenberger et al., 1986; McConell et al., 1997).  

However, in the present study [AVP]p  did not change across acclimation and is in 

contrast with previous findings (Wade & Claybaugh, 1980), who reported that 

euhydration status blunts the release of AVP.  In summary, it appears that the 

exercise-induced response of [aldo]p became more pronounced in the DEH compared 

with the EUH acclimation bouts.   

The principal effects of aldosterone are the retention of Na  and therefore 

water from the urine output to maintain extracellular fluid volume and thus also blood 

volume.  Increased Na  and water retention at the distal tubules (Morris, 1981) are 

important mediators of the rapid PV expansion during the initial hours to days after 

exercise (Nagashima, Jauchia, Stavros, Kavouras, & Mack, 2001).  However, in the 

present study, an exercise-induced response of increased [ Na ]p was not evident 

after acclimation for either the EUH or DEH regime (Figure 2-27), in the 

standardised exercising heat stress test.  Therefore, this is in contrast with previous 

findings (Allsopp et al., 1998; Brandenberger et al., 1989; Francesconi et al., 1993) 

who reported a strong relationship between increased Na  with [aldo]p response.  

Indicating that increased Na  must be considered a primary stimulus during exercise, 

for the secretion of aldosterone (Brandenberger et al., 1986) and AVP (Convertino et 

al., 1981).  Furthermore, increased K  and exercise intensity must also be considered 

stimuli for secretion of aldosterone (Wade, 1996) and AVP (Convertino, Brock et al., 

1980) respectively.  However, in the present study there was no change in end-

exercise [ K ]p after both acclimation regimes, in the standardised exercising heat 

stress test (Figure 2-28).  The exercise intensity employed (40% PPO) may not have 

been high enough to stimulate AVP secretion (Convertino, Brock et al., 1980).   
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Blood (Figure 2-7) and PV (Figure 2-8) responses showed similar findings 

with [aldo]p across DEH acclimation.  There was a moderate relationship (r=0.65) 

between PV expansion and the increased [aldo]p after exercise in the DEH regime 

(Figure 2-4, lower panel).  Blood volume expansion at rest increased after EUH 

(2.2%) and was elevated after the DEH regime (5.3%). This was consistent with the 

expansion of resting PV after EUH (5.3%) and DEH (9.0%).   Patterson and 

colleagues (2004) used the Evans blue dye dilution technique for establishing resting 

PV with 12 participants.  They reported a 9.8% PV expansion following 7-d heat 

acclimation, using the controlled hyperthermia technique.  In the present study, the 

acclimation-induced resting PV was further supported by the PV (Dill & Costill, 

1974), across HSTs and acclimations.  Resting PV increased for EUH (4.2 ±3.4%) 

but more so following DEH (8.3 ±3.2%) and this was significantly different between 

regimes.   

After acclimation in the standardised exercise stress test there was no change 

in [aldo]p (Figure 2-22) and [AVP]p (Figure 2-23) at rest but an attenuated response to 

the standardised exercise load, irrespective of the acclimation regime.  These 

attenuated rises in exercise are consistent with previous findings (Brandenberger et 

al., 1986; Francesconi, Armstrong, Leva, Moore, & Szlyk, 1991; Francesconi, Sawka, 

& Pandolf, 1984; Kirby & Convertino, 1986; Nielsen et al., 1993), indicating that 

there is less thermal stress on the fluid-regulatory hormonal response after adaptation 

to the heat following short-term heat acclimation.  Although this has not been 

measured in this study, Francesconi and colleagues (1983) suggested that the reduced 

fluid-regulatory hormonal response after adaptation to the heat may be attributed 

indirectly to the decreased sympathetic nerve activity, mediating the reduction in 

plasma renin activity (PRA).  They reported reduced PRA and aldosterone 
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simultaneously after euhydration and hypohydration acclimation (Francesconi et al., 

1983).  Greater maintenance of renal blood flow and decreased sympathetic nerve 

activity has been suggested as the causes for the reduction in PRA activity 

(Francesconi et al., 1989).  Previous findings (Febbraio et al., 1994) indicated 

decreased sympathetic nerve activity and reduced plasma catecholamine response 

after 7-d acclimation.    

In summary, in the present study it is proposed that the adaptive response to 

fluid deficit during acclimation has resulted in greater cardiovascular stability.  It is 

suggested that in comparison with EUH, the more pronounced biological action of 

[aldo]p observed during exercise in DEH had a major role in the more robust increase 

in PV response that was evident after that regime.  This is further supported  by the 

moderate relationship across DEH between PV expansion and [aldo]p response after 

exercise.  Indicating that the increased [aldo]p response observed after DEH 

acclimation, may have contributed to the greater PV expansion in that regime.  This 

further elucidates the notion that during exercise the fluid-regulatory hormone, 

[aldo]p, maybe more systematically altered after a DEH acclimation regime and have 

a major role in acclimation-induced hypervolaemia.  Therefore, it is surprising that 

the contribution of [aldo]p with PV expansion has received limited attention in the 

literature.  Of the limited information available it has been demonstrated that renal 

and hormonal adaptations after intense exercise participate in the initial (first 24-48 h) 

process of PV expansion (Nagashima et al., 2001).  The possible mechanisms 

mediating this function will be further discussed in relation to the findings of this 

work.  
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2.4.2.3 Blood, plasma and red cell volume   

It is accepted that exercise-induced hypervolaemia mediated by PV expansion 

(Harrison, 1985; Senay et al., 1976) has the beneficial effect of enhancing 

cardiovascular and thermoregulatory responses to exercise, resulting in greater 

cardiovascular stability (Fellman, 1992).  The research groups of Fortney (1981) and 

Nose (1997) reported that hypervolaemia is primarily responsible for the 

thermoregulatory changes by reducing cardiac preload and may alter the feedback to 

the anterior hypothalamus via the atrial pressure receptors.  In the present study there 

was a moderate relationship (r=0.72) between the reduced cf  at end-exercise (Figure 

2-11) and PV expansion (Figure 2-8) across the DEH regime indicating that the 

cardiovascular stability must have been mediated by factors other than solely 

hypervolaemia per se.  However, it should be acknowledged that artificially induced 

PV expansion may play a supportive role to enable lowered cf  responses but may not 

improve thermoregulatory function or performance time in the heat.  This notion is 

based upon the observation that artificial PV expansion by albumin infusion, lowered 

cf  response in the initial 4 d of acclimation but there was no lowering of cT  or 

increased performance during this time (Sawka, Hubbard et al., 1983). 

The acclimation induced PV expansion for EUH (4.2%) and more so, DEH 

(8.3%) using the Dill & Costill (1974) equation assumes a constant red cell mass.  

However, in the present study RCV increased 1.7% across EUH and substantially 

rose by 4.2% (Figure 2-9) across DEH indicating a greater PV expansion than 

reported for these regimes.  However, the mediation of the acclimation-induced PV 

expansion (Figure 2-8) in the present work remains unclear.  Previous investigations 

reporting the mediation of PV expansion after acclimation have observed conflicting 

results; Bass (1955: n=4) highlighted the role of protein in selective PV expansion, 
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whereas Wyndham (1968: n=3) reported greater electrolyte retention.  However, 

methodological differences and low subject numbers contribute to the disparity 

between these studies.  More recently, it has been established that there are two 

mechanisms of PV expansion to account for such a change; increased renal 

electrolyte and water retention (Armstrong, Costill et al., 1987; Convertino, Mack, & 

Nadel, 1991; Costill et al., 1975; Wyndham, 1973) and elevated plasma protein 

content (Harrison, 1985; Harrison et al., 1981).  However, Nielsen and colleagues 

(1993) demonstrated an influx of protein to the vascular compartment and Na  

retention, induced by an increase in aldosterone, may result in PV expansion in hot 

and dry (40
o
C, 10% RH) conditions.  Similar findings were reported in hot and humid 

(35
o
C, 87% RH) conditions (Nielsen, Strange, Christensen, Warberg, & Saltin, 1997).  

Therefore, it has been suggested that both these mechanisms occur during heat 

acclimation and there interaction may contribute to PV expansion (Patterson et al., 

2004b).  

In the present study, resting [TP]p remained constant from the first to the last 

day of each of the acclimation regimes (Figure 2-6, upper panel).  However, the blood 

volume (BV) expansion observed across EUH and DEH acclimation (Figure 2-7), 

indicated that resting [TP]p has increased and may well be a mechanism for the PV 

expansion that was evident (Figure 2-8).  This is supported by previous research on 

the notion that PV expansion is mediated by elevated plasma protein content 

(Harrison et al., 1981; Mack & Nadel, 1996).  There was an increased exercise-

induced response of [TP]p in the present study that became more pronounced within 

the DEH compared to the EUH acclimation bouts (Figure 2-6, lower panel).  It is 

suggested that this differential response between regimes was indicative of the fluid 

loss from dehydration.   
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The hypervolaemia that occurs in the form of increased intravascular total 

protein content, is made up of ~85% in the form of albumin content (Convertino, 

Brock et al., 1980).  Therefore, albumin is the most abundant plasma protein with a 

major role in controlling PV (Convertino, Brock et al., 1980) and it appears to have 

an instrumental role in PV expansion in response to intense intermittent exercise 

(Nagashima et al., 2000; Yang et al., 1998).  In the present work there was no change 

in resting [TP]p (Figure 2-25) in the standardised exercise stress test after 

acclimation..  In contrast, the exercise-induced response of [TP]p was reduced across 

EUH and DEH acclimation.  Indicating that [TP]p may have a major role in the 

acclimation-induced hypervolaemia after EUH and DEH acclimation (Figure 2-8) and 

this has resulted in reduced concentrations of total protein from those regimes.  

However, there was no change in [alb]p response across acclimation at rest or end-

exercise.  The difference in [TP]p and [alb]p response is surprising as it has been 

reported that changes in albumin content can solely account for the change in total 

protein content (Convertino, Brock et al., 1980; Gillen et al., 1991; Haskell et al., 

1997).  In summary, our data suggests that elevated [TP]p rather than increased 

[ Na ]p has a major role in the mediation of the greater acclimation-induced PV 

expansion observed across acclimation.  However, Patterson and colleagues (2004) 

suggest that both these mechanisms occur during heat acclimation and that interaction 

may contribute to PV expansion.  

It has previously been observed in response to short-term training or 

acclimation that PV expansion elevates BV, with RCV remaining unaltered 

(Convertino, Brock et al., 1980; Nielsen et al., 1997).  However, in the present study 

RCV (Figure 2-9), corrected for the volume of red cells removed during acclimation 

bouts, significantly increased after EUH (1.7%) and DEH (4.1%) acclimation.  
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Therefore, this indicates that short-term (5-d) heat acclimation may have resulted in a 

stimulus for increased erythrocyte production.  It has been suggested that 

erythropoiesis enhances heat dissipation and reduces thermal strain, by enabling 

greater oxygen flow to the exercising muscles, allowing a greater fraction of the Q  to 

perfuse the skin (Francesconi et al., 1988).  Furthermore, an earlier sweat onset and 

whole body swm  has been reported in heat stressed polycythaemic men (Sawka et al., 

1988).  Therefore, as artificial expansion of both RCV and PV have each been shown 

to attenuate physiological strain in the heat (Patterson et al., 1995; Sawka et al., 1987; 

Sawka et al., 1988), a robust expansion of both volumes via a short-term heat 

acclimation regime is a very important finding of this study.  

In summary, the present data indicates that during exercise the fluid-

regulatory hormone, [aldo]p, may be more systematically altered following a DEH 

acclimation regime.  Therefore, the author suggests that the increased biological 

action of [aldo]p may be responsible for the more robust increase in PV that was 

evident across the DEH regime.  It is further suggested that the PV expansion 

observed after EUH and DEH acclimation may be mediated by elevated plasma 

protein content.  The increased end-exercise responses of [aldo]p across DEH 

acclimation are consistent with the increased PV expansion (Figure 2-8), increased 

end-exercise SV  (Figure 2-13) and larger drops in cf  (Figure 2-11) in the 

standardised exercising heat stress after the DEH regime.  The potential link between 

the fluid-regulatory hormonal adaptations contributing to PV expansion and the 

cardiovascular stability that was evident in the standardised exercise heat stress test 

will be discussed further in this report. 
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2.4.3 Adaptation to repeated heat stress 

Investigating the adaptations to repeated heat stress will provide further 

information that has enabled lower cardiovascular strain during fixed-load exercise in 

the present study. 

 

2.4.3.1 Cardiac frequency and body temperatures  

  There was greater attenuation of end-exercise cf  after DEH (17%) 

compared with EUH (7%) acclimation (figure 2-11) and this difference was close to 

significance.  The end-exercise reT  was lower for EUH (0.7%) and reduced after the 

DEH (0.8%) regime (Figure 2-14) with no difference between regimes.  Similar 

findings have previously been reported (Cotter et al., 1997; Patterson et al., 2004b; 

Turk & Worsley, 1974), using short-term heat acclimation regimes, with the 

controlled hyperthermia technique (Table 2-3).  Further, in the present study skT  and 

bT  at end-exercise decreased across EUH and DEH acclimation with no difference 

between regimes.  These physiological adaptations are characteristic features of heat 

acclimation (Armstrong & Maresh, 1991) and reflected by greater cardiovascular 

stability (Sawka, Young, Caderette et al., 1985; Senay et al., 1976; Strydom & 

Williams, 1969; Wyndham et al., 1968). In summary, these findings indicates that 

after acclimation per se, the cardiovascular system is not under as much physiological 

strain and more so after the DEH regime.  

 

2.4.3.2 Cardiac output and stroke volume       

It is established that the control of SV  during exercise possibly reflects 

extramyocardial factors of increased blood volume (Hopper et al., 1988).  It has 
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previously been reported by Gonzalez-Alonso and colleagues (1999) that Q  reduces 

with dehydration and hyperthermia because of large decreases in SV  (19-27%), 

compared with parallel increases in cf  (5-10%).  There is also a significant reduction 

in blood flow to the exercising muscle with dehydration during intense exercise in the 

heat, due to a lowering in perfusion pressure and systemic blood flow rather than 

increased vasoconstriction (Gonzalez-Alonso et al., 1998).  More recently, it has been 

demonstrated that in trained individuals, severe heat stress reduces max 2OV  by 

accelerating the decline in Q  and mean arterial pressure, leading to reduced 

exercising muscle blood flow,  2O delivery and  2O uptake (Gonzalez-Alonso & 

Calbert, 2003).  In the present work, Q  at end-exercise in the standardised exercise 

heat stress test did not change across acclimation (Figure 2-12).  Similarly, end-

exercise SV  did not change for EUH but significantly increased after the DEH 

acclimation bouts.  Therefore, it is suggested that the greater PV expansion (from the 

calculation of Dill & Costill, 1974) that was evident after the DEH acclimation 

(8.3%), across HSTs and acclimations.  May have contributed to the elevations in 

end-exercise SV  observed in that regime (Figure 2-13).  In a review by Sawka and 

colleagues (1996), SV  augmentation has been attributed to heat-acclimation-induced 

PV expansion (Hales et al., 1996).   

 

2.4.3.3 Forearm blood flow and vascular conductance      

Dehydration and hyperthermia are thought to reduce central blood volume 

during exercise in the upright position, affecting cardiopulmonary and arterial 

baroreceptors, which can inhibit forearm vascular conductance (FVC) to the skin and 

other tissues (Gonzalez-Alonso et al., 1999a).  Gonzalez-Alonso and colleagues 
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(1999) investigated whether the deleterious effects of dehydration and hyperthermia 

on cardiovascular function, during upright exercise, were attenuated by elevating 

central blood volume with supine exercise.  It has been established that there is 

greater SV , increased volume of venous return and central blood volume during 

supine exercise (Poliner et al., 1980).  Gonzalez-Alonso and colleagues (1999) 

observed that the characteristic features of upright exercise during dehydration and 

hyperthermia of decreased mean arterial pressure, FVC and increased norepinephrine 

were absent during supine exercise, despite equal dehydration and hyperthermia.  

They concluded that the reduction in FVC and the increased plasma norepinephrine 

concentration, independent of hyperthermia, were associated with a reduction in 

central blood volume during dehydration.  Therefore, the mechanisms mediating the 

reduction in central blood volume are not fully understood but it has been 

hypothesised that decreased FVC may play a greater role than skin blood flow in 

reducing SV  and central blood volume during exercise in the heat (Gonzalez-Alonso 

et al., 1999a).  Further, it has been reported that muscle sympathetic nerve activity is 

accentuated at any given level of central blood volume, during heat stress relative to 

that in normothermic conditions (Cui, Wilson, & Crandall, 2004).  In the present 

study, cutaneous blood flow [estimated from forearm blood flow ( FQ )] (Figure 2-18) 

and FVC at rest were elevated across DEH but not EUH acclimation, with a 

significant differential response between regimes.  This indicates elevated forearm 

perfusion across the DEH acclimation and this may be due to decreased arteriolar 

vascular resistance rather than increased perfusion pressure. 
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2.4.3.4 Sudomotor responses 

Sweat rates measured on the forehead (Figure 2-20, upper panel) and forearm 

(Figure 2-20, lower panel) demonstrated apparently opposite responses in both 

acclimation regimes.  Sweat rate of the forehead reduced, whereas the forearm 

increased.  Thus, in view of the additional observation, that sweat rate in the 

unacclimated state was approximately twice as high on the forehead as on the 

forearm, this may provide further evidence supporting the notion of a redistribution of 

sweating to improve sweating efficiency and evaporative power in the low wind 

velocity environment.  This unique finding is in contrast to findings from at least one 

previous short-term acclimation study by Cotter (1997), but is partially consistent 

with subsequent data from a longer-term acclimation (Creasy, 2002).  Whilst earlier 

studies (Hofler, 1968; Shvartz et al., 1979) have been reported to show a distribution 

of sweating in the form of arm sweat rate increasing more than head or torso sweating 

these studies have methodological limitations.  Shvartz and colleagues (1979) had 

measured only three skin regions and the pressure used to secure the sweat capsules 

may have caused pressure-hidrosis.  Similarly, the work of Hofler and colleagues 

(1968) may also be affected by pressure-hidrosis (Patterson et al., 2004a).  In the 

present work, there was a significant decrease in exercising skT  (Figure 2-15) across 

acclimations, which is a common (Gisolfi & Wenger, 1984; Werner, 1993) but not a 

universal (Creasy, 2002) feature of acclimation.  Therefore, since it was not due to 

lower end-exercise FQ  (Figure 2-18), it presumably reflected a more powerful or 

efficient sweating response (Figure 2-20). 
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2.4.3.5 Plasma measures 

In the present study [cortisol]p response at end-exercise decreased across 

acclimation, against a fixed workload in the standardised exercise heat stress test 

(Figure 2-24) and there was no difference between EUH and DEH regimes.  This 

reduced [cortisol]p response indicates adaptation to heat stress across acclimation per 

se and is similar to previous findings (Francesconi et al., 1991; Francesconi et al., 

1984).  For example, Francesconi and colleagues (1991) reported well hydrated, heat 

acclimated humans showed no significant increase in cortisol during mild exercise in 

a hot environment. 

 

2.4.3.6 Exercise performance      

Work capacity (time to exhaustion) in the performance test (Figure 2-31) 

increased across EUH (14%) and DEH (19%) and there was no difference between 

regimes.  The greater work capacity across acclimation is consistent with the lower 

strain during fixed-load exercise, indicated by the more pronounced functional 

adaptations of decreased end-exercise cf , reT , PSI, RPE, increased forearm sweat rate 

and PV expansion.  For example, lower reT  may allow individuals to exercise for a 

longer period of time in the heat before a critical temperature is reached (Nielsen et 

al., 1993) and the central drive to exercise in the heat is reduced (Bruck & 

Olschewski, 1987; Nielsen et al., 1990).  Further, it is suggested that the increased 

RCV that was evident across acclimation (Figure 2-9) may have contributed to the 

enhanced endurance performance. 

  



118 

 

2.4.3.7 Central and peripheral control of cardiovascular stability            

Cardiovascular function during exercise may be mediated by a combination of 

central and peripheral components (Horowitz & Meiri, 1993).  It has been postulated 

that the control of SV  during exercise reflects intrinsic myocardial function, heart size 

and function, as well as increased blood volume (Hopper et al., 1988).  It has been 

further suggested that the 10-15% increase in SV  during upright exercise after 

moderate endurance training (Blomqvist & Saltin, 1983; Rowell, 1974) does not 

necessarily indicate intrinsic myocardial adaptation, as the magnitude of change is 

similar to the extramyocardial adaptation of increased blood volume.  In contrast, it 

has been postulated that the major causes of increased SV  in humans are increased 

myocardial contractility and increased venous return to the heart (Hales et al., 1996; 

Laughlin, 1999).   

It has been reported that endothelial function is offset in active tissue by local 

metabolic autoregulation (Celermajer, 2005; Celermajer et al., 1992; Corretti et al., 

2002; Tshakovsky & Pyke, 2005).  However, in the present study there was no 

change in blood vessel (endothelial) function, in the brachial artery, which was 

assessed following EUH acclimation (Table 2-7).  However, this may have been due 

to the short-term heat acclimation of five days, as the effects of exercise training on 

markers of endothelial function (Clarkson et al., 1999) in young men, have tended to 

use longitudinal studies (Clarkson et al., 1999; O'Sullivan, 2003; Rabobowchuk et al., 

2005).  Further, the endothelial assessment should have ideally taken place before and 

after the DEH bouts, as greater cardiovascular stability occurred in that regime.  

However, due to the demands on the participants and the availability of the required 

expertise this was not possible in the present study.  
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The notion of central control and cardiovascular stability has received 

attention in the literature (Horowitz, 2002; Horowitz & Meiri, 1993; Levi et al., 1997; 

Levi et al., 1993; Mirit et al., 2000).  Based on investigations of the isolated heart in 

the heat acclimated rat model.  Left ventricular compliance, SV  and systolic pressure 

generation are increased, while oxygen consumption of the heart decreases.  Thus, 

demonstrating that the acclimated heart in the rat model, is more energetically 

efficient to cope with the greater SV  and increased Q  (Levi et al., 1997; Levi et al., 

1993).  Therefore, it has been suggested that to defend increased peripheral blood 

flow and venous return, the fundamental cardiac adaptation is centrally mediated by 

greater work efficiency of the heart itself (Horowitz, 2002).  In the human model, 

there is a lack of information available on the central control of cardiovascular 

stability due to the invasive nature of this work.  Therefore, augmented SV  after heat 

acclimation, has been attributed to increased venous return resulting from heat-

acclimation induced PV expansion (Sawka et al., 1996).   

In the present study, the greater end-exercise SV  after DEH compared with 

EUH acclimation (Figure 2-13), may have resulted from the greater heat-acclimation 

induced PV expansion from that regime (Sawka et al., 1996).  However, although it 

was not measured in the present study, it is suggested that increased work efficiency 

of the heart itself may also contribute to the greater cardiovascular stability that was 

evident after DEH acclimation. This is supported by the work of Horowitz (2002) 

who reported that that the fundamental adaptive feature of increased contractile 

efficiency, by greater SV  and Q , are produced by cardiac adaptations per se.  Thus, 

in the present study the acclimation-induced increases in SV  after DEH, may have 

been partly attributed to greater work efficiency of the heart itself.  In support of this 
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notion, there was a moderate relationship (r=0.72) between PV expansion (Figure 2-

8) and the reduced cf  at end-exercise (Figure 2-11), across the DEH regime.  This 

may indicate that the cardiovascular stability must have been mediated by factors 

other than solely hypervolaemia per se.  Further, there was no change in blood vessel 

(endothelial) function (Table 2-7) and limited increase in BV response (Figure 2-7) 

after EUH acclimation but cardiovascular stability was demonstrated by decreased 

end-exercise cf  in that regime.  Therefore, this indicates that the observed 

cardiovascular stability and enhanced exercise performance, following acclimation 

may not be mediated substantially by peripheral hypervolaemic responses per se but 

may be more centrally controlled.  

In summary, the more pronounced physiological adaptations across DEH in 

comparison with EUH acclimation, may be a direct result of the fluid-regulatory 

response to the fluid deficit strain stimulus.  Furthermore, these adaptations may have 

contributed to the greater hypervolaemic response that was evident after DEH versus 

EUH acclimation.  It is further suggested that the cardiovascular stability after short-

term heat acclimation may be mediated by a combination of central and peripheral 

functions.  For example, the more pronounced cardiovascular stability by reduced 

exercising cf  and reT , observed after acclimation per se, may be attributed to 

hypervolaemia and greater contractile efficiency of the myocardium itself.  

 

2.5 Conclusions 

There were significant physiological adaptations and increased work capacity 

after short-term (5-day) heat acclimation. The nature of these adaptations were 

generally to increase heat loss rather than to lower resting body temperature, at least 

at the time of day at which testing took place.  The adaptations were generally more 
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pronounced when acclimation bouts were undertaken with permissive dehydration.  

This study further suggests that the greater cardiovascular stability after short-term 

(5-day) heat acclimation is mediated by a combination of central and peripheral 

functions.  

The majority of the literature on adaptation to prolonged exercise in the heat 

has primarily focused on its induction.  Therefore, chapter three of this thesis will 

investigate the decay of acclimation and determine the reliability of dependent 

measures used in short-term (5-day) heat acclimation.  
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Chapter Three: Decay of acclimation to the heat 

 

3.1 Introduction 

Research on heat acclimation has focused almost exclusively on its induction, 

such that there is less information available on the time course for the decay of 

adaptation to the heat (Adams et al., 1960; Armstrong & Maresh, 1991; Bass et al., 

1955; Henschel et al., 1943; Lind & Bass, 1963; Pandolf, 1998; Pandolf et al., 1977; 

Saat et al., 2005; Shapiro et al., 1981; Williams et al., 1967; Wyndham & Jacobs, 

1957).  However, much of this earlier work has limited consistency between 

researchers.  Therefore, this chapter will investigate the decay of the physiological 

and performance adaptations associated with short-term (5-d) heat acclimation and 

the blood volume response during the decay of acclimation will indicate that some of 

the reduced cardiovascular strain associated with heat acclimation is not mediated by 

hypervolaemia per se.  A secondary aim of this chapter will calculate the reliability of 

dependent measures, used to determine the effectiveness of short-term heat 

acclimation.    

It is acknowledged that a key factor in heat acclimation is cardiovascular 

stability and the first adaptations to occur are the first to decay, which are within the 

cardiovascular system (Armstrong & Maresh, 1991).  For example, the percentage 

loss of acclimation appears to be greater for cf  than for reT , from 6-21 d post 

acclimation (Pandolf et al., 1977; Williams et al., 1967).  Indicating that the change in 

reT  may not be dependent on the change in cf , and that physiological changes that 

take longer to develop will have a slower rate of decay.  Therefore, due to incomplete 

knowledge in the literature the decay of acclimation requires further investigation, as 

it may add to our understanding of how the attenuation of cardiovascular strain 
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associated with heat acclimation is mediated.  From a practical perspective, updated 

information on the time course of acclimation decay may allow a reliable estimate of 

how long individuals can be free from heat exposure before re-acclimation is 

required.  This is particularly poignant today and as many athletes, civilians and 

military personnel are increasingly having to relocate to different climates of the 

world, often within a short period of time. 

 

3.1.1 Decay of heat acclimation    

Physiological adaptations after heat acclimation are relatively short-term and 

may vanish only a few days or weeks after removal from heat exposure (Armstrong 

& Maresh, 1991; Taylor, 2000).  It is well established that the characteristic 

adaptations to the heat such as decreased cf , attenuated cT , a more dilute sweat and 

the earlier onset of sweating have been shown to return to normal values after three 

weeks post heat exposure (Adams et al., 1960; Armstrong & Maresh, 1991; Williams 

et al., 1967; Wyndham & Jacobs, 1957).  In the work of Wyndham and Jacobs 

(1957), it was reported that miners had a significant loss of the adaptations to the heat 

when moving from hot work areas to the cool surface of the mine.  Seventy-three 

men were acclimatised for 12 d, working in a hot area of a mine (32.8
o
C WBGT), 

followed by 6 d on the surface of the mine in relatively cool conditions.  Mouth 

temperatures were measured on the last 2 d of acclimatisation and repeated for a 

further 2 d after the men had completed the 6 d at the surface of the mine.  On 

immediate return to the hot area mouth temperature had increased but had 

significantly decreased after a further day of exposure.  In conclusion, Wyndham and 

Jacobs (1957) suggested that large groups of workers should be exposed to one or 

two days of work in the heat, if they have been removed to cool conditions for 6 or 
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more days.  Adams and colleagues (1960) observed that for eight subjects who had 

performed a 4-h task, for 12 d in a hot environment, about 25% of the 

thermoregulatory adaptation was lost after 6-7 d without heat exposure, and virtually 

all of it was gone after 28 d.  This was indicated by increased standing cf , reT , energy 

expenditure and decreased sweat production (Adams et al., 1960).  Therefore, as a 

general guide it has been suggested that the rate of heat acclimation decay is such that 

for every 2 d spent without working in the heat, 1 d of acclimatisation is lost (Givoni 

& Goldman, 1972).  Further, in a more recent review on heat adaptation, Taylor 

(2000) recommended that one additional heat exposure be used for each 5 d away 

from significant exposure.  Nevertheless, it has been demonstrated that the rate of 

decay is slower for participants with greater endurance fitness or some pre-existing 

acclimation and retention appears to last longer following dry rather than humid heat 

acclimation (Pandolf, 1998; Pandolf et al., 1977).  However, there is a lack of 

definitive research in the literature and many of the earlier studies are based upon 

very small sample sizes, incomplete acclimation or brief decay periods (Adams et al., 

1960; Bass et al., 1955; Henschel et al., 1943; Lind & Bass, 1963; Pandolf et al., 

1977; Wyndham & Jacobs, 1957).    

It is widely acknowledged that the first heat adaptations to decay are the first 

to occur, which are from cardiovascular origin and this is illustrated in Table 3-8 from 

the research groups of Saat (2005), Pandolf (1977) and Williams (1967).  This 

information is the only research available that allows this level of analysis.  The 

recent investigation by Saat and colleagues (2005) reported a greater percentage loss 

of acclimation for cf  than reT , on the fourth day after ceasing acclimation.  Similarly, 

in the research groups of Pandolf (1977) and Williams (1967) it was reported that the 

percentage loss of acclimation is greater for cf  and swm  than reT  during the decay of 
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acclimation, from 6-21 d (Pandolf et al., 1977; Williams et al., 1967).  Indicating that 

the change in reT  may not be dependent on cf  and swm  per se.  It further suggests 

that physiological changes that take longer to develop e.g. sudomotor habituation and 

improved sweating efficiency (Taylor, 2000), will have a slower rate of decay.  

 

Table 3-8:  Decay of acclimation for cardiac frequency ( cf ) and rectal temperature 

( reT ) reported in three research studies.   

 

Measurement   Loss of heat acclimation (%)  References 

   after no heat exposure 

   _________________________________ 

   4-7 days 12-15 days       18-21 days 

 

cf        29      35      -       Saat et al. (2005) 

reT         24      35      -           

cf        23      20      29       Pandolf et al. (1977) 

reT         13      18      4           

cf        50      80      100        Williams et al. (1967) 

reT         25      40      50  

   

 

 

A principal feature of heat acclimation is increased cardiovascular stability 

(Greenleaf & Greenleaf, 1970; Strydom & Williams, 1969), indicated especially by 

lower exercising cf  (Armstrong & Maresh, 1991), which is often concurrent with 

hypervolaemia (Harrison, 1985; Sawka et al., 2000).  After immediate exposure to the 

heat it is acknowledged that PV typically drops with the onset of exercise (Hales et 

al., 1996; Harrison et al., 1981; Senay et al., 1976) and it has been established that the 

PV loss during exercise is relative to absolute BV (Convertino, 1987).  Therefore, 



126 

 

conservation of BV is essential to maintain cardiac filling pressure and limit cT  

elevation (Candas et al., 1986) and the early onset of fatigue (Morimoto, 1990).   

PV expansion and decreasing exercise cf  are two rapidly occurring responses 

to heat acclimation (Patterson, 1999; Patterson et al., 2004b), but it is not clear they 

are casually related.  It was suggested that after artificially induced PV expansion, 

hypervolaemia may merely be a supportive adaptation to enable lowered cf  

response, but may not improve thermoregulatory function or tolerance in the heat 

(Sawka, Hubbard et al., 1983).  However, it is widely accepted that exercise-induced 

hypervolaemia, mediated by PV expansion, has the beneficial effect of enhancing 

cardiovascular and thermoregulatory responses to exercise (Fellman, 1992).  

Similarly, it is widely assumed that the cardiovascular and thermoregulatory 

improvement noted early during heat acclimation (Armstrong, 1992; Hargreaves & 

Febbraio, 1998; Nielsen et al., 1993) is mediated by PV expansion (Harrison, 1985; 

Sawka et al., 2000; Senay et al., 1976; Shapiro et al., 1981).  Artificial PV expansion 

confers some adaptations in temperate (Fellman, 1992) and hot conditions (Sawka, 

Hubbard et al., 1983) but does not necessarily enhance exercising SV  (Montain & 

Coyle, 1992a) or work capacity (Sawka, 1983).  

After heat acclimation, PV during resting thermoneutrality is expanded, with 

the majority of expansion taking place in the first 7 d (Patterson, 1999; Patterson et 

al., 2004b; Senay et al., 1976).  There are two potential mechanisms explaining PV 

expansion during heat acclimation.  First, greater renal and sweat related retention of 

electrolytes and fluid would expand the vascular compartment (Costill et al., 1975).  

The role of electrolytes in PV expansion has been highlighted in previous research, 

by altering electrolyte intake or blockade of aldosterone (Armstrong, Costill et al., 

1987; Armstrong et al., 1993; Costill et al., 1975; Luetkemeier & Thomas, 1994).  
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Secondly, it has been reported that PV expansion follows a reduction in total plasma 

protein loss to the interstitial fluid (Patterson, 1999).  However, it is possible that both 

these mechanisms occur during heat acclimation and that there interaction may 

contribute to PV expansion (Patterson et al., 2004b). 

Irrespective of whether hypervolaemia does (Shapiro et al., 1981) or does not 

(Patterson, 1999) decrease with continued acclimation, there is limited information 

available on its rate of decay within a few days or weeks of ceasing acclimation.  

However, the transient nature of PV expansion has been observed to decrease to 

baseline levels within 2-3 d after short-term aerobic training (Lamb & Murray, 1988).  

After an 8-d heat exposure period followed by minimal activity for 7 d Convertino 

and colleagues (1980) reported that PV expansion had returned back to baseline 

within one week after the stimulus was removed (Convertino, Greenleaf, & Bernauer, 

1980).  Hence, after short-term (5-d) heat acclimation, one would expect the PV 

expansion to return to baseline levels within the first week of decay.  Therefore, if 

hypervolaemia were largely responsible for the attenuation of cardiovascular stability, 

indicated by decreased exercise cf , then this attenuation would be expected to track 

the induction and decay of hypervolaemia during and after acclimation.  If not, it may 

suggest that more centrally controlled mechanisms have a major role in the improved 

cardiovascular stability with heat acclimation (Horowitz, 2002; Horowitz & Meiri, 

1993; Levi et al., 1997; Levi et al., 1993; Mirit et al., 2000).  An examination of the 

relationship between the induction and decay of exercise cf  and hypervolaemia, 

during and after acclimation was a major purpose of the current study of de-

acclimation.  To the authors knowledge there are no previous reports of similar 

investigations in the literature.  
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Of the limited research available on the decay of acclimation there are many 

confounding methodological issues such as the heat exposure type, number and 

duration.  Furthermore, there has been limited control on the level of conditioning, 

exercise intensity and interval between heat exposures.  For example, the previously 

described work (Table 3-8) from the research groups of Saat (2005), Pandolf (1977) 

and Williams (1967) appears inconsistent and are subject to confounding factors.  

Saat and colleagues (2005) exercised 16 male students, 60 min per day for 14 d, 

cycling 60% max 2OV at 31
o
C 70% RH.  During 14 d deacclimation, one group (n=8) 

exercised in the cold (18
o
C, 58% RH) for 60 min per day (morning) and were 

exposed to the cold for 1 h (afternoon).  The other group (n=8) was passively exposed 

to the cold for 1 h in the morning and afternoon for the same period.  Participants 

were tested on day 4 during and on the first day after the decay of acclimation.  

Comparisons were then made on the rate of decay between the two different groups, 

which may have confounded the results due to between-subject differences.  Pandolf 

and colleagues (1977), heat acclimated 24 trained soldiers, for 9 d, walking 1.34 m.s
-1

 

for 110 min, each day at 49
o
C 20% RH.  They attributed the relatively small loss of 

adaptations by day 18 post acclimation, to their participants‟ high level of aerobic 

fitness and pre-existing state of acclimatisation.  Furthermore, between-subject 

differences may have confounded the data, as 4 different groups of 6 participants 

were used to compare the decay of acclimation at 3, 6, 12 and 18 days.  Williams and 

colleagues (1967), heat acclimated 60 untrained, African mine workers, for 12 d 

acclimatisation underground, followed by 4 d acclimation in the laboratory.  This 

work involved stepping on and off a stool at a rate of 12 steps per minute, under 

temperature conditions of 33
o
C WBGT, for 4 h duration.  The decay of acclimation 

was then compared for three different groups of 20 participants after 1, 2 and 3 weeks 
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in cool conditions, creating the potential problem of between-subject factors 

confounding the results.  The interval between heat stress tests is particularly 

important because if it is to brief it may actually constitute adaptation stimuli (Barnett 

& Maughan, 1993).  It is suggested that this is an experimental design problem for the 

research groups of Saat (2005) and Pandolf (1977), who had heat stress tests during 

the decay of acclimation, at four and three days respectively.  The work of Barnett 

and Maughan (1993) reported that in order to ensure there is no heat acclimation 

effect, repeated exercise exposures must be at 1-week intervals.  This work was 

carried out in 35
o
C 60% RH with five, unacclimatised males, performing four 

subsequent heat stress trials, separated at weekly intervals (Barnett & Maughan, 

1993).  In summary, a lack of consistency in experimental standardisation on the 

decay of acclimation has been indicated as a major problem with previous work 

(Armstrong & Maresh, 1991).  Therefore, many of the issues with the decay of 

acclimation still await further definitive research (Taylor, 2000). 

 

3.1.2 Reliability of dependent measures 

The reproducibility of measures either measurement or physiological is 

essential in a research design to avoid occurrence of type II errors (Hayden et al., 

2004).  Measurement error can be determined from the typical (standard) error of 

measurement expressed as a coefficient of variation (CoV); (Petersen et al., 2001; 

Poulsen et al., 1998) and is typically used for reliability of dependent measures 

(Hopkins, Hawley, & Burke, 1999; Hopkins, Schabort, & Hawley, 2001).  It is 

equivalent to the standard deviation of an individual‟s repeated measurements, 

expressed as a percent of the mean test score.  The CoV has been reported as a useful 

measure of reliability in sport and exercise (Hopkins, 2000; Hopkins et al., 2001), 
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with lower CoV reflecting greater reliability and hence, also greater validity (Gore, 

Hopkins, & Burge, 2005).  However, it is often useful to report an absolute measure 

of variability, such as typical error or standard error (SE), as it is often additionally 

informative (Hopkins et al., 2001).  A reliable method will have small measurement 

error and is a prerequisite of validity, the extent to which a test actually measures 

what it intends to measure (Gore et al., 2005).  The within-subject variance and 

difference between the techniques used for repeated measures are useful for 

establishing the internal quality control of a study (Hopkins, 2000).  For example, 

Eckfeld and colleagues (1994) reported within-subject variability expressed as CoV, 

14 d apart, in serum for sodium (0.6%), albumin (2.8%) and total protein (2.5%).  

Furthermore, they recorded the CoV for the measurement techniques used in the same 

samples, analysed at least one week apart for sodium (1.0%), albumin (2.6%) and 

total protein (2.4%).  In conclusion, they reported that the within-subject variability 

may strongly influence clinical interpretation of repeated laboratory tests and increase 

internal quality control (Eckfeldt, Chambless, & Shen, 1994).  Therefore, a reliability 

study must be designed to obtain an acceptable precision of within-subject variation 

and should take into account the possibility of greater variability in a sample of 

participants with a wider range of ability (Hopkins et al., 1999).  Furthermore, the 

difference between within-subject variation and repeated measures should be shown 

as confidence intervals, as they are useful for evaluating the limits for internal quality 

control of a study (Hopkins, 2000).    

Of the information available on the reliability of repeated measures in heat 

stress, the reproducibility of cf , reT  and skT  has recently been determined by Hayden 

and colleagues (2004).  Seven male participants, cycled for 60 min at 29.5% peak 

work rate, on three separate occasions, one week apart, in hot environmental 
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conditions (36
o
C, 60% RH).  They found that there were no between-trial differences 

evident for cf , reT  and skT  reporting mean CoVs of 0.3 ±0.2%, 0.7 ±0.6% and 3.9 

±1.7% respectively.  However, they reported that cf  tended to be greater in the first 

trial (p=0.08) and suggested that although this may imply a heat acclimation effect, 

they concluded that it was more likely, the reduced cf  reflected greater familiarity of 

the participants with the experimental procedures..  They further reported that the 

observed CoV for cf  reliability during exercise in a hot environment (Hayden et al., 

2004), was similar to those reported in cooler conditions (Becque, Katch, Marks, & 

Dyer, 1993; Wilmore et al., 1998).  Further, Wilmore and colleagues (1998) viewed 

high reproducibility of cardiovascular variables (e.g. cf ), from four different 

laboratories, using the same techniques and equipment, as a CoV below 9% and 

interclass correlations over 0.80.  These variables were measured with the same 

participants, on three separate occasions, separated by at least 4-10 d, using a 

submaximal protocol (Bouchard et al., 1995).  Under heat stress conditions (35
o
C, 

60% RH), Barnett and Maughan (1993) recorded an unaltered between-trial reT  

response, separated at weekly intervals.  They further suggested that no PV expansion 

had occurred between trails and there was no significant difference in serum Na  

concentration, although no CoVs were reported for all these variables.  To the 

author‟s knowledge, information on the reproducibility in the heat of the fluid-

electrolyte hormones (aldosterone and AVP), under investigation in the present study, 

appears incomplete in the literature and requires further attention.   

In the present work, a reliability study on the carbon monoxide rebreathing 

technique (n=6), for the measurement of blood volume (Burge & Skinner, 1995), had 

a ~2.9% CoV and this was similar to the ~2.5% findings in a review by Gore and 
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colleagues (2005).  They meta-analysed 346 estimates of error measurement on 

several blood parameters including carbon monoxide rebreathing (CO), for the 

determination of red cell volume (RCV) and haemoglobin mass (MHb).  Adjusted for 

1-d between trials and expressed as CoV, they reported mean errors for MHb (2.2%; 

90% confidence interval 1.4 to 3.5%) and RCV (6.7%; 3.4 to 14%).  The lowest 

measurement error for MHb was 0.9% (90% CI; 0.5-1.5%) obtained from Burge and 

Skinner (1995) and the lowest error of RCV reported as ~2.4% (Myhre, Dill, Hall, & 

Brown, 1970).  However, the small sample size (4-5 participants) implies uncertainty 

in this data.  Furthermore, Gore and colleagues (2005) reported that blood measures 

even with the smallest error e.g. CO rebreathing technique, showed some increase in 

error with increasing time between trials. 

There is often measurement error in repeated exercise performance tests 

associated with biological test-retest variation and the type of assessment undertaken. 

Therefore, reliability of power in tests of physical performance affects the precision 

for assessment of study participants and random error in a performance test should be 

minimised by the choice of test (Hopkins et al., 2001).  For example, performance 

tests that are based on physiological measures (e.g. peak 2OV ) have been shown to 

produce a random error of ~2-3% in the measure of power output (Paton & Hopkins, 

2001) and this error is a mixture of ergometer error and biological test-retest 

variation. 

 

3.1.3 Aims 

The aims of this study were to investigate; (1) the decay of the physiological 

and performance adaptations associated with short-term (5-d) heat acclimation and 

establish the role of BV in cardiovascular stability with acclimation.  A secondary 
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purpose was; (2) the calculation of reliability for dependent measures, used to 

determine the effectiveness of short-term heat acclimation, especially the carbon 

monoxide dilution technique (Burge & Skinner, 1995) used to measure blood volume.  

Preliminary findings of this study have been presented at the 2003 Annual Meeting of 

the American College of Sports Medicine (Appendix G) and the 2005 Australian 

Physiological Society Annual Meeting (Appendix J). 
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3.2 Method 

3.2.1 Participants 

Participants were 10 volunteers from the staff and students of the University 

of Otago.  They were male, moderately well trained and in the age range of 18-37 yrs 

(Mean ±SD: age 28 ±7 yrs; body mass 74.6 ±4.4 kg; peak 2OV  4.45 ±0.27 L
.
min

-1
 and 

peak power output (PPO) 340 ±30 W).  Each subject was unacclimated to the heat 

prior to the study.  The acclimation occurred between the months of July 8
th

 - 

November 30
th

 2002 (Southern Hemisphere winter-spring) to standardise seasonal 

acclimatisation effects and facilitate an acclimation effect.  All participants were well 

informed about the purposes of the study.  They were apparently in good health, 

asymptomatic from cardiovascular dysfunction (Appendix B) and provided informed 

consent prior to participating (Appendix A).  The University of Otago Human Ethics 

Committee had granted ethical approval (Approval #02/035). 

 

3.2.2 Experimental design and overview 

The 10 participants from the study in chapter two (Table 2-4) repeated the 

same exercising heat stress test (HST) administered one week before and the 2
nd

 day 

after acclimation and then on days 9, 16 and 23 (Figure 3-32).  Participants cycled at 

40% peak power output (PPO) for 90 min duration (35
o
C 60% RH, with a wind speed 

<0.5 m
.
s

-1
).  They then rested for 10 min before commencing a ramp protocol (2% 

PPO each 30 s) to volitional fatigue, or a rectal temperature ( reT ) ≥39.5
o
C (Figure 3-

33).  Participants‟ thermoregulatory, cardiovascular and fluid-regulatory status, 

previously described in chapter.2 (see 2.2.4), were measured at rest and in response to 

the HST.  Blood volume was measured one week before the pre-acclimation HST and 

the 1
st
 day after acclimation, followed by days 8, 15 and 22 using the carbon 
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monoxide (CO) rebreathing technique (Burge & Skinner, 1995).  Plasma volume 

(PV) was derived by subtraction.  Six participants had followed dehydration (DEH) 

acclimation and 4 the euhydration (EUH) regime.  Heat acclimation consisted of 90-

min exposure on 5 consecutive days (40
o
C, 60% RH), using controlled hyperthermia 

(rectal temperature ( reT ) 38.5
o
C).  Fluid regulatory measures were recorded on day 

one (D1) and day five (D5) of both (EUH and DEH) acclimation regimes. The decay 

of acclimation protocol is shown in Figure 3-32. 

 

3.2.3 Data analysis 

This research addressed two key questions; (1) investigate the decay of the 

physiological and performance adaptations associated with short-term (5-d) heat 

acclimation; and, (2) establish the reliability of dependent measures, used to 

determine the effectiveness of short-term heat acclimation.  The induction and decay 

of adaptation of dependent measures was analysed using paired t-test analysis, on the 

mean change from pre-acclimation, and reported as means with 95% confidence 

intervals (95% CI).  The reliability of dependent measures has been expressed as the 

CoV (95% CI) and SE (95% CI).  The relationship (r) within variables has been 

calculated using the Pearson Product Moment Correlation. 

A reliability study was administered prior to experimentation, for the 

measurement of blood volume, to avoid the occurrence of possible type II errors in 

the data collection (Hayden et al., 2004), and it established a CoV of ~2.9% (see 

3.1.2).  Where type II errors have not been controlled for reservations have been 

made on the data interpretation, by making sure any comparisons of change in 

physiological variables are biologically related.  Furthermore, the dependent variable 
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measures of reliability have been log-transformed to deal with any systematic effect 

of an individual‟s pre-test value on the change due to treatment (Hopkins, 2003).   

 

Day -15 -12 -10 -5                    0 1 2 8 9 15 16 22 23 

                          

                          

  peak 2OV  BV HST Heat BV HST BV HST BV HST BV HST 

       acclimation                 

                          

                          

                          

          peak 2OV  Familiarisation       

          BV   Blood volume       

          HST   Heat stress test       

              Baseline         

              Decay of acclimation     

 

Figure 3-32: Experimental design for the induction and decay of short-term heat 

acclimation.  Days are numbered such that the last day of acclimation is day 0. 

 

 

 
 

Figure 3-33: Performance test to volitional exhaustion during the HST trial 

 

3.3 Results 

All 10 participants completed the pre-acclimation, post 2 and 9 d decay HSTs, 

with seven participants completing the post 16 and 23 d decay.  Blood and plasma 

volume was measured from all ten participants for pre-acclimation, post 1, 8 and 15 d 

decay with nine participants for 22 d decay.  



137 

 

3.3.1 Rectal temperature ( reT ) and cardiac frequency ( cf ) 

Acclimation did not lower reT  at rest (95% CI: -0.3 to 0.2°C), but after 90-

min exercise (38.6 ±0.5°C) it was reduced 0.3°C (-0.5 to -0.1°C; p=0.03; top panels 

of Figure 3-34). The attenuation persisted at this level one week later (-0.5 to -0.05°C; 

p=0.03), but not two (0.1°C: -0.4 to 0.5°C for n=7) or three weeks later. 

Cardiac frequency ( cf ) after 90-min exercise (146 ±21 b·min
-1

) was reduced 

13 b·min
-1

 (-6 to -20 b·min
-1

; p=0.001) by acclimation, and the attenuation was 

maintained at this level after one week (-13: -6 to -20 b·min
-1

; p=0.001) but not two  

(-9: 6 to -23 b·min
-1

 for n=7) or three weeks later (third panel of Figure 3-34). 

 

3.3.2 Blood (BV), plasma (PV) and red cell volume (RCV) 

PV was not increased by acclimation (  4.2: -2.8 to 11.5%; p=0.13) and was 

at baseline after one week (0.3: -1.7 to 4.5%; p=0.96) and thereafter (top panel: 

Figure 3-35).  Thus, exercising cf  was attenuated by 10% for at least 9 d following 

acclimation (third panel: Figure 3-3), whereas the trend for a 4% increase in (resting) 

PV one day after acclimation was absent by day 8 (top panel: Figure 3-35). 

BV and RCV followed a similar response to PV (second and third panels: 

Figure 3-35).  
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Figure 3-34: Individuals‟ rectal temperature and cardiac frequency before (pre 

acclimation) and at weekly intervals following five days of heat acclimation. The 90-

min rectal temperature and heart rate data were obtained at completion of a 

standardised exercise heat stress test.  The mean ±SE is denoted by a black triangle 

and line and expressed as °C for rectal temperature and b·min
-1

 for cardiac frequency.  

Numbers above data-points show the mean change from pre-acclimation, with 

corresponding p-values shown below (in bold if p<0.05). 
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Figure 3-35: Individuals‟ blood, plasma and red cell volumes before (pre acclimation) 

and at weekly intervals following five days of heat acclimation.  The mean ±SE is 

denoted by a black triangle and line and expressed in mL·kg
-1

.  Numbers above data-

points show the mean change from pre-acclimation, with corresponding p-values 

shown below (in bold if p<0.05). 
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3.3.3 Fluid regulatory and stress hormones 

Plasma aldosterone (Figure 3-36), AVP (Figure 3-37) and cortisol 

concentrations (Figure 3-38) were measured at rest, 60 and 90 min during the 90-min 

exercise stress test. 
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Figure 3-36: Individuals‟ aldosterone before (pre acclimation) and at weekly intervals 

following five days of heat acclimation.  The mean ±SE is denoted by a black triangle 

and line and expressed in pg·mL
-1

.  Numbers above data-points show the mean 

change from pre-acclimation, with corresponding p-values shown below (in bold if 

p<0.05). 
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Acclimation did not change plasma aldosterone [aldo]p at rest (-5: -47 to 38 

pg·mL
-1

; p=0.81; upper panel of Figure 3-36), but after 90-min exercise (508 ±65 

pg·mL
-1

), it was reduced by -102 (-157 to –47 pg·mL
-1

; p=0.001; lower panel of 

Figure 3-36).  The attenuation did not persist at this level one week later (-224 to 31 

pg·mL
-1

; p=0.12), two (-22: -145 to 101 pg·mL
-1

 for n=7) or three weeks.   
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Figure 3-37: Individuals‟ AVP before (pre acclimation) and at weekly intervals 

following five days of heat acclimation.  The mean ±SE is denoted by a black triangle 

and line and expressed in p·mol·L
-1

.  Numbers above data-points show the mean 

change from pre-acclimation, with corresponding p-values shown below (in bold if 

p<0.05). 
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Acclimation did not change plasma AVP [AVP]p at rest (-0.2: -1.0 to 0.7 

p·mol·L
-1

; p=0.81; upper panel of Figure 3-37), but after 90-min exercise the decrease 

was close to significance by -3.3 (-6.8 to -0.3 p·mol·L
-1

; p=0.07; lower panel of 

Figure 3-37).  However, this did not persist at this level one week later (-4.5 to 2.0 

p·mol·L
-1

; p=0.41) or thereafter.  
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Figure 3-38: Individuals‟ cortisol before (pre acclimation) and at weekly intervals 

following five days of heat acclimation.  The mean ±SE is denoted by a black triangle 

and line and expressed in ug·dl
-1

. Numbers above data-points show the mean change 

from pre-acclimation, with corresponding p-values shown below (in bold if p<0.05). 
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The increase plasma cortisol [cortisol]p at rest was close to significance, by 

3.3 (-1.2 to 6.7 ug·dl
-1

; p=0.06; upper panel of Figure 3-38), but this did not persist 

after one week 0.9 (-1.7 to 3.6 ug·dl
-1

; p=0.45) or two (0.1: -2.2 to 1.9; p=0.87; n=7) 

or three weeks later.  After 90-min exercise acclimation did not change [cortisol]p  

(-1.1; -4.4 to 2.3 ug·dl
-1

; p=0.48; lower panel of Figure 3-38) or persist thereafter. 

 

3.3.4 Total protein and albumin 
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Figure 3-39: Individuals‟ total protein before (pre acclimation) and at weekly 

intervals following five days of heat acclimation.  The mean ±SE is denoted by a 

black triangle and line and expressed in mg·mL
-1

. Numbers above data-points show 

the mean change from pre-acclimation, with corresponding p-values shown below (in 

bold if p<0.05). 
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Acclimation did not change plasma total protein [TP]p at rest (-0.03: -0.5 to 

0.4 mg·mL
-1

; p=0.88; upper panel of Figure 3-39) or after 90-min exercise (-0.17: -

0.4 to 0.1 mg·mL
-1

; p=0.13; lower panel of Figure 3-39).  There was no change one 

week later (-0.1 to 0.5 mg·mL
-1

; p=0.64) or thereafter. 
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Figure 3-40: Individuals‟ albumin before (pre acclimation) and at weekly intervals 

following five days of heat acclimation.  The mean ±SE is denoted by a black triangle 

and line and expressed in mg·mL
-1

. Numbers above data-points show the mean 

change from pre-acclimation, with corresponding p-values shown below (in bold if 

p<0.05). 
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Acclimation did not change plasma albumin [alb]p at rest (-0.01: -0.45 to 0.45 

mg·mL
-1

; p=0.98; upper panel of Figure 3-40), but after 90-min exercise (4.9±0.3 

mg·mL
-1

) it was reduced by -0.16 (-0.26 to –0.05 mg·mL
-1

; p=0.001; lower panel of 

Figure 3-40).  However, this attenuation did not persist at this level one week later  

(-0.02; -0.22 to 0.19 mg·mL
-1

; p=0.86) or thereafter. 

 

3.3.5 Sodium 
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Figure 3-41: Individuals‟ sodium before (pre acclimation) and at weekly intervals 

following five days of heat acclimation.  The mean ±SE is denoted by a black triangle 

and line and expressed in mmol·L
-1

. Numbers above data-points show the mean 

change from pre-acclimation, with corresponding p-values shown below (in bold if 

p<0.05). 
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Acclimation did not change plasma Na [ Na ]p at rest (0.1: -2.3 to 2.5 

mmol·L
-1

; p=0.88; upper panel of Figure 3-41) or after 90-min exercise (0.01: -1.4 to 

1.4 mmol·L
-1

; p=0.99; lower panel of Figure 3-41) and thereafter. 

  

3.3.6 Exercise performance capacity 
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Figure 3-42:  Individuals‟ performance test measures before (pre acclimation) and at 

weekly intervals following five days of heat acclimation.  The mean ±SE is denoted 

by a black triangle and line and expressed in seconds.  Numbers above data-points 

show the mean change from pre-acclimation, with corresponding p-values shown 

below (in bold if p<0.05).   

 

Performance time (746 s) was increased by 106 s (59 to 152 s; p=0.001) after 

acclimation, and remained higher after one week (76 s: 31 to 122 s; p=0.001) but not 

two (15 s: -88 to 142 s) or three (24 s: -23 to 97 s) weeks later (Figure 3-42).  

Therefore, performance was attenuated at least 9 d after heat acclimation but had 

nearly returned to baseline levels post 16 d and thereafter. 
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3.3.7 Reliability of dependent measures 

In the present study it had been established that by 9 d and thereafter post 

acclimation, the measured dependent variables under investigation had returned to 

baseline pre-acclimation values, apart from the cf  and exercise performance 

variables.  Therefore, reliability of dependent measures after 7, 14 and 42-49 d were 

calculated using the CoV (95% CI), SE (95% CI) and r, on the corresponding 

dependent variable measures 9 to 16; 9 to 23 and baseline to 42-49 d post acclimation 

respectively.  However, because the cf and exercise performance variables had a later 

return to baseline after 16 d post acclimation.  The reliability of dependent measures 

for these variables, after a 7-d interval was calculated on the corresponding dependent 

variable measures at 16 to 23 d post acclimation.  As a consequence there was no 14-

d reliability data available for cf  and exercise performance, but baseline to 42-49 d 

post acclimation was calculated the same as the other dependent measures.   

 

3.3.7.1 Rectal temperature ( reT ) and cardiac frequency ( cf ) 

At rest and after 90-min exercise, both reT  and cf  recorded low CoV and SE, 

after a 7 d interval post acclimation (Table 3-9).  Furthermore, there was moderate to 

strong relationships within all of these parameters, between repeated reliability trials.  

Similar findings were reported for CoV and SE of reT  at rest and after 90-min 

exercise, for 14 d (Table 3-10).  However, a greater CoV and SE were evident, 

relative to pre acclimation values, for reT  and cf  after 90-min exercise, 42-49 d post 

acclimation (Table 3-11). 
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Table 3-9:  Reliability of rectal temperature and cardiac frequency measurements post 

acclimation at an interval of 7 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

reT  rest 7 0.7 (0.4 to 1.5) 0.3 (0.2 to 0.6
o
C) 0.36 

reT  90 min 7 0.4 (0.2 to 0.8) 0.1 (0.1 to 0.3
o
C) 0.89 

cf  90 min 7 5.6 (3.7 to 13.1) 7 (5 to 13 b
.
min

-1
) 0.91 

         

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  

 

 

 

Table 3-10:  Reliability of rectal temperature measurements post acclimation at an 

interval of 14 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

reT  rest 7 0.4 (0.3 to 0.9) 0.2 (0.1 to 0.3
o
C) 0.80 

reT  90 min 7 0.4 (0.3 to 0.9) 0.2 (0.1 to 0.4
o
C) 0.90 

         

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  

 

 

 

Table 3-11:  Reliability of rectal temperature and cardiac frequency measurement 

post acclimation at an interval of 42-49 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

reT  rest 6 0.4 (0.3 to 1.1) 0.2 (0.1 to 0.4
o
C) 0.82 

reT  90 min 6 1.4 (0.9 to 2.7) 0.5 (0.4 to 1.0
o
C) 0.20 

cf  90 min 6 9.1 (5.9 to 25.1) 13 (8 to 33 b
.
min

-1
) 0.46 

         

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  
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3.3.7.2 Blood (BV), plasma (PV), red cell volume (RCV) and mean 

haemoglogin mass (MHb) 

Low CoV, SE and strong relationships between trials were recorded for BV, 

PV, RCV and MHb when measured 7 d apart (Table 3-12).  However, CoVs and SEs 

for BV, PV, RCV and MHb were substantially higher when measured after 14 d 

(Table 3-13) and especially 42-49 d (Table 3-14).    

 

Table 3-12: Reliability of blood, plasma, red cell volume and mean haemoglobin 

mass post acclimation at an interval of 7 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

BV 10 2.3 (1.6 to 4.3) 1.9 (1.3 to 3.4 mL.Kg
-1

) 0.93 

PV 10 2.9 (2.1 to 5.7) 1.3 (0.9 to 2.4 mL.Kg
-1

) 0.92 

RCV 10 2.8 (2.0 to 5.3) 1.1 (0.7 to 2.0 mL.Kg
-1

) 0.89 

MHb 

 
10 
  

2.8 (2.0 to 5.3) 
  

0.4 (0.3 to 0.7 mmol) 
 

0.86 
  

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  

 

 

Table 3-13: Reliability of blood, plasma, red cell volume and mean haemoglobin 

mass post acclimation at an interval of 14 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

BV 9 4.9 (3.4 to 9.3) 3.8 (2.6 to 7.0 mL.Kg
-1

) 0.76 

PV 9 5.2 (3.9 to 10.8) 2.4 (1.7 to 4.4 mL.Kg
-1

) 0.74 

RCV 9 4.3 (3.0 to 8.2) 1.5 (1.1 to 2.8 mL.Kg
-1

) 0.80 

MHb 

 
9 
  

4.6 (3.2 to 9.3) 
  

0.6 (0.4 to 1.1 mmol) 
 

0.75 
  

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  
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Table 3-14: Reliability of blood, plasma, red cell volume and mean haemoglobin 

mass post acclimation at an interval of 42-49 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

BV 7 5.5 (3.6 to 12.8) 4.5 (2.9 to 10.0 mL.Kg
-1

) 0.65 

PV 7 7.2 (4.7 to 17.1) 3.2 (2.1 to 7.0 mL.Kg
-1

) 0.57 

RCV 7 4.3 (2.8 to 9.9) 1.6 (1.1 to 3.6 mL.Kg
-1

) 0.77 

MHb 

 
7 
  

5.0 (3.2 to 13.1) 
 

0.7 (0.4 to 1.6 mmol) 
 

0.61 
  

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  

 

 

3.3.7.3 Plasma measures 

Reliability of plasma measures post acclimation at an interval of 7 (Table 3-

15), 14 (Table 3-16) and 42-49 (Table 3-17) days.  

 

Table 3-15:  Reliability of plasma measures post acclimation at an interval of 7 days 

          

Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
          

[aldo]p rest 7 76.4 (63.7 to 438.4) 95.3 (61.4 to 209.7 pg.mL
-1

) 0.23 

[aldo]p 90 min 7 20.5 (14.1 to 57.1) 77.7 (50.1 to 171.1 pg.mL
-1

) 0.84 

[AVP]p rest 7 24.9 (17.4 to 72.9) 1.2 (0.7 to 2.5 p.mol.L
-1

) 0.92 

[AVP]p 90 min 7 42.7(31.7 to 155.9) 2.9 (1.9 to 6.5 p.mol.L
-1

) 0.69 

[cortisol]p rest 7 26.6 (18.7 to 79.8) 2.5 (1.6 to 5.5 ug
.
dL

-1
) 0.40 

[cortisol]p 90 min 7 31.9 (22.9 to 102.1) 4.6 (2.9 to 10.0 ug
.
dL

-1
) 0.45 

[TP]p rest 7 3.9 (2.5 to 8.9) 0.3 (0.2 to 0.6 mg.mL
-1

) 0.81 

[TP]p 90 min 7 4.6 (3.0 to 10.7) 0.4 (0.2 to 0.8 mg.mL
-1

) 0.54 

[alb]p rest 7 5.4 (3.6 to 12.7) 0.5 (0.3 to 0.8 mg.mL
-1

) 0.54 

[alb]p 90 min 7 2.8 (1.8 to 6.3) 0.1 (0.1 to 0.3 mg.mL
-1

) 0.56 

[ Na ]p rest 7 2.1 (1.3 to 5.3) 2.9 (1.8 to 7.1 mmol.L
-1

) 0.18 

[ Na ]p 90 min 7 0.4 (0.2 to 1.0) 0.6 (0.4 to 1.4 mmol.L
-1

) 0.95 

          

CV: Coefficient of variation 
95% CI of CV: 95% confidence interval of coefficient of variation 

r: Pearson Product Moment Correlation 

 



151 

 

Table 3-16:  Reliability of plasma measures taken post acclimation at an interval of 

14 days 

          

Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
          

[aldo]p rest 7 49.8 (37.8 to 199.4) 99.4(64.1 to 219.0 pg.mL
-1

) 0.67 

[aldo]p 90 min 7 23.5 (16.4 to 67.9) 80.2 (51.7 to 176.5 pg.mL
-1

) 0.87 

[AVP]p rest 7 59.1 (46.4 to 267.7) 3.7 (2.4 to 8.2 p.mol.L
-1

) 0.67 

[AVP]p 90 min 7 60.7 (47.9 to 260.8) 4.3 (2.8 to 9.4 p.mol.L
-1

) 0.69 

[cortisol]p rest 7 22.4 (15.5 to 63.8) 2.4 (1.5 to 5.2 ug
.
dL

-1
) 0.65 

[cortisol]p 90 min 7 20.0 (13.8 to 55.4) 2.0 (1.3 to 4.4 ug
.
dL

-1
) 0.87 

[TP]p rest 7 4.8 (3.2 to 11.2) 0.3 (0.2 to 0.7 mg.mL
-1

) 0.57 

[TP]p 90 min 7 1.9 (1.2 to 4.2) 0.1 (0.1 to 0.3 mg.mL
-1

) 0.92 

[alb]p rest 7 5.7 (3.7 to 13.3) 0.2 (0.2 to 0.5 mg.mL
-1

) 0.47 

[alb]p 90 min 7 3.5 (2.3 to 8.1) 0.2 (0.1 to 0.4 mg.mL
-1

) 0.52 

[ Na ]p rest 7 1.9 (1.2 to 4.7) 2.6 (1.6 to 6.3 mmol.L
-1

) 0.42 

[ Na ]p 90 min 7 0.8 (0.5 to 1.9) 1.1 (0.7 to 2.7 mmol.L
-1

) 0.81 

          

CV: Coefficient of variation 
95% CI of CV: 95% confidence interval of coefficient of variation 

r: Pearson Product Moment Correlation 

 

 

Table 3-17:  Reliability of plasma measures taken post acclimation at an interval of 

42-49 days 

          

Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
          

[aldo]p rest 5 39.0 (24.7 to 327.5) 72.1 (40.1 to 269.0 pg.mL
-1

) 0.94 

[aldo]p 90 min 5 22.2 (14.2 to 89.4) 82.7 (49.6 to 237.8 pg.mL
-1

) 0.83 

[AVP]p rest 5 5.9 (3.1 to 44.4) 0.1 (0.1 to 0.6 p.mol.L
-1

) 0.99 

[AVP]p 90 min 5 51.7 (34.1 to 588.4) 2.7 (1.5 to 10.0 p.mol.L
-1

) 0.46 

[cortisol]p rest 5 25.0 (16.2 to 105.3) 1.7 (-2.3 to 5.6 ug
.
dL

-1
) 0.32 

[cortisol]p 90 min 5 15.8 (9.9 to 57.4) 2.7 (1.6 to 7.6 ug
.
dL

-1
) 0.55 

[TP]p rest 5 4.1 (2.5 to 12.3) 2.9 (1.7 to 8.3 mg.mL
-1

) 0.55 

[TP]p 90 min 5 1.1 (0.7 to 3.2) 0.9 (0.5 to 2.4 mg.mL
-1

) 0.89 

[alb]p rest 5 8.3 (5.1 to 26.9) 0.4 (0.2 to 1.1 mg.mL
-1

) 0.05 

[alb]p 90 min 5 5.7 (3.5 to 17.8) 0.3 (0.2 to 0.7 mg.mL
-1

) 0.60 

[ Na ]p rest 5 2.3 (1.4 to 6.9) 3.3 (2.0 to 9.4 mmol.L
-1

) -0.49 

[ Na ]p 90 min 5 0.4 (0.3 to 1.3) 0.6 (0.4 to 1.8 mmol.L
-1

) 0.91 

          

CV: Coefficient of variation 
95% CI of CV: 95% confidence interval of coefficient of variation 

r: Pearson Product Moment Correlation  
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It is important to take into account the intra-assay CoVs for [aldo]p (9.9%), 

[AVP]p (5.6%) and [cortisol]p (12.1%) when determining the reliability of the fluid-

regulatory and stress hormones. 

 

3.3.7.4 Exercise performance capacity and power output 

 Reliability of exercise performance and power output was measured post 

acclimation at an interval of 7 (Table 3-18) and 42-49 (Table 3-19) days.  

 

Table 3-18:  Reliability of exercise performance and power output post acclimation at 

an interval of 7 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

Time to exhaustion 7 13.7 (9.2 to 35.3) 93.0 (59.9 to 204.7
 
s) 0.73 

Power output 7 7.9 (5.2 to 19.1) 22.8 (14.7 to 50.3 w) 0.58 

         

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  

 

Table 3-19:  Reliability of exercise performance and power output post acclimation at 

an interval of 42-49 days 

          
Dependent 
variable 

n 
 

CoV (95% CI) 
(%) 

SE (95% CI) 
 

r 
 

          
     

Time to exhaustion 5 17.1 (10.8 to 63.2) 99.3 (59.5 to 285.3
 
s) -0.40 

Power output 5 5.3 (3.2 to 16.3) 13.8 (8.3 to 39.8 w) 0.92 

         

CoV (95% CI): Coefficient of variation and 95% confidence interval 
SE (95% CI): Standard error and 95% confidence interval 

r: Pearson Product Moment Correlation  

 

 

In summary, the CoVs and SEs tended to be higher in the plasma (Table 3-15 

to 17) and exercise performance measures (Table 3-18 to 19), especially the plasma 
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hormone concentrations of aldosterone, AVP and cortisol.  There was considerably 

lower change reported for reT , cf  (Table 3-9 to 11) and blood volume parameters 

(Table 3-12 to 14).  Generally, measures even with the smallest error showed some 

increase in error with increasing time between trials.  For example, the CoV for BV 

was 2.3% with a 7-d interval between repeated tests (Table 3-12).  However, after 14 

(Table 3-13) and 42-49 (Table 3-14) days this had increased to 4.9% and 5.5% 

respectively.   
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3.4 Discussion  

Short-term (90 min·d
-1

 for 5-d) heat acclimation, using controlled 

hyperthermia (38.5°C rectal temperature), effectively attenuated thermal strain and 

enhanced exercise capacity in the heat and this concurs with previous reports (Cotter 

et al., 1997; Patterson et al., 2004b; Turk & Worsley, 1974).  This was reflected by 

the characteristic features of acclimation; increased cardiovascular stability by 

decreased cf  and reduced reT .  These adaptations generally persisted for one, but not 

two weeks following acclimation, as did the increased performance capacity.  

However, the exception was PV expansion, recording pre-acclimation levels one 

week following acclimation. 

A principal feature of heat acclimation is increased cardiovascular stability, 

indicated especially by lower exercising cf  (Armstrong & Maresh, 1991), which is 

often concurrent with hypervolaemia (Harrison, 1985).  However, in the present study 

during the decay of acclimation this relationship did not occur.  At nine days post 

acclimation, lower exercising cf  was maintained but PV expansion was at pre-

acclimation levels.  The decay of PV expansion concurs with the findings of 

Convertino and colleagues (1980), who reported that PV expansion had diminished 

within one week after an eight day heat exposure period, followed by sedentary 

minimal activity for seven days.  It is established that PV expansion and decreasing 

exercise cf  are two rapidly occurring responses to heat acclimation (Patterson, 1999; 

Patterson et al., 2004b) but this study indicates that it is not clear they are causally 

related.  Furthermore, it has been suggested that after artificially induced PV 

expansion, hypervolaemia may merely be a supportive adaptation to enable lowered 

cf  response, but may not improve thermoregulatory function or tolerance in the heat 

(Sawka, Hubbard et al., 1983).  If hypervolaemia were largely responsible for the 
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attenuation of cardiovascular stability, indicated by decreased exercising cf , then this 

attenuation would be expected to track the induction and decay of hypervolaemia 

during and after acclimation.  Therefore, in the present study the lack of causality 

between the PV and exercise cf  response during the decay of acclimation, suggests 

that the improved cardiovascular stability with heat acclimation, may not be solely 

mediated by hypervolaemic responses per se.     

This study puts forward the premise that cardiovascular function during 

exercise may be mediated by a combination of central and peripheral components 

(Horowitz & Meiri, 1993).  It is generally assumed that improved cardiovascular 

stability with heat acclimation reflects an increased blood volume (Harrison, 1985; 

Sawka et al., 2000).  However, the results from this work do not fully support this 

notion and indicate that the cardiovascular-related benefits from short-term heat 

acclimation, may not be mediated solely by the hypervolaemic responses per se.  

Therefore, after short-term heat acclimation, the mechanisms that may have a role in 

the mediation of lower exercise cf  and increased cardiovascular stability, may be 

more centrally controlled.  Although the present work has no clear evidence of 

centrally controlled mechanisms, mediating cardiovascular stability, the notion that 

centrally mediated, increased ventricular contractility has a major role in improved 

cardiovascular stability with heat acclimation has recently received attention in the 

literature (Horowitz, 2002; Horowitz & Meiri, 1993; Levi et al., 1997; Levi et al., 

1993; Mirit et al., 2000).  However, this work has primarily used the rat model and 

because of the invasive nature of this research, there is limited information available 

on similar work with humans, leaving this area awaiting further definitive research. 

From an applied perspective, the findings of this study generally indicate that 

after nine days post acclimation the adaptations from a short-term protocol had 
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returned to pre-acclimation values.  Furthermore, the reliability studies in the present 

work indicated that no acclimation stimuli was reported for exercise cf , reT  and PV 

when post-acclimation, heat stress tests, took place seven days apart and this is 

supported by previous research (Barnett & Maughan, 1993; Hayden et al., 2004).  

Therefore, the heat acclimation of individuals using a short-term protocol – should 

not be completed more than one ~1 week before their relocation to a heat stressful 

environment and it is recommended that one additional heat exposure should be used 

for each five days away from significant exposure (Taylor, 2000). 

To the author‟s knowledge, quantifying the reproducibility of exercise cf  and 

reT  in the heat has surprisingly received limited attention in the literature and required 

further analysis.  This work demonstrated low between-trial variation of exercise cf  

and this is similar to previous reliability investigations in hot (Hayden et al., 2004) 

and cool (Becque et al., 1993; Wilmore et al., 1998) conditions.  Furthermore, the 

expected low variation in reT  was similar to findings in previous reports (Barnett & 

Maughan, 1993; Hayden et al., 2004).   

Low seven day measurement errors (CoVs and SEs) were recorded for BV, 

PV, RCV and MHb indicating that the carbon monoxide rebreathing technique used in 

this study (Burge & Skinner, 1995) was reliable.  Furthermore, the CoV for the 

measurement of BV in the seven day reliability trial (2.3%; n=10) was lower than the 

CoV reported in pilot testing (2.9%; n=6).  However, despite the low CoV for BV 

reported in the present study, it has used moderately trained participants.  It may be 

that using this technique with highly-trained participants will not be as accurate, as 

any change in blood volume parameters will be much smaller.  In the present study, 

the low measurement error recorded for RCV (2.8%; 95%CI: 2.0 to 5.3%) and MHb 

(2.8; 2.0 to 5.3%) compares favourably with similar findings reported by Gore and 
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colleagues (2005).  They meta-analysed 346 estimates of error measurement on 

several blood parameters, including the carbon monoxide rebreathing technique used 

in this study, for the determination of RCV and MHb.  Adjusted for one day between 

trials and expressed as CoV, they reported mean errors for RCV (6.7%; 90%CI: 3.4 to 

14%) and MHb (2.2%; 1.4 to 3.5%).  Furthermore, Gore and colleagues (2005) found 

that blood measures even with the smallest error, such as the carbon-monoxide 

rebreathing technique, showed some increase in error with increasing time between 

trials (Gore et al., 2005).  This is illustrated in the present study, with progressive 

increases in CoV and SEs for BV, PV, RCV and MHb after seven, 14 and 42-49 d.  

For example, the treatment effect for PV that would need to be evident to reveal a 

difference in experimentation is; after seven (3.0%), 14 (5.3%) and 42-49 (7.3%) 

days apart.  This has implications for monitoring and interpreting change in blood 

parameters e.g. a PV measure with an large error of 7.3% (42-49 days apart) is only 

useful for determining a change of that magnitude and not accurate enough in a 

clinical setting (Gore et al., 2005).  Therefore, this work supports the use of the 

carbon monoxide rebreathing technique, for monitoring changes in blood volume 

parameters of moderately-trained participants, taken ideally no more than seven days 

apart.  This is further supported in the present study, by the technique‟s relative ease 

of handling and the safety for participants with repeated measures. 

There tended to be higher CoVs in the plasma and exercise performance 

measures.  This may reflect the large biological within-person and methodological 

variability of plasma measures (Eckfeldt et al., 1994).  The performance test used in 

this study, based on physiological measures (e.g. peak 2OV ), has been shown to produce 

a random error that includes a mixture of ergometer error and biological test-retest 

variation (Hopkins et al., 1999; Paton & Hopkins, 2001).  Therefore, the random error 
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in a performance test should be minimised by the choice of test and this is supported 

by a review on power in physical performance tests by Hopkins and colleagues 

(2001).   

 

3.5 Conclusions 

Short-term heat acclimation (90 min·d
-1

 for 5 d), using controlled 

hyperthermia (38.5°C) effectively attenuated thermal strain and enhanced exercise 

performance in the heat.  These adaptations virtually all persisted for one but not two 

weeks following acclimation, as did the increased performance capacity.  Therefore, 

from an applied perspective, the heat acclimation of individuals using a short-term 

protocol – should not be completed more than one ~1 week before their relocation to 

a heat stressful environment and it is recommended that one additional heat exposure 

should be used for each five days away from significant exposure.  

Performance, cardiac frequency and core temperature benefits decayed at 

similar rates, which differed from that of plasma volume.  This indicates that the 

cardiovascular-related benefits from short-term heat acclimation may not be mediated 

by hypervolaemic responses per se. 

The carbon monoxide dilution technique (Burge & Skinner, 1995) was a 

reliable measure of blood volume repeated after seven days with moderately trained 

participants but showed some increase in measurement error with increasing time 

between trials thereafter (Gore et al., 2005). 

 Chapter four of this thesis will investigate the effectiveness of short-term heat 

(5-day) acclimation for highly trained athletes.  Further, it will determine the impact 

of short-term heat acclimation on a marker of thermotolerance (inducible heat shock 

protein 70; HSP70).  
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Chapter Four: Effectiveness of short-term heat acclimation for 

highly trained athletes 

 

4.1 Introduction 

Endurance-trained athletes behave physiologically as if they were already heat 

acclimatised (Taylor, 2000) and the higher the background adaptation, the lower the 

adaptation response (Taylor & Cotter, 2006).  Therefore, highly trained athletes have 

less adaptive potential in comparison with untrained or moderately trained 

participants.  However, often it is highly trained athletes that are in need of heat 

acclimation and they have to rely on vast literature from lesser trained (and adapted) 

people.  Therefore, due to insufficient and valid knowledge, the principal aim of this 

chapter was to examine; (1) the extent to which highly trained athletes adapt to short-

term heat acclimation.  It has been established that important protective adaptive 

changes to heat stress include acclimation (Sawka et al., 1996) and the induction of 

heat shock proteins (Moseley, 1997; Moseley, Gapen, Wallen, Walter, & Peterson, 

1994) but it is unclear whether they are interrelated (Moseley, 1997).  Furthermore, 

although dehydration constitutes stress at cellular (Oehler et al., 1998) and systemic 

levels (Sawka, 1992) there appears to be no research on the influence of cell 

hydration on HSP70 response in humans.  Therefore, further aims of this work were 

to investigate; (2) whether plasma HSP70 response is impacted by the relatively brief 

submaximal stress nature of short-term heat acclimation, using moderately to highly 

trained athletes; and, (3) plasma HSP70 response is elevated by dehydration during 

the acclimation process.    

Short-term heat acclimation may be the preferred regime for highly trained 

athletes, as it potentially provides less disruption of quality training near to 

competition and is less expensive than longer-term protocols.  Based on two 
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principles of adaptation, that, (i) controlled hyperthermia maintains strain across 

adaptation (Taylor, 2000), and (ii) previous findings from Chapter.2 tentatively 

support use of a permissive dehydration regime in the adaptation.  The effectiveness 

of short-term heat acclimation, using the controlled hyperthermia technique, has 

tended to use untrained (Turk & Worsley, 1974; Weller & Harrison, 2001) or 

moderately trained individuals (Creasy, 2002; Regan et al., 1996; Taylor, Patterson, 

& Regan, 1995).   

 

4.1.1 Heat acclimation and trained athletes 

Historically, it was recognised that endurance trained participants‟ elicited 

behaviour, as if they were already heat acclimatised (Greenleaf, 1964; Greenleaf & 

Greenleaf, 1970; Piwonka & Robinson, 1967; Piwonka, Robinson, Gay, & Manalis, 

1965).  Pandolf and colleagues (1977) reported that well-trained participants with a 

high level of aerobic fitness (>65 mL·kg
-1

·min
-1

), adapt more readily to heat exposure 

and could be acclimated after 4 d, achieving greater cardiovascular stability and lower 

body temperature during a subsequent heat stress (Pandolf et al., 1977).  In contrast, 

slower adaptation is seen in individuals with low basal fitness (Kok, 1973).  However, 

individuals with low to moderate aerobic conditioning (<55 mL·kg
-1

·min
-1

) may have 

greater potential benefit from heat acclimation than individuals with a high level of 

aerobic fitness.  It has been demonstrated that individuals with low as opposed to a 

high max 2OV  experienced larger decreases in cf  and reT  after acclimation (Cadarette, 

Sawka, Toner, & Pandolf, 1984; Shvartz et al., 1977).  Improvements in aerobic 

fitness ( max 2OV ) and the physiological adaptation that occur, such as increased heat 

loss capacity and decreased reT ,  have been associated with increased tolerance to 

exercise in the heat (Armstrong & Pandolf, 1988).  For example, it was reported that 
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endurance-trained males who had regular exercise under sunny desert conditions were 

better adapted than were their acclimatised but less trained counterparts.  This was 

indicated by greater cardiovascular stability against a fixed work load (Wells, 

Constable, & Haan, 1980).  Caderette and colleagues (1984) demonstrated that during 

heat stress, decreased cardiovascular and thermoregulatory strain occurred with 

increasing fitness before acclimation.  Armstrong and colleagues (1987) investigated 

well trained distance runners (mean best marathon time: 2:38:00 ±0.05; n=4) during 

spring and summer training (30.3
o
C) in the north eastern United States.  They 

observed equivalent heat tolerance both before and after summer training indicated by 

no significant difference in cf , reT , sweat Na  and K concentration, plasma 

Na and K , or change in PV during exercise.  They concluded that highly-trained 

endurance athletes do not need special thermal preparation to facilitate heat tolerance 

during seasonal climatic changes (Armstrong, Hubbard et al., 1987).  More recently, 

untrained (<50 mL·kg
-1

·min
-1

; n=8) and trained  (>55 mL·kg
-1

·min
-1

; n=7) participants 

were stress tested before and after heat acclimation while they were euhydrated and 

hypohydrated, (~2.5% body mass) by exercise and fluid restriction on the day 

preceding the trials (Cheung & McLellan, 1998).  This protocol involved 1-h 

treadmill exercise at 40
o
C 30% RH, for 2 weeks of daily heat acclimation wearing 

nuclear, biological, and chemical protective clothing.  Heat acclimation increased 

sweat rate and decreased reT  and skT  in trained participants but had no effect on 

exercise tolerance time.  Untrained participants increased sweat rate but did not 

alter cf , and reT  or exercise tolerance time.  For trained and untrained participants, 

regardless of the acclimation state, hypohydration increased cf  and reT  with a 

decreased exercise tolerance time.  The rate of rise in skT  was less whereas the change 
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in reT  and exercise tolerance time were greater in trained than in untrained 

participants.  Therefore, it can be concluded from the work of Cheung and colleagues 

(1998) that long-term aerobic fitness resulted in a significant improvement in 

exercise-heat tolerance, regardless of hydration or acclimation status (Bourdon et al., 

1987; Greenleaf & Sargent II, 1965; Hubbard et al., 1984).   

Short-term heat acclimation (<7 d) is an ideal protocol for exercise in the heat, 

as many of the important adaptations to heat stress are cardiovascular, and these occur 

relatively rapidly.  However, increased sweating power is an adaptive response of 

commonly-employed longer-term (12-14 d) heat acclimation regimes (Sawka et al., 

1996).  Examples of short (<7 d), medium (8-14 d) and longer-term (>15 d) 

acclimation regimes are shown earlier in this thesis (Chapter.2: 2.1.1; Table 2-2).  

From a practical perspective, completing a short-term heat acclimation regime for 

highly trained athletes is not so problematic when sustaining quality training and 

tapering performance in the weeks before competition.  Financial considerations may 

also dictate a preference for short-term heat acclimation in comparison with the 

potential extra expense of longer-term regimes.  Further, the controlled hyperthermia 

technique may offer a more complete adaptation (Taylor, 2000) and is referred to as 

the isothermal strain model (Taylor & Cotter, 2006).  Of the limited information 

available, short-term heat acclimation using the controlled hyperthermia technique, 

has been employed as a method to acclimate untrained soldiers in the British military 

(Turk, 1974; Turk & Worsley, 1974).  Turk and Worsley (1974) used a large group 

(n=51), who were exposed for 5 d to a hot environment (36
o
C WBGT), for 2 h per 

day at reT  of 38.8
o
C, resulting in 80 ±5% of participants reaching a satisfactory level 

of acclimatisation, indicated by greater cardiovascular stability.  Further, reduced 

thermal strain and increased work capacity after medium-term (10-d) heat 
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acclimation, using the isothermal strain model, with untrained participants have been 

reported (Weller & Harrison, 2001).  Participants (n=10) maintained an aural 

temperature between 38 and 38.5
o
C for 70 min on each day, by water immersion 

(40
o
C) and cycle exercise.  Using a cycle ergometer they reported an end-exercise 

decrease in cf  (2.3%), reT  (0.5%) and increased work capacity (11.6%).  Patterson 

and colleagues (2004) used short-term (7-d) heat acclimation, with moderately trained 

participants (n=12), in hot and humid conditions (40
o
C, 60% RH), undertaken using 

controlled hyperthermia in 90-min daily bouts.  They reported a decrease in resting 

cf  (6.8%), reT  (0.5%), PV expansion (9.8%) and increased work capacity (11.6%) 

(Patterson et al., 2004b).  Similarly, under the same environmental conditions as 

Patterson and colleagues (2004), this work (Chapter.2: 2.3) used short-term (5-d) heat 

acclimation, with moderately trained participants (n=10), undertaken using controlled 

hyperthermia but with no fluid intake in 90-min daily bouts.  We found a decrease in 

resting cf  (17%), reT  (0.8%), and an increase in PV (9.3%) and work capacity (19%).  

In summary, the effectiveness of short-term heat acclimation, using the controlled 

hyperthermia technique has been demonstrated with the untrained (Turk & Worsley, 

1974; Weller & Harrison, 2001) and moderately trained (Creasy, 2002; Regan et al., 

1996; Taylor et al., 1995; Chapter.2) participants.  Therefore, despite the lesser 

adaptive potential of highly trained participants, it may be expected that it would be 

as effective with this population group as well.  However, due to the lack of 

information currently available the effectiveness of short-term (5-d) heat acclimation 

with dehydration, using highly trained participants requires further investigation. 
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4.1.2 Heat shock proteins and acclimation 

Longer-term systemic protective adaptation occurs after repeated exposure to 

heat stress and is referred to as acclimation (Sawka et al., 1996).  This allows an 

organism to perform increased work in the heat because of improvements in heat 

dissipation and lower core temperature, and is one of two main thermo-protective 

pathways to combat the effects of heat stress.  The other major pathway is the heat 

shock protein response (HSR), which is mediated primarily by heat shock proteins 

(HSP) (Horowitz, 2002).  HSP expression is associated with resistance to stress and 

may be central to the understanding at a cellular level of thermotolerance after 

acclimatisation (Feder & Hofmann, 1999).  The most inducible heat shock protein is 

the 70 kDa family (HSP70) (Moseley, 1997).  Proteins in the HSP70 group share 

common protein sequences but are synthesised by different stimuli.  For example, the 

highly inducible 72kDa protein (HSP72) responds to multiple stressors including 

increased temperature (Mizzen & Welch, 1988) exercise (Walsh et al., 2001) and 

reduced glucose availability (Febbraio et al., 2004), whereas 73kDa protein (HSP73) 

is constitutively produced (Kee-Bum, Mun-Hee, & Dong-Jun, 2004).  Therefore, 

HSP70 is a stress protein family whose inducible form is HSP72 (Febbraio et al., 

2004).  It has a major role in preventing thermal injury by enhancing the signalling 

pathways of the cytoprotective mechanisms (Gabai & Sherman, 2002; Horowitz, 

2002; Kregel, 2002) and the immune system (Schneider, Niess, Lorenz, Northoff, & 

Fehrenbach, 2002).  Heat shock protein accumulation was originally considered a 

cellular marker of stress, that occurred in humans after exercise in the heat (Moseley, 

1997; Ryan, Gisolfi, & Mosely, 1991).  However, more recently it has been 

demonstrated that HSR, has a major role in protecting cells from other forms of stress 

and preparing them to survive environmental challenges (Kee-Bum et al., 2004).   
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Heat shock protein response is a rapid molecular mechanism that starts by the 

production of heat shock proteins on exposure to heat stress (Horowitz, 2002).  Stress 

tolerance is impaired by the inhibition of heat shock protein accumulation by 

blocking antibodies, which supports the notion that heat shock proteins themselves 

confer the stress tolerance (Asea et al., 2000).  However, the mechanisms by which 

heat shock proteins confer stress tolerance are not completely understood (Moseley et 

al., 1994).  It has been demonstrated that HSP70 has a role in cellular protein 

management, as a molecular chaperone across cell membranes but the origin of 

membrane associated HSR still remains elusive (Broquet, Thomas, Masliah, Trugnan, 

& Bachelet, 2003).  Heat shock proteins may protect the cells by preventing cellular 

denaturising by refolding damaged proteins and preventing protein aggregation, in 

response to cellular stress caused by environmental factors, pathogens and disease 

(Gruenfelder et al., 2001).  For example, HSP70 is involved in the movement of 

cellular proteins through the mitochondrial membrane and endoplasmic reticulum 

(Moseley, 1997), and failure of these activities may underlie several human diseases 

(Feder & Hofmann, 1999; Walsh et al., 2001).   

Heat shock proteins respond in cells exposed to hyperthermia, hypoxia, 

starvation and oxygen stress (Gething & Sambrook, 1992) but how much of the 

HSP70 induced intracellularly is actually released into the systemic circulation 

remains unclear.  For example, it has been demonstrated that circulating levels of 

serum HSP70 can predict the development of atherosclerosis in subjects with 

hypertension and may protect or modify the progression of atherosclerosis in this 

subject group (Pockley, Georgiades, Thulin, de Faire, & Frostegard, 2003).  

Atherosclerosis was determined from the thickness of the far walls of common 

carotid arteries and it was reported that this was less prevalent in subjects having high 
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serum HSP70 levels.  However, a limitation to this work is that the precise relation 

between circulating HSP70 and atherosclerosis is unknown hence; Pockley and 

colleagues (2003) refer to serum HSP70 as a marker of cardiovascular disease.  

Further, Dybdahl and colleagues (2005) investigated the relationship between serum 

HSP70, the markers of inflammation and myocardial damage after acute myocardial 

infarction.  They reported moderate relations between serum HSP70 and 

inflammatory cytokine release, suggesting serum HSP70 may have a role in the 

systemic inflammatory response and could be used as a marker of myocardial 

damage.  They further suggested that the HSP70 concentration in serum, after acute 

myocardial infarction, reflects the HSP70 concentration in myocardial cells after 

stress (Dybdahl et al., 2005).  However, the source of serum HSP70 and its release 

into the systemic circulation was not explored.  Febbraio and colleagues (2002) 

demonstrated that the splanchnic tissues release HSP72 (the inducible form of the 

HSP70 family of heat shock proteins) during exercise and this release is responsible, 

in part, for the elevated systemic concentration of this protein during exercise.  They 

further observed that the increase in circulating HSP72 preceded any increase in 

contracting muscle HSP72 expression, suggesting that the contracting muscle is not 

responsible for the increase in systemic concentrations of HSP72 during exercise. 

Peake and colleagues (2005) reported increased plasma HSP70 concentration after a 

single bout of intense exercise and suggested that the plasma HSP70 concentration 

increased via systemic release of HSP70 from hepatosplanchnic tissues, in response 

to changes in liver glucose output during exercise (Febbraio et al., 2004; Febbraio, 

Ott et al., 2002).  More recently, Kresfelder and colleagues (2006) investigated the 

possibility of using serum HSP70 as a marker of acclimatisation.  They reported that 

physiological parameters denoting acclimatisation were correlated to levels of serum 
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HSP70 (Kresfelder, Classen, & Cronje, 2006).  In summary, to the author‟s 

knowledge there is limited definitive knowledge on how much of the HSP70 family 

induced intracellularly, is actually released into the systemic circulation.  Therefore, 

measurements of serum and plasma HSP70 in the systemic circulation may merely 

reflect its synthesis and function intracellularly in the various tissues.  However, you 

cannot determine where it is from and thus which cells are developing 

thermotolerance.  

A complex relationship exists between heat shock protein synthesis, stressor 

and exercise (Kregel & Moseley, 1996; Liu et al., 2000).  For example, in humans 

HSP70 expression in blood leucocytes may provide protection against exercise-

induced oxidative, heat cytokine and inflammatory stress (Fehrenbach & Niess, 1999; 

Ryan et al., 1991) and maintain cellular homeostasis (Fehrenbach et al., 2000).  In the 

rat several different types of heat shock protein are synthesised in spleen cells, 

lymphocytes and skeletal muscle cells after treadmill exercise (Skidmore, Gutierrez, 

Guerriero JR, & Kregal, 1995).  Further, heat shock protein synthesis has been 

observed after exercise in the central nervous system (Walters et al., 1998), cardiac 

muscles (Taylor, Harris, & Starnes, 1999) and liver tissues (Kregel & Moseley, 

1996).  Whereas HSR is widely observed in many cell types, the intestine is one of 

the first organs to synthesise HSP70 and has been demonstrated to have a more robust 

response to hyperthermic shock.(Broquet et al., 2003).   

Mechanisms for HSP70 response include hyperthermia (Feder & Hofmann, 

1999; Horowitz, 2002) and exercise (Liu et al., 1999; Moseley, 1997; Ryan et al., 

1991).  However, hyperthermia occurs during exercise but exercise-induced HSP70 

can be independent of changes in body temperature (Skidmore et al., 1995).  

Skidmore and colleagues (1995) investigated the role of internal temperature on 
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HSP70 induction in skeletal muscle of rats during exercise and heat stress.  They 

observed that the increased HSP70 levels were independent of core temperature and 

suggested that factors other than heat stress may contribute to HSP70 expression 

during exercise.  For example, exercise generates many metabolic changes 

independent of hyperthermia that have been demonstrated to induce HSP70, such as 

glycogen depletion (Febbraio, Steensberg et al., 2002).  Furthermore, Kee-Bum and 

colleagues (2004) demonstrated that metabolic stress may be partly responsible for 

the increased exercise-associated skeletal and cardiac tissue HSP70 levels, in rats 

exercising in hot temperatures.  They reported similar reductions in body mass during 

the course of the experimental period, due to fluid loss by increased evaporative heat 

loss.  This indicates that the HSP70 expression in skeletal and cardiac tissue may not 

be entirely dependent on reT  and hypohydration may be partly responsible.   

Interestingly, the influence of cell hydration on HSP70 response has been 

investigated in the rat model and it has been demonstrated that the heat-induced 

accumulation of inducible HSP70 was greater under hypo-osmotic conditions than 

iso-osmotic conditions (Kurz, Schliess, & Haussinger, 1998; Schliess & Haussinger, 

1999).  Similarly, of the limited information available within humans, increased 

HSP70 expression has been demonstrated in the human cell in response to osmotic 

challenge (Oehler et al., 1998).  In summary, despite the induction of HSP70 response 

to exercise being examined in rats (Skidmore et al., 1995) and humans (Liu et al., 

2000; Liu, Lormes, Wang, Reissnecker, & Steinacker, 2004; Liu et al., 1999), it 

remains unclear whether the synthesis of HSP70 is in response to exercise per se or to 

the hyperthermia associated with exercise (Fehrenbach et al., 2000).  It is suggested 

that augmented tissue levels of HSP70 synthesis may be triggered by temperature, 

exercise and metabolic stress (Kee-Bum et al., 2004).  Therefore, due to the lack of 
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available knowledge in the literature, the influence of cell hydration on HSP70 

response (independently of temperature) in humans requires further investigation and 

was a secondary purpose of the current study.    

It is established that physical training influences the synthesis of HSP70 (Liu 

et al., 2000; Liu et al., 1999).  Thus, physical exercise could provide cellular 

protection from several different stresses such as hyperthermia (Oehler et al., 2001) 

and aging (Kregel & Moseley, 1996).  For example, in the rat model Kregel and 

Moseley (1996) observed that the synthesis of HSP70 has a blunted response to heat 

stress in the aged organism.  However, this was not due to the retention of the ability 

to accumulate heat shock proteins but rather associated with changes in key 

regulatory elements with aging.  Further, there is evidence that maintaining physical 

activity during aging can preserve the ability to induce HSP70 in response to physical 

stress (Simar et al., 2004).   

Studying heat shock protein production in leucocytes of trained subjects is 

important to determine if HSR is indeed involved in adaptation mechanisms to 

exercise through alteration of immune function (Shastry, Toft, & Joyner, 2002).  

Furthermore, Fehrenbach and colleagues (2000) demonstrated that a single bout of 

heavy endurance exercise stimulates HSP70 expression in peripheral blood 

leucocytes but is downregulated as an adaptation to regular endurance training.  

Further, in comparison to before the onset of endurance training there was a lower 

percentage of baseline heat shock protein-positive leucocytes‟ in trained subjects at 

rest, reflecting a reduced need for heat shock protein expressing immune cells in 

blood.  Consistent with the work of Fehrenbach and colleagues (2000) blunted 

baseline levels of HSP70 expression in leucocytes, to a single bout of exercise in 

trained subjects has been reported, as a chronic adaptation to endurance training 
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(Shastry et al., 2002).  Interestingly, Shastry and colleagues (2002) showed that 

exercise within the normal limits for a moderately trained individual is not a 

sufficient stimulus for HSP70 expression in leucocytes.  Further, it has been 

demonstrated that subjects with lower basal levels of HSP70 expressed greater 

synthesis of HSP70 after heat shock (Boshoff et al., 2000; Kresfelder et al., 2006).  

Liu and colleagues (1999) investigated the effects of chronic exercise on HSP70 

expression and creatine kinase (CK) in highly trained rowers, after training for 4 

weeks.  After the training regime they demonstrated less induced HSP70 

concentration and a lowering of CK level in human muscle.  This suggests that 

HSP70 accumulation had a protective effect on the musculature partly by lower CK 

level, as increased CK is associated with muscular injury.  It further suggests that 

HSP70 may play an important role as a molecular chaperone, as the training induced 

hypertrophic changes from the training in the stressed muscle would require protein 

synthesis and protein folding to take place.  Furthermore, as highly trained rowers 

would participate in a high volume of training, it suggests that a high energy supply 

would be required.  This would result in substrate oxidation and glycogen depletion, 

which has been demonstrated as a mechanism for HSP70 synthesis (Febbraio et al., 

2004; Febbraio, Steensberg et al., 2002).  Liu and colleagues (1999) further 

concluded that the significantly induced HSP70 in human skeletal muscle during 

physical training seemed to be associated with the total amount of training.   

However, the effects of exercise intensity and volume on the induction of HSP70 

were not clearly differentiated in this work.  In a second study using well-trained 

rowers, Liu and colleagues (2000) determined that HSP70 in human skeletal muscle 

induced in training is dependent on exercise intensity.  The importance of exercise 

intensity on the induction of HSP70 was further investigated by Liu and colleagues 
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(2004).  They used six well-trained rowers and determined the effect of high intensity 

strength training and low intensity endurance training, on the HSP70 response in 

human skeletal muscle.  The training program consisted of 3 weeks of high-intensity 

strength training, 1 week of recovery, and 3 weeks of low-intensity endurance 

training, 1 week recovery in a randomly allocated cross-over design.  They concluded 

that HSP70 was induced by high-intensity training but not by endurance training at 

low intensity.  Recently, Selkirk and colleagues (2006) investigated intracellular 

HSP72 expression in monocyte subsets between trained and untrained individuals 

during exertional heat stress.  Monocytes are a heterogeneous population with two 

distinct subsets, regular (CD14
Bright+

) and proinflammatory (CD14
Dim+

).  This work 

demonstrated an increased level of proinflammatory monocytes (CD14
Dim+

) in the 

circulation of untrained versus trained on immediate exposure to heat stress.  

Furthermore, upon subsequent in-vitro heat shock the untrained had a blunted heat 

shock protein response of the proinflammatory monocyte.  This work implies a 

cytoprotective adaptation and increased thermotolerance of highly trained individuals 

(Selkirk, Mclellan, Wright, Rhind, & Jacobs, 2006).   

Immediate exposure to heat stress hyperthermia has been shown to contribute 

to fatigue (Gonzalez-Alonso et al., 1999b).  In order to protect the cell structure from 

heat damage there is an immediate release of heat shock proteins from the internal 

organs and this capability to adapt to thermal stress and initiate HSR is a general 

property of all living organisms (Hales et al., 1996).  The process of acclimation is a 

longer-term, systemic protective adaptive mechanism resulting from repeated 

exposure to heat stress (Sawka et al., 1996).  However, the classical indices of heat 

acclimation (lowered cf , reT  and increased sweat rate) may take days or weeks to 

manifest themselves.  Despite the potential benefits from the interrelationship of HSR 
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and acclimation, there is no clear evidence that short-term heat acclimation 

predisposes the heat shock protein molecular machinery to respond faster and 

increase the level of the protein (Horowitz, 2002).  However, the thermotolerant state 

seen in rats (Fruth & Gisolfi, 1983) and humans (Pugh, Corbett, & Johnson, 1967), 

allowing the ability to work at higher core temperatures suggests that the cellular 

mechanisms of adaptation related to HSR may be at work (Kregel, 2002; Moseley, 

1997).  Further, inferences have been made supporting the hypothesis of HSR and the 

whole organism‟s adaptation to heat (Ulmasov, Shammakov, Karaev, & Evgev'Ev, 

1992).  This work used the lizard model to investigate patterns of heat shock protein 

accumulation and the association of these differences with habituation in a hot 

climate.  They reported that the higher the environmental temperature, the greater the 

amount of HSP70 found during non-stress conditions.  In the human model, 

Kresfelder and colleagues (2006) reported physiological parameters denoting 

acclimatisation were correlated to levels of serum HSP70 in the circulation.    

Therefore, if HSR is integral to the acclimatisation of the whole organism to heat 

stress, the mechanisms by which heat exhaustion and heat injury occur must be 

explored.  It has been demonstrated that with heat exhaustion and heat stroke there is 

the presence of systemic endotoxemia (Bosenberg, Brock-Utne, Gaffin, Wells, & 

Blake, 1988) and elevations in circulating cytokines (Cannon & Kluger, 1983).  

Further, HSP70 expression has been demonstrated to have an indirect correlation with 

cytokine levels, indicating that the protective effect of HSP70 may be explained by 

reduced cytokines (Gruenfelder et al., 2001).  HSP70 has been implicated in the 

induction of anti-inflammatory cytokines (Asea et al., 2000) but its role in regulating 

the production is unknown (Peak et al., 2005).  However, the work of Peake and 

colleagues (2005) does not support any relationship between extracellular HSP70 and 
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the production of anti-inflammatory cytokines following exercise.  Therefore, heat 

acclimatisation may be the result of not only the organism‟s ability to dissipate heat 

more effectively, but block or tolerate gut-associated endotoxin translocation, 

downregulate cytokine production or develop an increased tolerance to cytokine 

exposure.  The inhibition of cytokine expression could downregulate active tissue 

injury (Gruenfelder et al., 2001).  This notion was explored in a review by Moseley 

(1997), who suggested that HSR may play an important role in attenuating endotoxin 

and cytokine response, as a means to confer heat tolerance.  It further indicates that 

the reversible heat-induced changes in cell permeability are attenuated by heat shock 

protein accumulation; cells and animals become endotoxin tolerant after HSP70 

accumulation, and endotoxin tolerance is a direct result of endotoxin, tolerance to 

cytokine exposure or inhibition of cytokine production by inflammatory cells.  It has 

been demonstrated that HSP70 has been implicated in the induction of pro-

inflammatory cytokines (Asea et al., 2000).      

In summary, if there is an interrelationship of HSR and acclimation, it may be 

expected that short-term (5-d) heat acclimation with dehydration, will induce plasma 

HSP70 in the circulation of moderately to highly trained athletes, reflecting a 

protective adaptive change at a cellular level (Moseley, 1997; Moseley et al., 1994).  

To the author‟s knowledge there is limited evidence to suggest that plasma HSP70 are 

impacted by the relatively brief submaximal stress nature of short-term heat 

acclimation, using controlled hyperthermia with dehydration.   

 

4.1.3 Aims 

The aims of this study were to determine; (1) the extent to which highly 

trained athletes would benefit physiologically from a short-term (5-d) heat 
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acclimation protocol with dehydration; (2) whether plasma HSP70 are impacted by 

the relatively brief submaximal stress nature of short-term heat acclimation with 

dehydration, using moderately to highly trained athletes; and, (3) the plasma HSP70 

response is impacted by hydration status during the acclimation process.  Preliminary 

findings of this study were presented at the 2003 New Zealand Sports Medicine and 

Science conference, Nelson, New Zealand (Appendix H). 
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4.2 Methods 

4.2.1 Experimental design and overview 

As previously reported (Chapter.2: 2.2.3), ten moderately trained participants 

undertook two, 5-day heat acclimation regimes, separated by a 5-week washout: one 

with minimal fluid replenishment (DEHydrated; ~100mL) and one with full hydration 

(EUHydrated; ~1750 mL) during each daily acclimation session.  Participants‟ 

response to a standardised, exercising heat stress test (HST), was measured before 

and on the 2
nd

 day after each acclimation regime.  Participants were partially 

rehydrated with ~1150 mL volume of fluid during each HST.  The purpose of using 

EUH and DEH acclimation regimes with the moderately trained participants was to 

determine whether plasma HSP70 expression differed with hydration status.     

On a later occasion to fit into the final preparations for an international rowing 

regatta, eight highly trained participants undertook one, 5-day heat acclimation 

regime with minimal fluid replenishment (DEHhydrated; ~100mL) during each daily 

acclimation session.  Participants‟ thermoregulatory, cardiovascular and fluid-

regulatory status were measured at rest and in response to a rowing-specific, 

exercising HST, administered on the day before and on the 2
nd

 day after the DEH 

acclimation regime.  This heat acclimation regime formed an integral part of the final 

pre-competition training camp for the highly trained participants, who were 

competing in the lightweight category of the invitational I-Lan international collegiate 

rowing regatta, in the heat and humidity of Taiwan (~35
o
C, 60-80% RH).  A general 

overview of the pre-competition training camp and preparation for competition in the 

heat for highly trained athletes is shown in Figure 4-43. 



176 

 

Month August September

Day M         F Sa Su M Tu W Th F Sa Su M Tu W Th F Sa Su

Date 18   -   29 30 31 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Training camp

Heat acclimation

Baseline- Meeting Pre- 5-day heat acclimation (Acc) Post Sauna Travel- Travel- Natural Competition

work rate HST HST p.m. Auckland Taiwan acclimitisation

Feedback of results

 
HST Heat stress test  10 min 30% work rate 

(35
o
C, 60% RH)  10 min 60% work rate 

    5 min rest 

    2000 m rowing performance test 

 

Acc Heat acclimation  reT  at 38.5 ±0.3 C  for 90 min duration x 5 d 

 (40
o
C, 60% RH)   

 

Figure 4-43: Overview of the pre-competition training camp and heat acclimation 

protocol for highly trained athletes 

 

4.2.1.1 Training 

Information on type of training, volume and intensity was derived from the 

pre-competition training camp schedule for the highly trained athletes.  The training 

volume averaged 120 min per day and during this pre-competition period there was 

greater emphasis for on-water training, which contributed 80% and ergometer work 

made up 20% of total training time.  There was a major focus on team, tactical and 

tapering for performance at this training camp, as the team of eight rowers and one 

coxon had spent limited time competing together as a team.  As part of the 120 min 

per day of training approximately 30 min was spent each day for warm-up and cool-

down.  Therefore, total training time was greater than 14 hours per week. 

 

4.2.2 Participants 

Participants were eighteen male volunteers from the local sporting 

community, staff and students of the University of Otago.  Participants ranged from 
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21 to 37 years old for moderately trained (Chapter.2: 2.2.1; Table 2-4) and from 19 to 

24 years old for highly trained (Table 4-20).  Each participant was previously 

unacclimated to the heat.  The acclimations occurred within the dates of July 8th to 

November 30th, 2002 for moderately trained and August 31
st
 to September 6th, 2003, 

for the highly trained participants. i.e., winter-spring, to minimise seasonal 

acclimatisation effects.  All participants were apparently in good health, as 

determined from a modified Physical-Activity Readiness Questionnaire (PAR-Q). 

The study was conducted within the bounds of approval granted by the University of 

Otago Human Ethics Committee (Approval number 02/035).  

 

Table 4-20: Personal characteristics of highly trained participants 

 

Participant Age  Body mass peak 2OV      peak 2OV   PPO 

 (yrs)  (kg)  (L
.
min

-1
)     (mL.kg

-1
.min

-1
) (W) 

 

S11  19  73.1  5.10        69.7  400 

S12  23  74.3  5.00        67.3  425 

S13  23  69.8  4.80        68.8  350 

S14  24  82.2  5.10        62.1  400 

S15  20  69.4  4.86        70.0  425 

S16  19  80.6  5.10        63.3  425 

S17  23  76.2  4.89        64.2  400 

S18  23  76.3  4.69        61.5  375 

_____________________________________________________________________ 

Mean  22  75.2  4.94            65.8  400 

SD  2  4.6  0.19            3.5  27 

where: peak 2OV  = peak oxygen uptake; PPO = peak power output, using rowing 

ergometry; SD = standard deviation 
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4.2.2.1 Heat stress tests (HST) 

Moderately trained 

This work has previously been described (Chapter.2: 2.2.3) and is therefore 

summarised here. Following instrumentation in an air conditioned room of 22
o
C and 

40% RH for 30 min, ten moderately-trained male participants entered a climate 

chamber (housed in the School of Physical Education at the University of Otago), 

where pre-exercise measurements were made while they sat on the cycle ergometer 

(Rodby Elektronik AB, Model RE 820/830, Sodertalje, Sweden) for 10 min.  

Participants then cycled at 40% PPO for 90 min duration (35 C  60% RH, with a 

wind speed <0.5 m.s
-1

).  Participants then rested for 10 min before commencing a 

ramp protocol (2% PPO each 30 s) to volitional fatigue, or a rectal temperature ( reT ) 

≥39.5 C .  This protocol was adapted from that used by Patterson (1999).  Before the 

HSTs participants consumed 250 ml of the 4% CHO fluid.  At approximately 15 min 

intervals during HSTs, 150 ml of 4% CHO solution was consumed, for a total 

consumption of 900 ml in 90 min exercise. 

 

Highly trained 

Eight highly trained male participants (Table 4-20) completed a HST 

involving 20 min of rowing (35 C  60% RH, with a wind speed <0.5 m.s
-1

) on a 

rowing ergometer (Concept, Concept II, Vermont, USA), at 30% of maximal work 

rate for 10 min and 60% maximal work rate for 10 min.  Workloads were determined 

from the initial peak 2OV  test on a rowing ergometer, using a sport-specific incremental 

test, designed for Rowing New Zealand (Smith, 2003).  The participants then rested 

for 5 min before a 2000 m rowing performance test, and were allowed to drink ad 

libitum.  This protocol was designed to mimic rowing race conditions as closely as 
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possible (Ingham, Whyte, & Nevill, 2002; Secher, 1993; Steinmacker, 1993).  The 

current world record for 2000-m rowing performance test is 6.02 min (Concept2, 

2006) and the average 2000-m time for the eight highly trained male participants was 

~6.40 min.  Therefore, because they were able to perform at 90% of world record 

pace it is considered that they constitute highly trained athletes.  Further, the 2000 m 

rowing ergometer performance test used in this study has previously demonstrated 

high reliability (CoV: 0.6%) with well trained athletes (Schabort, Hawley, Hopkins, 

& Blum, 1999) and a 0.7% CoV has been reported using highly-trained rowers 

(Creasy, 2002; under review).  

 

4.2.2.2 Acclimation protocol 

Ten moderately and eight highly trained participants completed heat 

acclimation sessions consisting of cycling (Monarch Ergomedic, Model 824E, 

Varberg, Sweden) for 90 min in hot and humid conditions (40 C  60% RH, <0.5 m.s
-1

 

air speed).  Nominal fluid replacement (100 mL) was given during acclimation bouts 

to facilitate dehydration but also to minimise the perception of fluid deprivation.  This 

high thermal loading was intended to emphasise heat acclimation more than the 

training stimulus in both groups, and facilitate tapering in the highly trained group 

prior to their competition.  The controlled hyperthermia technique was used during 

acclimation bouts (4.1.1) as it offers a more complete adaptation (Taylor, 2000).  

Modest hyperthermia ( reT of 38.5 C ) was attained as rapidly as possible, maintained 

by regular adjustment of workload.  Elevating reT  to the same level during exposure 

results in progressively more work being performed as acclimation proceeds (Nielsen 

et al., 1993).     
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To determine whether plasma HSP70 response in moderately trained 

participants is different during euhydration and dehydration acclimation regimes, on a 

different occasion and in an unacclimated state, the ten moderately trained 

participants completed the same heat acclimation sessions but with fluid 

replenishment (EUH acclimation), as previously detailed in this work (Chapter.2: 

2.2.3).  Briefly, to increase the likelihood of beginning in a euhydrated state, the 

participants consumed 250 ml of the 4% CHO fluid before the EUH acclimation 

bouts.  They then consumed a minimum of 250 ml every 15 minutes during the bouts 

for a total consumption of 1500 ml (Coyle & Montain, 1992).  

 

4.2.2.3 Urinary measures 

Urine samples were obtained before and after day one (D1) and day five (D5) 

acclimation.  Using fresh urine samples, urine specific gravity and urine colour were 

measured using a calibrated refractometer (Uricon-N, Urine specific gravity 

refractometer, Atago Co., Tokyo, Japan) and urine colour chart (Armstrong et al., 

1998; Armstrong et al., 1994), respectively.  Urine volume was recorded and urine 

osmolality was analysed after the experiment following storage at -80
o
C.   

 

4.2.3 Blood measures 

Plasma for the measurement of the fluid regulatory hormone aldosterone (200 

l) was stored using chilled K-EDTA tubes (1.6 mg
.
ml

-1
).  Measurement of 

aldosterone used the Coat-A-Count aldosterone procedure (DPC‟s), which is based 

upon human serum calibrators, 
125

tracer and aldosterone anti-body coated tubes.  

The tube was decanted and counted in a gamma counter.  The sample concentration 

was then determined from calibration standards (25-1200 pg
.
ml

-1
) and control 



181 

 

samples, using a standard curve.  The intra-assay coefficient of variation was 9.9% 

for duplicate measures and all samples for a given individual were analysed within 

the same assay.  Aldosterone analysis took place with the assistance and leadership of 

research staff within the Department of Human Nutrition.    

Chilled Li-heparin tubes (15 I.U.heparin
.
ml

-1
) were used to store plasma for 

measurement of total protein (20 l), Na  (200 l) and osmolality (8 l).  Assay 

samples were centrifuged at 1500 g for 15 min at 4 C  and stored at -80 C .  Plasma 

samples for the total protein assay were diluted 1/100 in phosphate buffered saline 

and assayed in triplicate using a Biorad protein colorometric assay kit, based on 

the Lowry method, using BSA  standards from 0-1.5mg
.
ml

-1
.  The total protein 

analysis took place with the extensive assistance and leadership of Dr Joanne 

Harrison and Dr Ivan Sammut from the School of Pharmacology and Toxicology.   

Plasma Na was analysed using duplicate colorometric analysis (Cobas Mira 

Plus, New Jersey, USA).  Plasma osmolality was analysed using a Wescor Vapro 

Vapour Pressure Osmometer, USA (5520).  Three known calibration solutions from 

the Wescor Vapro Vapour Pressure Osmometer kit (100, 290 and 1000 mosm
.
kg 

H2O
-1

) were used to calibrate the osmometer in triplicate every 20 samples. 

Changes in the concentration of haemoglobin [Hb] and haematocrit [Hct] 

were used to determine the relative change in plasma volume described by Dill & 

Costill (1974).  Venous blood samples (5 mL) were taken from an antecubital vein 

(Vacutainer Precision Glide 21-gauge needle, Becton Dickinson Vacutainer Systems) 

by phlebotomy without stasis and immediately analysed – in sexplicate – for [Hb]  

(Willoughby, Priest, & Nelson), (Model OSM3, Radiometer, Copenhagen, Denmark), 

and [Hct] (using a Hawksley Microhaematocrit centrifuge [Sussex, UK] and a Micro-

capillary reader [Damon/IEC Division, Mass, USA]).  The percentage change in 
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plasma volume was analysed from day one to five of the acclimation regimes and 

calculated using the following mathematical equation developed by Dill & Costill 

(1974): 

 

%  PV= [Hbc  / Hbi (1 - Hcti  / 1 - Hctc) -1] x 100 

 

where: c = control blood sample; i =  blood sample taken after the control sample is 

drawn; PV = plasma volume; Hb = haemoglobin concentration; Hct = haematocrit 

concentration (Dill & Costill, 1974). 

 

 

4.2.4 Heat shock proteins 

HSP70 enzyme-linked immunosorbent assay (ELISA) analysis was used to 

determine inducible, plasma heat shock protein concentration response, as described 

previously (Njemini, Lambert, Demanet, & Mets, 2003).  Briefly, plasma samples 

were diluted 1/5 and 250 l added to duplicate wells of a 96 well plate pre-coated 

with anti-HSP70 monoclonal antibody.  After 2 h incubation at room temperature 

(22
o
C 40% rh) HSP70 binding was detected using 100 l per well of Biotin anti-

HSP70 for 1 h followed by 100 l Avidin-HPP conjugate.  Avidin binding was 

indicated using tetra methyl benzidine (TMB) substrate and measured at 450 nm on a 

Spectromax Plus Spectrophotometer (Molecular devices, USA).  Values were 

calculated from a standard curve generated using a recombinant HSP70 standard.  

The range in standards was 0.78 to 50 ng
.
ml

-1
 as a two-fold dilution series.  Values 

obtained were corrected for plasma total protein to account for any hydration 

mediated change in concentration.    

Pre- and post-exercise measurements of plasma concentrations of heat shock 

protein (72 kDa; HSP70), total protein (TP) and total protein-corrected HSP70 
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(HSP70/TP) were measured on the first day (one) and last day (five) of acclimation, 

involving fluid replenishment (EUH) and permissive dehydration (DEH).  HSP70 

ELISA analysis took place with the extensive assistance and leadership of Dr Joanne 

Harrison and Dr Ivan Sammut from the School of Pharmacology and Toxicology.   

 

4.2.5 Data analysis 

This research addressed three questions; (1) the effectiveness and nature of 

adaptations induced by a short-term (5-d) heat acclimation regime with dehydration 

on highly trained athletes; (2) whether plasma HSP70 are impacted by the relatively 

brief submaximal stress nature of short-term heat acclimation with dehydration, using 

moderately to highly trained athletes; and, (3) is plasma HSP70 impacted by 

hydration status during the acclimation process.  The stress response of dependent 

measures at rest and end-exercise were generally analysed using paired t-test analysis 

and reported as means with 95% confidence intervals (95% CI).  The impact of 

hydration status on plasma HSP70 response was analysed by two-way analysis of 

variance (ANOVA) with repeated measures.  The relationship (r) between variables 

was calculated using the Pearson Product Moment Correlation and expressed as r
2
 

and p-value. 

 

4.3 Results 

 

4.3.1 Effectiveness of short-term heat acclimation for highly trained 

athletes 
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4.3.1.1 Thermal stress, strain, haemoglobin and haematocrit 

Thermal stress, strain, haemoglobin and haematocrit from D1 and D5 

acclimation are shown in Table 4-21.  Measures of dry bulb temperature ( dbT ) and 

relative humidity (RH) indicated that the thermal stress was similar on D1 and D5 

acclimation. Similarly, the thermal strain was consistent between days illustrated by 

mean cardiac frequency ( cf ) and rectal temperature ( reT ) responses. Time to 38.5
o
C 

was longer on D5 cf. D1 (Table 4-21; P=0.01).  Therefore, less work was performed 

on D1 cf. D5 (Figure 4-44; P=0.05). 

 

Table 4-21: Thermal stress, strain, haemoglobin and haematocrit on the first and last 

day of heat acclimation for highly trained rowers.  

 

  

 
DAY 1 
 

DAY 5 
 

p-value 
 

        

dbT  (
o
C) 39.6 ±0.1 39.6 ±0.1 0.78 

RH (%) 62 ±0.5 62 ±0.5 0.70 

Mean cf  (b
.
min

-1
) 121 ±4 120 ±3 0.67 

Mean reT (
 o
C) 38.3 ±0.1 38.2 ±0.1 0.87 

Time to 38.5
o
C (min) 28 ±1 31 ±1 0.01 

Fluid consumed (mL) 100 ±0 100 ±0 0.98 

Body mass change (%) 1.6 ±0.1 -2.3 ±0.1 0.35 

Haemoglobin (g
.
dL

-1
) 

Haematocrit (%) 

 

15.3 ±2.0 

43.5 ±0.7 
 

15.1 ±1.9 

42.5 ±0.8 
 

0.05 

0.05 

 

 

Dry Bulb Temperature ( dbT ), relative humidity (RH), rectal temperature ( reT ), time to 

reT  38.5
o
C, cardiac frequency ( cf ), fluid consumed, body mass change, haemoglobin 

and haematocrit on day one and five of acclimation, undertaken without fluid 

rehydration.  Data mean ±SE are for eight highly trained males for whom data were 

available across all sessions.  Statistically significant differences by paired t-test 

analysis are shown in bold. 
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Figure 4-44: Work output on the first day (1) to the last day (5) of dehydration 

acclimation after 90-min heat exposure.  Data are mean ±SE are for eight highly 

trained males.  Significant difference + (p<0.05); D1 versus D5 acclimation analysed 

using one-way analysis of variance (ANOVA) with repeated measures and Tukey‟s 

post-hoc test to isolate differences between days. 

 

 

4.3.1.2 Plasma volume 

The percentage change in plasma volume derived from resting haemoglobin 

and haematocrit (Table 4-21), increased from D1 to D5 acclimation for eight highly 

trained participants (  4.5%; 95%CI: 0.7 to 8.3%). 

 

4.3.1.3 Plasma volume and VO2peak 

Relationship between  plasma volume at rest from D1 to D5 acclimation 

and peak 2OV  is illustrated in Figure 4-45.  There was a weak association (r
2
 and p 

value) between PV from D1 to D5 acclimation and peak 2OV  (0.20, p=0.05; Figure 

4-45). 
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Figure 4-45:  Relationship between PV at rest from day one to day five acclimation 

and peak 2OV .  Data are for eight highly trained males.  Statistical analysis by Pearson 

Product Moment Correlation. 

 

 

4.3.1.4 Urinary measures 

To determine hydration status measures of body mass, urine specific gravity 

(SGu), urine colour (colouru) and urine osmolality (osmu) on D1 and D5 of 

acclimation are shown in Figure 4-46.  Body mass significantly decreased (p<0.01) 

from rest to end exercise on D1 DEH, with increases in SGu (p<0.05) and colouru 

(p<0.01).  Similarly, on D5 at rest to end exercise, body mass decreased (p<0.01), 

with increases in colouru (p<0.01). 

 

 

r
2
 = 0.20, p=0.05 
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Figure 4-46: Body mass, urine specific gravity (SGu), urine colour (colouru) and 

urine osmolality (osmu) on days one and five of DEH acclimation regime.  Data are 

means ±SE for eight highly trained males.  Significant difference * (p<0.01); + 

(p<0.05), pre versus post exercise on day one and five acclimation by one-way 

analysis of variance (ANOVA) with repeated measures.  Tukey‟s post-hoc test used 

to isolate differences between days. 



188 

 

. 4.3.1.5 Cardiac frequency 

Cardiac frequency ( cf ) was measured at rest (Figure 4-47, upper panel) and at 

completion of the 20-min fixed load exercise (Figure 4-47, lower panel) of the heat 

stress test.  Resting cf  had limited change across acclimation (  -4 b·min
-1

; 95%CI: 

-12 to 5 b·min
-1

; p=0.38).  However, exercising cf  was consistently reduced by 8% at 

20-min exercise across acclimation (  -14: -23 to -5 b·min
-1

; p=0.01).  

 

4.3.1.6 Body temperature 

Resting core temperature ( reT ) was measured at rest (Figure 4-48, upper 

panel) and 20-min exercise (Figure 4-48, lower panel) of the heat stress test.  Rectal 

temperature ( reT ) at rest was not consistently lowered across acclimation (  -0.1: -

0.3 to 0.2
o
C; p=0.64).  However, similar to the cf  response, reT  at 20-min exercise 

was attenuated across acclimation (  -0.3: -0.4 to -0.1
o
C; p=0.01).  After 20-min 

exercise reT  had decreased after (cf. before) acclimation in 8 of 8 participants (Figure 

4-48, lower panel).      
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Figure 4-47: Cardiac frequency at rest (upper panel) and after 10-min rowing at 30% 

maximal work rate and 10-min at 60% maximal work rate (lower panel) in the heat 

(35 C , 60% RH), before (pre) and after (post) acclimation, undertaken without 

rehydration during daily heat sessions.  Statistically significant change; * (p<0.01) 

from pre acclimation.  Data mean ±SE are denoted by a black triangle and line and 

expressed in b·min
-1

 for eight highly trained males who undertook the acclimation 

regime. 
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Figure 4-48: Rectal temperature at rest (upper panel) and after 10-min rowing at 30% 

maximal work rate and 10-min at 60% maximal work rate (lower panel) in the heat 

(35 C , 60% RH), before (pre) and after (post) acclimation, undertaken without 

rehydration during daily heat sessions.  Statistically significant change; * (p<0.01) 

from pre acclimation.  Data mean ±SE are denoted by a black triangle and line and 

expressed in C  for eight highly trained males who undertook the acclimation 

regime. 
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4.3.1.7 Psychophysical 
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Figure 4-49: Perceived body temperature (1-13) at rest (upper panel) and after 10-

min rowing at 30% maximal work rate and 10-min at 60% maximal work rate (lower 

panel) in the heat (35 C , 60% RH), before (pre) and after (post) acclimation, 

undertaken without rehydration during daily heat sessions.  Statistically significant    

+ (p<0.05) change from pre acclimation.  Data mean ±SE are denoted by a black 

triangle and line and expressed in units for eight highly trained males who undertook 

the acclimation regime.  Rating of 7 = neutral; 8 = slightly warm; 9 = warm; and 10 = 

hot. 
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Figure 4-50: Thermal comfort at rest (upper panel) and after 10-min rowing at 30% 

maximal work rate and 10-min at 60% maximal work rate (lower panel) in the heat 

(35 C , 60% RH), before (pre) and after (post) acclimation, undertaken without 

rehydration during daily heat sessions.  Data mean ±SE are denoted by a black 

triangle and line and expressed in units for eight highly trained males who undertook 

the acclimation regime.  Rating of 1 = extremely comfortable; 5 = comfortable; 10 = 

extremely uncomfortable. 

 

 

Perceived body temperature (Figure 4-49) and thermal comfort (Figure 4-50) 

were measured at rest (5 min after entering the climatic chamber) and 20-min exercise 
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of the heat stress test.  Resting perceived body temperature was lower across 

acclimation (p=0.04) but there was no change at 20-min exercise (p=0.98).  There was 

no change in thermal comfort at rest (p=0.37) and 20-min exercise (p=0.88) across 

acclimation.  

 

4.3.1.8 Exercise performance capacity 

Exercise performance capacity (Figure 4-51) was measured with a 2000-m 

rowing time trial at the end of the 20-min submaximal (~warm up) exercise heat 

stress test. 
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Figure 4-51: Exercise endurance performance time after 10-min rowing at 30% 

maximal work rate and 10-min at 60% maximal work rate and 5 min rest in the heat 

(35 C , 60% RH), before (pre) and after (post) acclimation, undertaken without 

rehydration during daily heat sessions.  Performance was measured using a 2000 m 

rowing trial.  Statistically significant change from pre acclimation + (p<0.05).  Data 

mean ±SE and expressed in seconds for eight highly trained males who undertook the 

acclimation regime. 
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Time to complete the 2000 m performance trial (Figure 4-51); decreased by 4 

s (time to 2000 m) across acclimation (  -4.0: -6.3 to 0.6
 
s; p=0.02) and was lower in 

6 of the 8 participants.   

 

4.3.1.9 Plasma aldosterone 

Plasma aldosterone was measured at rest (Figure 4-52, upper panel) and 90-

min exercise (Figure 4-52, lower panel) of D1 and D5 acclimation.  Plasma 

aldosterone increased at rest (  53: 7 to 98 pg
.
mL

-1
; p=0.03) and 90-min exercise (  

162: 65 to 259 pg
.
mL

-1
; p=0.01) across the acclimation regime.  Plasma aldosterone 

was higher in 7 of 8 participants at rest and 8 of 8 participants after 90-min exercise 

on D5 (cf. D1) acclimation.  Importantly, the exercise and heat induced increase 

within a session was considerably larger than the increase observed at rest across 

these acclimation days. 

 

4.3.1.10 Sodium 

Plasma Sodium concentration [ Na ]p was measured at rest (Figure 4-53, 

upper panel) and 90-min exercise (Figure 4-53, lower panel) of D1 and D5 

acclimation.  Plasma Sodium concentration [ Na ]p showed no change at rest (  -0.6: 

-1 to 0.5 mmol·L
-1

; p=0.25) and 90-min exercise (  0.3: -0.3 to 1.0 mmol·L
-1

; 

p=0.30) across the acclimation regime. 
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Figure 4-52: Plasma aldosterone concentration at rest (upper panel) and 90-min 

exercise (lower panel), on day one and five undertaken without rehydration during 

daily heat sessions.  Statistically significant change; * (p<0.01) and + (p<0.05) from 

day‟s one to five acclimation.  Data mean ±SE are denoted by a black triangle and 

line and expressed in pg
.
mL

-1
 for eight highly trained males who undertook the 

acclimation regime. 
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Figure 4-53: Plasma sodium concentration at rest (upper panel) and 90-min exercise 

(lower panel), on day one and five undertaken without rehydration during daily heat 

sessions.  Data mean ±SE are denoted by a black triangle and line and expressed in 

mmol·L
-1

 for eight highly trained males who undertook the acclimation regime. 
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4.3.2 Impact of short-term heat acclimation with dehydration on plasma 

HSP70 response in moderately to highly trained athletes 

For the purposes of examining plasma HSP70 responses (second aim of this 

chapter) data are considered across the 10 moderately trained (Chapter.2: 2.2.1; Table 

2-4) and 8 highly trained participants (Table 4.20), who all undertook the same 

dehydration (DEH) acclimation regime (4.2.2.2).   

 

4.3.2.1 Short-term heat acclimation and adaptation 

There is evidence previously reported earlier in this work, that short-term heat 

acclimation using controlled hyperthermia with dehydration, has resulted in 

adaptation to heat stress for the moderately trained (Chapter.2: 2.3) and highly trained 

(4.3.1) participants.  For example, the plasma volume at rest expanded by 3.3 1.4% 

over the acclimation period across these groups (n=14). 

 

4.3.2.2 Total protein-corrected plasma HSP70 

Plasma HSP70 concentration was measured at rest (Figure 4-54, upper panel) 

and 90-min exercise (Figure 4-54, lower panel) of D1 and D5 acclimation, and was 

corrected for total protein concentration.  The HSP70 concentration increased at rest 

(  0.24: 0.14 to 0.34 ng
.
mg

-1
; p=0.001) and at 90-min exercise (  0.14: 0.02 to 0.26 

ng
.
mg

-1
; p=0.02) across acclimation.  The resting concentration increased in 12 of 12 

participants from D1 to D5 (Figure 4-54, upper panel) and in 10 of 11 participants at 

90-min exercise (Figure 4-54, lower panel).   
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Figure 4-54: Plasma total protein-corrected HSP70 concentration at rest (upper 

panel) and 90-min exercise (lower panel), on day one and five undertaken without 

rehydration during daily heat sessions.  Data mean ±SE are denoted by a black 

triangle and line and expressed in ng
.
mg

-1 
for twelve moderate to highly trained males 

who undertook the DEH acclimation regime.  Statistically significant change ** 

(p<0.001) and + (p<0.05), from day‟s one to five acclimation.   

 

 

Plasma total protein-corrected HSP70 concentration at rest to end exercise on 

D1 cf. D5 acclimation is illustrated in Figure 4-55.  
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Figure 4-55: Plasma total protein-corrected HSP70 concentration at rest to end 

exercise, on day one versus day five of heat acclimation undertaken without 

rehydration during daily heat sessions.  Data mean ±SE and expressed in ng
.
mg

-1
 for 

twelve moderately to highly trained males who undertook the acclimation regime.  

Statistically significant change ** (p<0.001) from rest to end exercise across 

acclimation by two-way analysis of variance (ANOVA) with repeated measures.  

Statistically significant difference + (p<0.05) in mean change from rest to end 

exercise on day one cf. day five acclimation by paired t-test analysis. 

 

 

Plasma total protein-corrected HSP70 concentration increased from rest to end 

exercise across acclimation (p=0.001) (Figure 4-55).  However, there was a greater 

change in plasma total protein-corrected HSP70 concentration from rest to end 

exercise on D1 cf. D5 acclimation (Figure 4-55; p=0.05). 
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4.3.3 Plasma HSP70 response in euhydration and dehydration 

acclimation regimes with moderately trained athletes. 

Personal characteristics for moderately trained participants are shown in 

Chapter.2: 2.2.1; Table 2-4.   

 

4.3.3.1 Total protein-corrected plasma HSP70 (HSP70/TP) 

There was a significant main effect in resting plasma total protein-corrected 

HSP70 concentration across acclimation [F (1,8)=17.186, p=0.003) and the effect size 

was large (eta squared=0.68).  However, there was no interaction effect between EUH 

and DEH acclimation [F (1,8)=1.480, p=0.26]. Therefore, mean change in plasma 

total protein-corrected HSP70 concentration at rest (Figure 4-56, upper panel) 

increased across EUH (  0.12: -0.05 to 0.30 ng
.
mg

-1
) and DEH (  0.22: 0.07 to 0.37 

ng
.
mg

-1
).  There was no mean effect in plasma total protein-corrected HSP70 

concentration at 90 min [F= (1,8)=1.368, p=0.28] and a large effect size (eta 

equared=0.146).  There was no interaction effect between EUH and DEH acclimation 

[F (1,8)=0.942, p=0.36]. Therefore, at 90-min exercise (Figure 4-56, lower panel) 

there was no mean change across EUH (  -0.01: -0.17 to 0.18 ng
.
mg

-1
) or DEH (  

0.08: -0.02 to 0.17 ng
.
mg

-1
). 
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Figure 4-56: Individuals‟ plasma concentrations of total protein-corrected HSP70 

(HSP70/TP) at rest (upper panel) and 90-min exercise (lower panel), on the first day 

(one) and last day (five) of acclimation, involving euhydration (EUH) or permissive 

dehydration (DEH).  Data means ±SE and expressed in ng
.
mg

-1
 for five (EUH) and 

five (DEH) males denoted by a black triangle and line.  Statistical analysis by two-

way analysis of variance (ANOVA) with repeated measures. 
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4.4 Discussion 

4.4.1 Effectiveness of short-term heat acclimation for highly trained 

athletes 

The majority of heat acclimation literature on humans is based on people who 

are not highly trained.  The first and principal question in this study was to determine 

whether highly trained athletes experience substantial physiological, perceptual and 

performance adaptations.  Such athletes sometimes require or undertake heat 

acclimation prior to competition in more heat stressful environments, yet due to their 

level of conditioning they already possess many of the heat-related adaptations.  The 

present results obtained using highly trained rowers undergoing short-term heat 

acclimation of daily controlled hyperthermia with dehydration, showed that the 

rowers experienced substantial adaptation to the heat.  This was indicated by the 

characteristic features of acclimation; end-exercise cf  (Figure 4-47; lower panel) 

decreased 14 b·min
-1

 (8%) and reT  (Figure 4-48: lower panel) decreased 0.3
o
C 

(Figure 4-48; lower panel) respectively.  Furthermore, there was a 4.5% resting PV 

expansion (4.3.1.2), decreased perceived body temperature at rest (Figure 4-49) and 

an increase in endurance exercise capacity, as 2000 m rowing performance decreased 

by 4 s (1.5%; Figure 4-51).  The increased resting PV expansion with highly trained 

athletes is a unique contribution to the literature, especially as six of the participants 

had previously demonstrated high basal levels of PV (Creasy, 2002).  In the present 

study, there was only a 9% difference in the peak 2OV  of the moderately trained (59.8 

±6.6 mL
.
kg

-1.
min

-1
) versus the highly trained (65.8 ±3.5 mL

.
kg

-1.
min

-1
) participants.  

However, despite the high level of aerobic conditioning for the moderately trained 

group the highly trained participants were consistently training up to 14 hours per 

week (4.2.1.1) and were able to perform at 90% of world record pace in the 2000 m 
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rowing ergometer performance test (4.2.21).  Furthermore, although peak 2OV  is a 

useful marker of endurance performance potential. The sport of rowing requires 

several important physiological adaptations, such as the ability to tolerate high levels 

of acidity in the working muscle especially in the 2000 m rowing event (Schabort et 

al., 1999; Smith, 2003).  Therefore, in this study the magnitude of the adaptations and 

responses for the highly trained participants were of comparable magnitude to that 

seen in moderately trained (Patterson et al., 2004b; Chapter.2) and untrained (Turk & 

Worsley, 1974; Weller & Harrison, 2001) individuals.  For example, in the present 

work (Chapter.2: 2.4.1) similar findings of decreased end-exercise cf  (17%), 

reT (1.0%), PV expansion (8.3%) and increased work capacity (19%) were reported 

for moderately trained participants, after short-term (5-d) heat acclimation, using the 

controlled hyperthermia with dehydration. Furthermore, similar findings using 

moderately trained participants have been reported by Patterson and colleagues 

(2004).  They used short-term (7-d) heat acclimation with the controlled hyperthermia 

technique, and recorded decreased end-exercise cf  (6.8%), reT (0.5%), PV expansion 

(9.8%) and increased work capacity (8.3%).  Weller & Harrison (2001) reported the 

benefits of using controlled hyperthermia for heat acclimation with untrained 

participants, after a medium-term, 10-d heat acclimation regime.  They observed 

reduced thermal strain in a standardised heat stress test indicated by reduced resting 

cf  (2.3%), exercising reT  (0.5%) and increased work capacity (11.6%).    

Acclimation significantly lowered exercising but not resting reT  (Figure 4-48, 

upper panel).  This lack of reduction in resting reT  is in contrast to some studies 

(Buget et al., 1988; Houmard et al., 1990; Shvartz et al., 1973).  However, the 

absence of an acclimation-induced, reduced resting reT  may reflect the findings on 
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animals (Sakurada et al., 1994) and humans (Shido et al., 1999) that resting reT  

measurements are only attenuated at the time of day the heat exposures typically 

occur.  Therefore, in the present study resting reT  was not substantially lowered and 

may be explained by the timing of the measurement.  The heat stress testing was in 

the morning (9.00-12.00), whereas acclimation bouts were in the late afternoon 

(15.00-17.00), mainly because of timetable constraints of participants and 

experimentation.  Thus, it is suggested that the acclimation-induced effects of 

reducing resting body temperature would have been more pronounced if the heat 

stress test had been in the afternoon, but it may also have required more than a 5 d 

acclimation (Buono et al., 1998; Sakurada et al., 1994; Shido et al., 1999).  The 

decreased reT  at 20-min exercise across acclimations in this work (Figure 4-48, lower 

panel), despite the lack of reduction in resting temperature. This demonstrates 

adaptation to heat stress from short-term acclimation and is similar to that seen in 

moderately trained (Creasy, 2002; Patterson et al., 2004b; Regan et al., 1996; Taylor 

et al., 1995; Chapter.2) and untrained (Turk & Worsley, 1974; Weller & Harrison, 

2001) participants.  The lower reT  may allow individuals to exercise longer or harder 

in the heat before a critical temperature (Nielsen et al., 1993) and the central drive to 

exercise is reduced (Bruck & Olschewski, 1987; Nielsen et al., 1990).  The lower 

exercising core temperature might lessen or delay hyperthermic affects such as 

increased catecholamines (Febbraio et al., 1994), glycogenolysis (Febbraio et al., 

1994) and paracellular permeability in vasoconstricted tissues such as the 

gastrointestinal tract (Moseley et al., 1994).  

  The baseline VO2peak and peak power output of the highly trained 

participants (Table 4-20), indicates a high level of aerobic conditioning.  This is 

supported by the highly trained participants‟ level of training (4.2.1.1) and the ability 
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of the group to perform at 90% of world record pace for the lightweight rowing 

category (4.2.2.1).  Further, the high baseline VO2peak may reflect that maximal 

rowing-specific oxygen uptake or aerobic power is an important factor for 2000 m 

rowing performance (Secher, 1993; Steinmacker, 1993). 

The physiological adaptation observed in the present study, by greater 

cardiovascular stability indicated by the reduced end-exercise cf  (Figure 4-47, lower 

panel) and reT  (Figure 4-48: lower panel) with 4.5% PV expansion (4.3.1.2), will 

have presumably supported the increased endurance performance capacity (1.5%; 

Figure 4-51) after short-term (5 d) heat acclimation.  For example, there is evidence 

to suggest that exercise-induced hypervolaemia mediated by PV expansion (Harrison, 

1985; Senay et al., 1976) has the beneficial effect of enhancing cardiovascular and 

thermoregulatory responses to exercise, resulting in greater cardiac stability (Fellman, 

1992).  There was an increased response of plasma aldosterone both at rest (Figure 4-

52, upper panel) and 90-min exercise (Figure 4-52, lower panel) across acclimation 

bouts, but the elevated resting concentrations did not account for the higher end-

exercise concentrations.  However, there was limited response in plasma sodium at 

rest (Figure 4-53, upper panel) and after 90-min exercise (Figure 4-53, lower panel).  

This is surprising as the principle effects of aldosterone are the retention of Na  and 

therefore also water from the urine output to maintain extracellular fluid volume and 

thus also blood volume.  Increased Na  and water retention at the distal tubules 

(Morris, 1981) are important mediators of the rapid PV expansion during the initial 

hours to days after exercise (Nagashima et al., 2001; Nagashima, Mack, Haskell, 

Nishiyasu, & Nadel, 1999).  Therefore, this study suggests the increased response in 

plasma aldosterone at rest and the limited response in plasma sodium at rest and 90-

min exercise may have reflected a residual sodium deficit (Allsopp et al., 1998) for 
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the highly trained athletes, possibly due to the level of training undertaken 

immediately prior and during the pre-competition training camp itself (4.2.1.1).  The 

observed increased plasma aldosterone at 90-min exercise was expected, as it has 

been demonstrated that it maybe more systematically altered after dehydration 

acclimation and it has previously been shown that a state of euhydration will blunt the 

release of aldosterone in exercising and ambient heat stress (Brandenberger et al., 

1989; Brandenberger et al., 1986; McConell et al., 1997).  Further, the increased 

plasma aldosterone response at 90-min exercise after short-term (5-d) heat 

acclimation, using controlled hyperthermia with dehydration, is similar to previous 

findings in this work, using moderately trained participants who used the same 

acclimation protocol (Chapter.2: 2.3.1.3). 

The 2000 m rowing performance trial resulted in a reduction in time of 4 s 

which equates to a 1.5% increase in performance.  This small relative change may 

actually indicate a substantial increase in performance, especially using highly trained 

athletes in the sport of rowing.  The power versus velocity relation in rowing is such 

that power is related to velocity by an exponent of 3, meaning that disproportionate 

gains in power must be made to obtain similar increases in speed.  Therefore, 1-2% 

change in performance velocity due to change in power output at high level in rowing 

has been demonstrated as functionally significant (Hopkins et al., 2001).  It has been 

demonstrated that highly trained athletes behave physiologically as if they were 

already heat acclimatised (Taylor, 2000) and the higher the background adaptation, 

the lower the adaptation response (Taylor & Cotter, 2006).  Therefore, the absolute 

magnitude of physiological or performance changes will be lower in comparison to 

moderately or untrained participants.  This study further suggests that the adaptation 

to heat stress for highly trained participants, may have been enhanced using the 
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controlled hyperthermia technique during acclimation.  This technique maintains 

strain across acclimation and allows an increase in work output as the individual 

adapts to the heat stress (Figure 4-44), hence, it may offer a more complete adaptation 

(Taylor, 2000).  Irrespective, the important point is that the highly trained rowers 

obtained functionally significant and meaningful adaptation in physiological strain 

and performance across the relatively brief heat acclimation regime; indicating that - 

at least using this regime - they stand to benefit from acclimation procedures that 

have been studied using lesser adapted humans.   

In summary, the adaptations in this study indicate improved  cardiovascular 

stability after short-term (5-d) heat acclimation with dehydration and this concurs 

with previous work using lesser adapted humans who are moderately trained (Creasy, 

2002; Patterson et al., 2004b; Regan et al., 1996; Taylor et al., 1995; Chapter.2) and 

untrained (Turk & Worsley, 1974; Weller & Harrison, 2001).  Furthermore, 

endurance performance capacity was improved by dehydration acclimation.  The 

greater endurance performance capacity is consistent with the lower strain during 

fixed-load exercise, indicated by cf  and reT  and the PV response across acclimation.  

Further, the magnitude of the physiological and performance adaptations for the 

highly trained individuals concurred with similar findings previously reported in this 

study, using lesser adapted and moderately trained participants (Chapter.2: 2.4.1).  

Therefore, this study has contributed to the very limited information available on 

adaptation to heat stress for highly trained participants.  
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4.4.2 Impact of short-term heat acclimation on plasma HSP70 response in 

moderately to highly trained athletes 

This study demonstrates that a short-term (5-d) heat acclimation regime 

involving relatively brief and submaximal stress ( reT  at 38.5
o
C for 70 min·d

-1
, with 

permissive dehydration) impacts on HSP70 response in moderately to highly trained 

athletes.  Thus, the heat adaptation to this acclimation regime occurred concurrently 

with changes indicative of thermotolerance, and did so in both moderately and highly 

trained athletes.  Specifically, the concentration of plasma HSP70 at rest increased 

across acclimation to a level near to the concentration achieved by 90 min of exercise 

and heat stress in the unacclimated state, but concomitantly reduced the stress-

induced increase such that the concentrations achieved at 90 min were equivalent 

before compared with after acclimation (Figure 4-55).  If circulating plasma HSP70 

concentration reflects what is occurring at a cellular level, this study indicates that 

short-term (5-d) heat acclimation, using controlled hyperthermia with dehydration, 

has resulted in a systemic and cellular protective adaptive change to combat the 

effects of heat stress.  It has been demonstrated that serum HSP70 has been used to 

predict the development of atherosclerosis (Pockley et al., 2003) and used as a marker 

of inflammation and myocardial damage after acute myocardial infarction (Dybdahl 

et al., 2005).  The work of Dybdahl and colleagues (2005) reported moderate relations 

between serum HSP70 and inflammatory cytokine release, suggesting serum HSP70 

may have a role in the systemic inflammatory response and further suggested that the 

HSP70 concentration in serum, after acute myocardial infarction, reflects the HSP70 

concentration in myocardial cells after stress.  Peake and colleagues (2005) reported 

increased plasma HSP70 concentration after a single bout of intense exercise and 

suggested that the plasma HSP70 concentration increased via systemic release of 
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HSP70 from hepatosplanchnic tissues, in response to changes in liver glucose output 

during exercise (Febbraio et al., 2004; Febbraio, Ott et al., 2002).  In summary, the 

findings in this study may provide information to support the notion that heat shock 

protein expression is associated with resistance to stress and may be central to the 

understanding at a cellular level of thermotolerance after acclimatisation (Feder & 

Hofmann, 1999).  Furthermore, the present study infers that short-term heat 

acclimation using controlled hyperthermia with dehydration, may predispose the heat 

shock protein molecular machinery to respond faster and increase the circulating level 

of the protein (Horowitz, 2002), in moderately to highly trained participants.  

However, the source and mechanisms of HSP70 expression were not investigated in 

the present work.   

It is established that mechanisms for HSP70 response include hyperthermia 

(Feder & Hofmann, 1999; Horowitz, 2002) and exercise (Liu et al., 1999; Moseley, 

1997; Ryan et al., 1991).  However, hyperthermia occurs during exercise but 

exercise-induced HSP70 can be independent of changes in body temperature 

(Skidmore et al., 1995).  Therefore, it remains unclear whether the synthesis of 

HSP70 is in response to exercise per se or to the hyperthermia associated with 

exercise (Fehrenbach et al., 2000).  For example, in the present work, it is suggested 

that the highly trained rowers experience high core temperatures regularly on a daily 

basis due to the intensity and volume of their training undertaken (4.2.1.1).  

Therefore, it may have been other aspects of stress that stimulated the increased 

resting plasma HSP70 response after acclimation.  This notion was investigated by 

Kee-Bum and colleagues (2004) in the rat model who found that metabolic stress 

maybe partly responsible for the increased exercise-associated skeletal and cardiac 

tissue HSP70 levels, in rats exercising in hot temperatures.  They reported similar 
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reductions in body mass during the course of the experimental period, due to fluid 

loss by increased evaporative heat loss.  They concluded that HSP70 expression in 

skeletal and cardiac tissue may not be entirely dependent on reT  and hypohydration 

maybe partly responsible.  They further suggested that augmented tissue levels of 

HSP70 synthesis may be triggered by temperature, exercise and metabolic stress 

(Kee-Bum et al., 2004).  The influence of cell hydration on plasma HSP70 response 

with moderately trained athletes is discussed later in this chapter (4.4.3).      

It is established that physical training influences the synthesis of HSP70 in 

skeletal muscle (Liu et al., 2000; Liu et al., 2004; Liu et al., 1999), indicating physical 

exercise could provide cellular protection from several different stresses such as 

hyperthermia (Oehler et al., 2001).  Thus, studying HSP70 expression in trained 

subjects may determine if HSR is indeed involved in adaptive mechanisms to exercise 

through the alteration of immune function (Shastry et al., 2002).  In the present study, 

it is suggested that the training status of the highly trained athletes (4.2.1.1) would 

result in lower basal levels of plasma HSP70 expression, reflecting a reduced need for 

heat shock protein expressing immune cells in the blood (Fehrenbach et al., 2000).  

Furthermore, lower basal levels of HSP70 expression in trained participants have 

been demonstrated to have a greater synthesis of HSP70 after heat shock (Boshoff et 

al., 2000; Kresfelder et al., 2006).  This was reflected in the present work, as short-

term (5-d) acclimation increased the circulating concentration of plasma HSP70 at 

rest to near the concentration achieved by 90 min of exercise in the unacclimated 

state.  Consequently, this reduced the stress-induced increase of plasma HSP70 

concentration by day five of acclimation (Figure 4-55), indicating a thermo-protective 

adaptive change (Moseley, 1997, 2000).  It is further suggested that the highly trained 

rowers in the present work may have induced HSP70 concentrations in skeletal 
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muscle in response to the long-term training (4.2.1.1).  This notion is supported by the 

work of Liu and colleagues (1999), who investigated the effects of chronic exercise 

on HSP70 expression and creatine kinase (CK) in skeletal muscle, using a similar 

population of participants as this study.  Using highly trained rowers, after 4 weeks 

training, they demonstrated an induced HSP70 concentration and a lowering of CK 

level in human muscle.  They suggested that HSP70 accumulation has had a 

protective effect on the musculature by partly lowering CK level, as increased CK is 

associated with muscular injury.  It was further suggested that HSP70 may play an 

important role as a molecular chaperone, as the physiologically hypertrophic changes 

from the training in the stressed muscle would require protein synthesis and protein 

folding to take place.  The physical demands of the sport of rowing (Smith, 2003) 

suggests that highly trained rowers participate in a high volume of training when a 

high energy supply would be required.  This would result in substrate oxidation and 

glycogen depletion, which has been demonstrated as a mechanism for HSP70 

synthesis (Febbraio et al., 2004; Febbraio, Steensberg et al., 2002).  Furthermore, 

more recently Selkirk and colleagues (2006) investigated intracellular HSP72 

expression in monocyte subsets between trained and untrained individuals during 

exertional heat stress.  Monocytes are a heterogeneous population with two distinct 

subsets, regular (CD14
Bright+

) and proinflammatory (CD14
Dim+

).  This work 

demonstrated an increased level of proinflammatory monocytes (CD14
Dim+

) in the 

circulation of untrained versus trained on immediate exposure to heat stress.  Further, 

upon subsequent in-vitro heat shock the untrained had a blunted heat shock protein 

response of the proinflammatory monocyte and this implies a cytoprotective 

adaptation and increased thermotolerance of highly trained individuals (Selkirk et al., 

2006).   
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In the present work, if plasma HSP70 in the systemic circulation reflects 

HSP70 intracellular synthesis and function, the increased plasma HSP70 response 

(Figure 4-54) and the physiological adaptation observed for the moderately 

(Chapter.2: 2.3) and highly trained (4.3.1) across acclimation, may indicate an 

interrelationship of HSR and acclimation.  It has been suggested that the 

thermotolerant state seen in rats (Fruth & Gisolfi, 1983) and humans (Pugh et al., 

1967), allowing the ability to work at higher core temperatures suggests that the 

cellular mechanisms of adaptation related to HSR may be at work (Kregel, 2002; 

Moseley, 1997).  Further, inferences have been made supporting the hypothesis of 

HSR and the whole organism‟s adaptation to heat in the lizard model (Ulmasov et al., 

1992).  In the human model, Kresfeld and colleagues (2006) reported that serum 

levels of HSP70 were correlated to physiological parameters denoting acclimatisation 

If HSR is integral to the acclimatisation of the whole organism to heat stress it 

is important to understand how heat shock proteins confer stress tolerance but this 

still remains unclear (Moseley, 2000).  Therefore, although they were not investigated 

in this study the mechanisms by which heat exhaustion and heat injury occur must be 

reviewed in the literature.  During heat stress there is a subsequent release of 

endotoxins from the gastrointestinal tract and cytokine production.  It has been 

demonstrated that with heat exhaustion and heat stroke there is the presence of 

systemic endotoxemia (Bosenberg et al., 1988) and elevations in circulating cytokines 

(Cannon & Kluger, 1983).  Furthermore, HSP70 expression has been demonstrated to 

have an inverse correlation with cytokine levels, indicating that the protective effect 

of HSP70 may be explained by reduced cytokines (Gruenfelder et al., 2001).  It has 

been demonstrated that the inhibition of cytokine expression could downregulate 

active tissue injury (Gruenfelder et al., 2001) and HSP70 has been implicated in the 
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induction of anti-inflammatory cytokines (Asea et al., 2000).  However, the work of 

Peake and colleagues (2005) does not support any relationship between extracellular 

HSP70 and the production of anti-inflammatory cytokines following exercise.  

Therefore, in the present study the effectiveness of short-term (5-d) heat acclimation 

may be the result of not only the participants ability to dissipate heat more effectively 

but block or tolerate gut-associated endotoxin translocation, downregulate cytokine 

production or develop an increased tolerance to cytokine exposure.  This notion was 

explored in a review by Moseley (1997), who suggested that HSR may play an 

important role in attenuating endotoxin and cytokine response, as a means to confer 

heat tolerance.  It further indicates that the reversible heat-induced changes in cell 

permeability are attenuated by heat shock protein accumulation; cells and animals 

become endotoxin tolerant after HSP70 accumulation, and endotoxin tolerance is a 

direct result of endotoxin, tolerance to cytokine exposure or inhibition of cytokine 

production by inflammatory cells.  Furthermore, in support of this notion it has been 

demonstrated that HSP70 has been implicated in the induction of pro-inflammatory 

cytokines (Asea et al., 2000; Selkirk et al., 2006).      

 

4.4.3 Plasma HSP70 response in euhydration and dehydration 

acclimation with moderately trained athletes 

In the present study, there was limited difference between euhydration and 

dehydration acclimation for plasma HSP70 concentration response at rest (Figure 4-

56: upper panel) and 90-min exercise (Figure 4-56: lower panel).  However, the data 

in the present study is in contrast to the limited information available on 

hypohydration and HSP70 expression.  Kee-Bum and colleagues (2004) demonstrated 

using the rat model that HSP70 expression in skeletal and cardiac tissue, may not be 
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entirely dependent on reT  and hypohydration maybe partly responsible.  Further, the 

influence of cell hydration on HSP70 response has been investigated in the rat model 

and it has been demonstrated that the heat-induced accumulation of inducible HSP70 

increased under hypo-osmotic conditions (Kurz et al., 1998; Schliess & Haussinger, 

1999).  Similarly, of the limited information available on the human model, increased 

HSP70 expression has been demonstrated in the human cell in response to osmotic 

challenge (Oehler et al., 1998).  Therefore, it is suggested that potential limitation in 

the present study are the mechanisms of hydration in the human cell were not directly 

investigated and we had a relatively low participant number (n=5), who completed 

the euhydration and dehydration acclimation regimes.     

 

4.5 Conclusions 

There were significant functional and meaningful adaptations to heat stress for 

highly trained participants, from a short-term (5-d) heat acclimation protocol with 

dehydration.  These adaptations were of a similar magnitude to those of lesser trained 

individuals reported in Chapter.2 of this work.  

Short-term (5-d) heat acclimation using controlled hyperthermia with 

dehydration, impacted on plasma HSP70 response.  There was a greater change in 

plasma HSP70 concentration from rest to end-exercise on day one versus day five 

acclimation, indicating a reduced stress-induced increase and a protective adaptation.   

Therefore, the thermotolerant state of humans observed in this study, allowing the 

ability to work at lower core temperatures suggests that the cellular mechanisms of 

adaptation related to heat shock protein response may be at work.  This suggests an 

interrelationship between the two main thermo-protective pathways to combat the 

effects of heat stress; heat shock protein response and acclimation.   
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 The plasma HSP70 concentration was not systematically impacted by 

hydration status during the acclimation process.  This may indicate that the increased 

circulating plasma HSP70 may be more dependent on core temperature and exercise 

than altering metabolic stimuli by manipulating hydration status. 

The measurement of hydration status has a major role in the work illustrated 

in chapters two, three and four.  At present there is no criterion marker of hydration 

and most methodology research has often been conducted in relatively stable 

hydration states.  However, the measurement of hydration in athletes and workers is 

often required in a dynamic setting (i.e. immediately before and during the exercise 

itself, under variable hydration and environmental conditions).  Therefore, the data 

from the studies in chapters two, three and four were used in chapter five to re-

examine relationships between hydration indices in dynamic circumstances.  
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Chapter Five: Markers of hydration 

 

5.1 Introduction 

No single criterion marker of hydration status currently exists that can be used 

in variable circumstance.  Therefore, the primary aim of this chapter was to determine 

the relationship between indices of hydration in a dynamic-acute state (i.e. 

immediately before and during the exercise itself, under variable hydration and 

environmental conditions).   

Hydration is defined rather simplistically as body water status (Sawka et al., 

1996) but in reality it is dynamic phenomenon relating to the volume and composition 

of bodily fluid compartments.  A state of euhydration can be defined as normal body 

water content distinct from hypohydration, which reflects body water deficit.  The 

transition from euhydration to hypohydration or the dynamic loss of body water is 

referred to as dehydration (Sawka et al., 1992).  It is been demonstrated that 

hypohydration is associated with increased physiological and perceived strain 

(Montain & Coyle, 1992b; Sawka, 1992; Sawka, Young, Franscesoni et al., 1985), 

reduced cognition and endurance performance (Armstrong et al., 1985; Armstrong, 

Hubbard et al., 1987; Casa et al., 2000) and increased propensity for heat illness 

(Armstrong et al., 1996; Carter III et al., 2005; Casa et al., 2000; Greenleaf, 1992; 

Sawka, 1992).  However, the validity of these findings for athletes exercising in 

endurance sport is being called into question mainly for reasons relating to the 

artificially low heat transfer coefficients of the laboratory conditions (Saunders et al., 

2005).  A recent United States epidemiological study on hospitalisations and deaths 

from heat illness in soldiers reported that 17% of heat stroke cases were associated 

with dehydration (Carter III et al., 2005).  Yet they failed to mention whether this was 
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more prevalent than in the unaffected individuals.  Hence, rightly or wrongly, the 

existing fluid replenishment guidelines for heat acclimation recommend the 

maintenance of good hydration status during repeated exposure to heat stress 

conditions (Armstrong & Maresh, 1991; Casa et al., 2000; Cheung & McLellan, 

1998; Convertino et al., 1996) as discussed in Chapter.2.  Thus, while hypohydration 

can exacerbate physiological strain, perceived strain and impair endurance 

performance particularly in the heat (Armstrong et al., 1997), it might also facilitate 

adaptation (Chapters 2 and 4).  Further research is required to clarify the 

circumstances, mechanisms and extent of such effects.  Therefore, reliable and valid 

markers of hydration provide an important starting point for such research and use in 

the applied field setting.  However, at present there is no criterion measure of 

hydration status, and a state of euhydration is difficult to determine accurately 

(Armstrong et al., 1994; Shirreffs, 2000).  Perhaps most importantly, hydration status 

when measured in field settings - either to determine rehydration requirements or aid 

in the assessment of ill individuals – is undertaken under widely varying conditions.  

Therefore, hydration indices should ideally have validity and reliability across these 

variable conditions (e.g. posture, temperature, latency and method of dehydration).   

Thirst and other perceptions offer practical indicators for the need for 

rehydration (Nadel, Hales, Strange, Christensen, & Saltin, 1993) but thirst has been 

widely criticised as being inadequate (Convertino et al., 1996; Greenleaf, 1992).  

Therefore, many other indices of hydration status have been developed with the aim 

of more accurately assessing hydration levels.  These include changes in body mass, 

plasma and urine parameters (Kavouras, 2002).  In summary, there is currently no 

criterion measure of hydration, particularly one that is shown to be robust under 

variable conditions, as it would be used in practice.  Hence, this study investigates the 
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relationship between indices of hydration at rest and during exercise in the heat, with 

variable rehydration.  Furthermore, it provides information on the effectiveness of 

thirst sensation as a marker of hydration, using an established thirst sensation scale 

that has been validated against graded hypohydration levels in humans (Engell et al., 

1987).   

Plasma osmolality [osm]p, change in relative body mass (  body mass), 

relative plasma volume (  PV) and thirst might be considered the functional indices 

of hydration, as they impact directly by changing hydration status and have functional 

effects.  However,  body mass is the traditional marker of hydration (Casa et al., 

2000; Kavouras, 2002; Shirreffs, 2000) because of its ease of use in a field setting.  

The physiological indices of hydration have a role or respond to the mechanisms of 

body water and electrolyte maintenance.  These include [osm]p,  PV, plasma AVP 

[AVP]p, plasma aldosterone [aldo]p, plasma sodium [ Na ]p, plasma total protein 

[TP]p and thirst.  The measures of  body mass, thirst, urine specific gravity (SGu), 

urine colour (colouru) and urine osmolality (osmu) can be readily used in a practical 

setting and are commonly referred to as field indices of hydration (Armstrong et al., 

1994; Shirreffs, 2000).  However, the differential between functional, physiological 

and field measures of hydration may be very small and there will be considerable 

overlap for certain measures.  For example, thirst can be viewed as a functional, 

physiological and field measure of hydration.  

Plasma osmolality [osm]p is often considered the most accurate measure of 

hydration, as it has a clear functional significance in free water exchange, and is 

transduced in the CNS and directly mediates fluid-balance control (Armstrong et al., 

1997; Candas et al., 1986).  Furthermore, [osm]p is sensitive to change and has been 

shown to rise with  body mass as low as 1% (Popowksi et al., 2001).  Therefore, 
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whilst  body mass and  PV are used to determine the effect of body water deficit 

on exercise performance (Sawka, 1992) they reflect other factors.  For example,  

body mass may reflect initial body mass, breakdown of energy substrates and 

therefore, not closely relate to exercise tolerance.  The  PV can reflect changes in 

posture, temperature and exercise intensity. 

The role of factors such as [AVP]p, [aldo]p, [ Na ]p and [TP]p in maintaining 

water and electrolyte content has previously been described in Chapter.2: 2.1.2, when 

addressing the role of hydration status on the adaptive processes.  Water is lost from 

the body via renal, cutaneous, respiratory and gastrointestinal routes.  The kidney is 

the primary controller of water balance and renal water excretion is primarily 

mediated by AVP and the renin-angiotensin-aldosterone system (Brandenberger et 

al., 1986).  However, atrial natriuretic peptide concentration [ANP]p appears to play a 

role as it is stimulated by volume stretch receptors and suppresses the renin-

angiotensin-aldosterone system (Mannix et al., 1990), resulting in less Na  and water 

retention (Brandenberger et al., 1986).   

AVP is produced in the hypothalamus and is released via the posterior 

pituitary by stimuli of increased extracellular fluid osmolality and reduced blood 

volume.  Reduction of extracellular fluid volume is associated with increased AVP 

release and this is determined by arterial and cardiopulmonary baroreceptors.  AVP 

promotes the reabsorption of solute free water in the collecting tubules of the kidneys 

(Wade, 1984).  The release of AVP has been highly correlated with changes in 

plasma sodium (Convertino et al., 1981) and plasma osmolality (Wade & Claybaugh, 

1980) during graded exercise.  Furthermore, increased [AVP]p in the kidney results in 

a decreased urine output, increased urine osmolality and urine specific gravity 

(Robertson, Skelton, & Athar, 1976).  The secretion of aldosterone may be due to 



220 

 

changes in angiotensin II concentration mediated by plasma renin activity (PRA) and 

the release of angiotensin II. This causes constriction of the systemic artery to the 

kidney, increasing peripheral resistance, blood pressure and aldosterone secretion.  

Aldosterone is released from the zona glomerular cells in the adrenal cortex 

(Francesconi et al., 1989; Wade, 1996) and facilitates Na  reabsorption at the distal 

and collecting tubules of the kidney (Morris, 1981).  Brandenberger and colleagues 

(1986) reported that during prolonged exercise in the heat, dehydrated subjects had a 

marked increase in the response of aldosterone, AVP and plasma cortisol.  Increased 

aldosterone and AVP activity in dehydrated subjects started after 60 min exercise and 

was significantly higher in comparison with water and isotonic fluid intake from 2 h 

until the end of exercise.  They concluded that progressive rehydration prevented the 

increase in the fluid conserving hormones.  Similar time course kinetics and 

magnitude of the fluid-regulatory hormones under investigation, aldosterone and 

AVP, have previously been reported (Morel & Doucet, 1986; Patterson et al., 2004b).  

However, it has been reported that aldosterone response is impacted by manipulating 

Na  intake (Allsopp et al., 1998).  Allsopp and colleagues (1998) investigated 

manipulating the Na  intake upon sweat sodium secretion during heat acclimation.  

In the low Na  condition, [aldo]p  increased prior to heat exposure and this was 

potentiated during heat exposure.  In contrast, the high Na  diet reduced [aldo]p prior 

to heat exposure and attenuated [aldo]p secretion thereafter. 

The role of electrolytes in PV expansion has been highlighted in previous 

research, by altering electrolyte intake or blockade of aldosterone (Armstrong, Costill 

et al., 1987; Armstrong et al., 1993; Costill et al., 1975; Luetkemeier & Thomas, 

1994).  The electrolytes Na , K and Cl  have major functions in the determination 

of body fluid volumes, including PV (Allsopp et al., 1998; Luetkemeier & Thomas, 
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1994).  Armstrong and colleagues (1987) found that after four days of heat 

acclimation there had been a smaller PV elevation (3%) in subjects fed a low Na , 

compared to those on a high Na  diet (98 vs 399 mEq Na
.
d

-1
) but after 8-d 

acclimation similar PV expansion (3.9%) was measured for both groups.  Therefore, 

this may indicate that the PV expansion via movement of protein into the vascular 

compartment is dependent on the ability to move water from the interstitial space to 

the vascular compartment.  Furthermore, if PV expansion results directly from 

increased renal electrolyte and fluid retention, it may be that it is associated with 

greater fluid and electrolyte-retaining hormonal levels or greater sensitivity to these 

hormones.  In summary, measurement of the fluid-regulatory hormones under 

investigation; AVP and aldosterone offer substantial information on hydration status 

(Stachenfield et al., 1999). 

The importance of using  body mass as a field marker of hydration is clearly 

emphasised in a review on the fluid replacement of athletes by Casa and colleagues 

(2000). It is reported that 1-2% loss of body mass compromises physiological 

function and decreases performance, whereas greater than 3% loss of body mass can 

result in increased risk of exertional heat illness.  Cheung & McLellan (1998) used 

untrained (<50 mL·kg
-1

·min
-1

; n=8) and trained  (>55 mL·kg
-1

·min
-1

; n=7) participants 

while they were euhydrated and hypohydrated, (~2.5% body mass) by exercise and 

fluid restriction the day preceding the trials (Cheung & McLellan, 1998).  This 

protocol involved 1 h treadmill exercise at 40
o
C 30% RH, for 2 weeks of daily heat 

acclimation wearing nuclear, biological, and chemical protective clothing.  Therefore, 

having used  body mass as a marker of hypohydration they concluded that long-

term aerobic fitness resulted in a significant improvement in exercise-heat tolerance, 

regardless of hydration or acclimation status (Bourdon et al., 1987; Greenleaf & 
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Sargent II, 1965; Hubbard et al., 1984).  Armstrong and colleagues (1985) 

demonstrated by diuretic administration, that dehydrated participants (~2.5% body 

mass) had a reduced performance.  They reported in track races over 1500, 5000 and 

10000 m, relative to performance time when euhydrated, participants had a decreased 

running velocity of 3.1, 6.7 and 6.3% respectively (Armstrong et al., 1985).  

Similarly, Nielsen and colleagues (1981) reported adverse effects of body water 

deficit of ~2.5% body mass, resulting in a decrease of 45% in the capacity to perform 

high intensity exercise lasting ~7 min (Nielsen et al., 1981).  Further, Sawka and 

colleagues (1985) observed that severe dehydration due to heat exhaustion involved a 

loss of body water greater than 7%  body mass  (Sawka, Young, Franscesoni et al., 

1985).    

The relative  body mass is used to determine the effect of body water deficit 

(Sawka, 1992; Greenleaf, 1992) and the water loss is predominately through renal 

excretion by urination and sweating (Kavouras, 2002).  Therefore, it is assumed the 

SGu and specific gravity of sweat is 1.0.  This results in one-gram  body mass for 

every millilitre of urine output and sweat (Armstrong et al., 1998; Armstrong et al., 

1994).  Further, changes in SGu, colouru and osmu with dehydration reflect AVP 

response (Kavouras, 2002).  However, analysis of [AVP]p requires time (3-5 days) 

and sophisticated laboratory expertise (radioimmunoassay 
125

 labelling technique).  

In contrast, evaluation of urine parameters is relatively easy to measure, hence, they 

are more readily used as markers of hydration (Armstrong et al., 1998; Armstrong et 

al., 1994).  Armstrong and colleagues (1994) determined hydration status by 

presenting an 8-level urine colour scale designed to measure whether participants 

were well-hydrated, euhydrated and hypohydrated during exercise.  They validated 

the urine colour chart in two laboratory studies and one field study.  The laboratory 
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temperatures were 24 1
o
C 36 6% RH and 32.2 0.4

o
C 57 19% RH respectively.  

The field study (3-d) was based in Florida, North America in temperatures ranging 

from 27.2-33.7
o
C and 57-71% RH.  They measured colouru, osmu and SGu on a 

mixed group of male and female participants (n=54).  When they combined the data 

from the three trials, colouru was highly correlated with osmu (r=0.82; p<0.00) and 

SGu (r=0.80; p<0.00).  However, the urinary measures of colouru, osmu and SGu were 

not significantly correlated with [osm]p, [ Na ]p or haematocrit from which the 

authors concluded that these plasma measurements were not as sensitive to mild 

hypohydration as the selected urinary indices were.  Similar sensitivities in response 

to the urinary indices of hydration were reported for males and females during 

exercise in the 3-d field study.  Therefore, Armstrong and colleagues (1994) 

concluded that use of the urine colour chart provided a satisfactory index of hydration 

in athletic, industrial and field settings but should not be used in laboratories where 

greater precision and accuracy are required.  Furthermore, in a later study Armstrong 

and colleagues (1998) suggested that colouru, osmu and SGu are less accurate as 

meaningful measures of hydration during periods of high water turnover (i.e. 

prolonged summer training or competition).  This may occur because circulating 

hormones and the kidneys require several hours to restore fluid-electrolyte balance 

after severe body water change (Shirreffs, Taylor, Leiper, & Maughan, 1996).  

Despite the potential issues surrounding the validation of the urine colour chart in 

specific environmental conditions (Armstrong et al., 1994), self-reported colouru has 

been a useful addition to  body mass to evaluate an individual‟s hydration status in 

a field setting (Dabinett, Reid, & James, 2001).  Shirreffs and Maughan (1997) 

recommended urine osmolality and urine conductivity as useful tools for assessing 

hydration status (Shirreffs & Maughan, 1997).  They further suggested that an osmu 
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greater than 900 mOsm
.
kg should be used as a measure of hypohydration.  Of the 

urinary methods available osmu rather than SGu is regarded as the most accurate 

index of urine concentration and hydration status.  For example, in order to minimise 

further dehydration the hypohydrated individual produces a smaller volume of urine 

with a high osmolality.  However, given the ease of the SGu measure, it is often the 

preferred method as it is easy to apply in the field setting (Armstrong et al., 1998; 

Armstrong et al., 1994; Popowksi et al., 2001; Shirreffs, 2000).  For example, it has 

been reported that in a field setting a SGu reading of less than 1.010 reflects a well-

hydrated status, in contrast a reading of more than 1.020 reflecting a state of 

dehydration (Armstrong, 1992).  Table 5-22 illustrates the relationship between  

body mass and selected urine parameters as indices of hydration. 

    

Table 5-22: Indices of hydration status 

____________________________________________________________________ 

Hydration status   body mass (%)  colouru (1-8)   SGu 

____________________________________________________________________ 

Well hydrated  +1 to -1  1 or 2  <1.010 

Minimal dehydration  -1 to -3   3 or 4  1.010 – 1.020 

Significant dehydration  -4 to -5   5 or 6  1.020 – 1.030 

Serious dehydration  < -5   >6  >1.030 

____________________________________________________________________ 

where:  body mass = [baseline body weight – assessment body weight)/baseline 

weight] x 100;  colouru= Urine colour and SGu = Urine specific gravity.  Data from 

Armstrong et al. (1998) and Armstrong et al. (1994). 

 

Francesconi and colleagues (1987) compared the morning urinary and blood 

measurements of hydration on days one, 20 and 44 of a military exercise (n=230).  

The authors reported that even when the subjects had a high specific gravity (>1.03) 

and lost more than 3% of their body mass, there was no change in haematocrit and 
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serum osmolality.  This further indicated that urinary measures of hypohydration 

were more sensitive to change than haematocrit and plasma osmolality.  They 

concluded that PV was defended as plasma variables were not affected by 

hypohydration until body water loss of more than 3% body mass occurs (Francesconi 

et al., 1987).  Armstrong and colleagues (1998) have more recently reported further 

on the validity and sensitivity of colouru, osmu, and SGu as indices of hydration status.  

They used nine highly trained males who underwent a 42-h protocol involving 

dehydration to 3.7% body mass (Day 1), cycling to exhaustion (Day 2: -5.2% body 

mass) and oral rehydration for 21 h.  They found that body water was tracked more 

effectively with colouru and was as effective (or better) than osmu, SGu, urine volume, 

[osm]p, [ Na ]p and [TP]p.  They concluded that colouru, osmu, and SGu are valid 

indices of hydration.  Furthermore, marked dehydration, exercise and rehydration had 

little effect on the validity and sensitivity of the urinary indices under investigation.  

Similarly, Shirreffs (2000) reviewed the hydration literature and concluded that 

during moderate levels of hypohydration the urinary measures of colouru, osmu, and 

SGu have been shown to have greater sensitivity than blood measurements of 

haematocrit, serum osmolality and [ Na ]p.   

Trained athletes in a hot environment can sweat between 1.5 and 2 L
.
hr

-1
 and 

have been shown to dehydrate themselves by 2-3 kg water in a 2-h race (Casa et al., 

2000).  Therefore, in reality it is often difficult and sometimes impossible to prevent 

at least some dehydration during repeated heat exposures, such as during acclimation.  

It is well recognised that humans normally do not voluntarily replace all water lost 

during prolonged exercise in the heat - a phenomenon paradoxically referred to as 

voluntary dehydration (Armstrong et al., 1997; Greenleaf, 1992; Szlyk et al., 1989) 

and this has been considered of little consequence by some authors (Greenleaf, 1991; 
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Noakes et al., 1988).  Further, it has been reported that despite free access to fluids, 

exercising participants voluntarily replace only 66-75% of their net water loss 

(Bourdon et al., 1987; Greenleaf & Sargent II, 1965; Hubbard et al., 1984).  Thus, 

further examination is also required of the validity of thirst-the body‟s own primary 

index of hydration. 

Subjective feelings of thirst offer indicators of the need for rehydration at any 

time including during exercise in the heat (Nadel et al., 1993).  However, water in the 

average human accounts for approximately 60% of body mass and its ingestion is 

typically more a result of behaviour than thirst (Kavouras, 2002).  Historically, it has 

been reported that thirst does not increase in intensity with increasing water deficits 

(Adolph, 1947).  However, more recently several investigators (Engell et al., 1987; 

Sandick, Engell, & Maller, 1984) have demonstrated that thirst sensations may 

contribute to the initiation, maintenance, and termination of drinking in humans.  

Furthermore, Engell and colleagues (1987) designed a thirst sensation scale and 

reported that graded thirst sensations were associated with graded hypohydration 

levels.  It has been demonstrated that thirst sensation decreases in response to PV and 

osmolality restoration, mouth wetness, and oral-pharygeal stimulation (McKinley & 

Johnson, 2004).  Further, it has been observed that a 2-3% increase in plasma 

osmolality (Zerbe & Robertson, 1983) and an approximate 10% decrease in PV 

(Sagawa, Miki, & Tajima, 1992), works as an emergency mechanism of fluid 

balance, stimulating an increased perception of thirst (Greenleaf, 1992).  In a recent 

review by Noakes (2006), strong evidence is presented in the literature (Noakes, 

2006a, 2006b) on the belief that health and performance during exercise are 

optimised by drinking according to the dictates of thirst (“ad libitum”).   
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In summary, a wide variety of indices have been investigated to verify 

effective markers of hydration.  However, there is currently no criterion marker of 

hydration that can be used in a dynamic-acute state with variable rehydration and 

environmental conditions.  The use of thirst sensation as a marker of hydration may 

provide valuable information based on the notion that health and performance during 

exercise are optimised by drinking according to the dictates of thirst.  

 

5.1.1 Aims 

The primary purpose of this investigation was to examine the relationship 

between indices of hydration in a dynamic-acute state (i.e. immediately before and 

during the exercise itself, under variable hydration and environmental conditions), as 

no single criterion marker of hydration currently exists that can be used in variable 

circumstances.  Most research on the relationship between indices of hydration has 

used a semi-acute state i.e. quantification made hours after dehydration stimulus; 

hence, the relationships may reflect equilibrated state that differs substantially from 

the acute situation when exercise performance or illness is occurring and immediate 

knowledge of hydration status is required.  Therefore, this work addresses the 

dynamic-acute state i.e. immediately before and during the exercise itself, under 

variable hydration and environmental conditions.  Data on thirst sensation was only 

available for the highly trained participants (n=8) undergoing dehydration 

acclimation.  Findings of this study have been presented at the 2005 Annual Meeting 

of the Australian Physiological Society (Appendix J). 
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5.2 Methods 

5.2.1 Experimental design and overview 

Hydration indices were taken from acclimation sessions with and without 

dehydration and from 90-min exercising heat stress tests, using male participants of 

variable fitness. 

Ten moderately trained participants (Chapter.2: 2.2.1; Table 2-4) undertook 

two, 5-day heat acclimation regimes, separated by a 5-week washout: One 

acclimation with full hydration (EUHydrated; ~1750 mL) and one with minimal fluid 

replenishment (DEHydrated; ~100 mL) during each daily acclimation session.  

Participants‟ response to a standardised, exercising heat stress test (HST), was 

measured before and on the 2
nd

 day after each acclimation regime with ~1150 mL 

volume of fluid consumed during each HST.  At a later occasion eight highly trained 

participants (Chapter.4: 4.2.2; Table 4-20) undertook one, 5-day heat acclimation 

regime with minimal fluid replenishment (DEHydrated; ~100mL) during each daily 

acclimation session. 

 

5.2.2 Participants 

Participants were eighteen male volunteers from the University of Otago and 

ranged from 19 to 37 years old.  Each participant was previously unacclimated to the 

heat and the acclimations occurred within winter and spring of 2003 and 2004. The 

study was conducted within the bounds of approval granted by the University of 

Otago Human Ethics Committee (Approval number 02/035). The personal 

characteristics of participants have been described earlier (Chapter.2; Table 2-4 and 

Chapter.4; Table 4-20). 
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5.2.3 Apparatus and procedures 

Ambient temperature and relative humidity were controlled in all sessions in 

an environmental chamber.  Details of stress equipment used have previously been 

described in Chapter‟s 2 and 4. 

 

5.2.3.1 Experimental standardisation 

Participants were fully informed (verbally and in writing) of the pre-

experimental and daily procedures, and refrained from strenuous exercise for 24 h 

prior to each heat stress test (HST).  They were advised to consume a meal high in 

carbohydrate and remain fully hydrated the evening before the heat stress test.  The 

detail for standardised nourishment was based on the feedback from a 3-d nutritional 

diary, carried out as part of the familiarisation procedures.  This involved the 

participants reporting in a diary their typical timing and food consumption over a 

three day period.  The participants were asked to use this for the pre and post HST to 

ensure consistency in nutritional and fluid intake.  They were asked to refrain from 

alcohol and caffeine consumption on the day of the HSTs and all the acclimation 

sessions.  On arrival at the environmental chamber before the HSTs participants 

consumed 250 ml of a 4% carbohydrate (CHO) fluid to increase the likelihood that 

they would begin in a euhydrated state (Armstrong et al., 1994; Armstrong et al., 

1997; Popowksi et al., 2001).  Fluid osmolality was between 240-270 mmol
.
kg

-1
, as 

measured using a vapor pressure osmometer (Model 5520 Vapro, Wescor, USA).   

  

5.2.3.2 Heat stress tests (HST) 

Following instrumentation in an air conditioned room of 22
o
C 40% RH for 

approximately 30 min, ten moderately trained male participants entered the climate 
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chamber where pre-exercise measurements were made while they sat on the cycle 

ergometer for approximately 10 min.  Participants then cycled at 40% peak power 

output (PPO) for 90 min duration (35 C  60% RH, with a wind speed <0.5 m.s
-1

).  

Participants then rested for 10 min before commencing a ramp protocol (2% PPO 

each 30 s) to volitional fatigue, or a rectal temperature ( reT ) ≥39.5 C .  This protocol 

was adapted from that used by Patterson (1999).   

Eight highly trained male participants completed a HST involving 20 min of 

rowing (35 C  60% RH, with a wind speed <0.5 m.s
-1

) on a rowing ergometer 

(Concept II, Vermont, USA), at 30% of maximal work rate for 10 min and 60% 

maximal work rate for 10 min, determined from the initial peak 2OV  test (Smith, 2003).  

The participants then rested for 5 min before a 2000 m rowing performance test and 

were allowed to drink ad libitum.  This protocol was designed to mimic rowing race 

conditions as closely as possible (Ingham et al., 2002; Secher, 1993; Steinmacker, 

1993) and has previously demonstrated high reliability (0.6% CoV) with well-trained 

rowers  (Schabort et al., 1999). 

 

5.2.2.3 Acclimation protocol 

All participants completed heat acclimation sessions consisting of cycling 

(Monarch Ergomedic 824E, Sweden) for 90 min in hot and humid conditions (40 C  

60% RH, <0.5 m.s
-1

 air speed).  Nominal fluid replacement (100 mL) was given 

during DEH acclimation bouts to minimise the perception of fluid deprivation.  The 

reT  was controlled at 38.5 C  by adjusting work rate.   

On a different occasion and in an unacclimated state, the ten moderately 

trained participants completed the same heat acclimation sessions but with fluid 

replenishment; a minimum of 250 ml every 15 minutes during the bouts for a total 
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consumption of 1500 ml (Coyle & Montain, 1992).  However, participants were 

allowed to drink ad libitum above this dosage. 

 

5.2.4 Functional indices of hydration 

Plasma osmolality [osm]p was measured at rest and end-exercise on day one 

and day five of dehydration acclimation with eight highly trained participants.  

Plasma osmolality was analysed using a Wescor Vapro Vapour Pressure Osmometer, 

USA (5520).  Three known calibration solutions from the Wescor Vapro Vapour 

Pressure Osmometer kit (100, 290 and 1000 mosm
.
kg H2O

-1
) were used to calibrate 

the osmometer in triplicate every 20 samples. 

The  body mass used to determine the effect of body water deficit on 

exercise performance was calculated using measurements of pre- and post-exercise 

nude body mass (Wedderburn Scales, Teraka Seiko, Tokyo, Japan), using scales 

calibrated to 0.1 kg with calibrated masses.  Participants were instructed to dry all 

sweat off their body before post-body mass was recorded.  Measurements were made 

immediately before and after the 90 min acclimation bouts, on day one and day five 

of euhydration and dehydration acclimation.   

Changes in the concentration of haemoglobin [Hb] and haematocrit [Hct] 

were used to determine the relative change in plasma volume described by Dill and 

Costill (1974).  Venous blood samples (5 mL) were taken from an antecubital vein 

(Vacutainer Precision Glide 21-gauge needle, Becton Dickinson Vacutainer Systems) 

by phlebotomy without stasis and immediately analysed – in sexplicate – for [Hb]  

(Willoughby et al.), (Model OSM3, Radiometer, Copenhagen, Denmark), and [Hct] 

(using a Hawksley Microhaematocrit centrifuge [Sussex, UK] and a Micro-capillary 
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reader [Damon/IEC Division, Mass, USA]).  The relative change in plasma volume 

was analysed from day one to five of euhydration and dehydration acclimation. 

 

5.2.5 Physiological indices of hydration 

Plasma for the measurement of the fluid regulatory hormone aldosterone (200 

l) was stored using chilled K-EDTA tubes (1.6 mg
.
ml

-1
).  Measurement of 

aldosterone used the Coat-A-Count aldosterone procedure (DPC‟s), which is based 

upon human serum calibrators, 
125

tracer and aldosterone anti-body coated tubes.  

The tube was decanted and counted in a gamma counter.  The sample concentration 

was then determined from calibration standards (25-1200 pg
.
ml

-1
) and control 

samples, using a standard curve.  The intra-assay coefficient of variation was 9.9% 

for duplicate measures and all samples for a given individual were analysed within 

the same assay.  AVP analysis required solid phase extraction of the plasma samples 

before being assayed using a competitive radioimmunoassay kit (Euro-Diagnostica, 

The Netherlands).  This used a rabbit anti-vasopressin antiserum and radionated 

vasopressin 
125

tracer.  Bound and free phases were separated by a second antibody, 

which is bound to solid phase particles.  After centrifugation the radioactivity in the 

bound fractions was measured and the sample concentration was determined by a 

typical standard curve.  The intra-assay coefficient of variation was 5.6% for 

duplicate measures and all samples for a given individual were analysed within the 

same assay.  Plasma aldosterone and AVP were measured at rest and end-exercise, on 

day one and five of euhydration and dehydration acclimation and HSTs.  The 

aldosterone and AVP analysis took place with the assistance and leadership of 

research staff within the Department of Human Nutrition.     



233 

 

Chilled Li-heparin tubes (15 I.U.heparin.ml
-1

) were used to store plasma for 

Na  (200 l) and total protein (20 l).  Tubes were centrifuged at 1500 g for 15 

min at 4 C  and stored at -80 C .  Plasma Na  was analysed using duplicate 

colorometric analysis (Cobas Mira Plus, New Jersey, USA).  Plasma samples of total 

protein were diluted 1/100 in phosphate buffered saline and assayed in triplicate using 

a Biorad protein colorometric assay kit, based on the  Lowry method, using BSA  

standards from 0-1.5 mg
.
ml.  Plasma Na  and total protein were measured at rest and 

end-exercise, on day one and five of euhydration and dehydration acclimation and 

HSTs.  The total protein analysis took place with the extensive assistance and 

leadership of Dr Joanne Harrison and Dr Ivan Sammut from the School of 

Pharmacology and Toxicology.   

 

5.2.6 Field indices of hydration 

Urine samples were obtained before and after day one and day five of 

euhydration and dehydration acclimation and HSTs.  Using fresh urine samples SGu 

and colouru were measured using a calibrated refractometer (Uricon-N, Urine specific 

gravity refractometer, Atago Co., Tokyo, Japan) and urine colour chart (Armstrong et 

al., 1998; Armstrong et al., 1994) respectively.  Urine volume was recorded and osmu 

was analysed after the experiment from frozen samples stored at -80
o
C, using a 

Wescor Vapro Vapour Pressure Osmometer, USA (5520). 

The thirst sensation scale (TSS) was designed to measure the subjective 

sensations associated with graded hypohydration (Engell et al., 1987) and was used 

with eight highly trained participants (Chapter.4; Table 4-20), undertaking a 

dehydration acclimation regime (5.2.2.3).  Data using the TSS was only available for 

this subset of participants with dehydration acclimation.  Engell and colleagues 
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(1987) validated the TSS by determining the relationships between thirst sensations, 

blood variables and differential fluid intake in hypohydrated humans.  The TSS used 

in this work contained 12 graded category scales paired with sensations (6) and 

symptoms (6) reported to be associated with thirst (Engell et al., 1987; Sandick et al., 

1984).  Each sensation and symptom was paired with a nine point category scale, 

marked “not at all” (0) to “severe” (9).  The participants were instructed on the 

questionnaire as follows: “Circle the number on the scale following each statement 

that corresponds to how you feel at this moment in time”.  The TSS was completed 

on four occasions, before and at the end of acclimation bout, on day one and day five 

of dehydration acclimation with the eight highly trained participants.  All TSS were 

completed in a temperate environment (22 C , 40% RH).  The TSS was used to 

determine thirst sensation as a marker of hydration with highly trained participants, 

undergoing dehydration acclimation.  It had previously been demonstrated that the 

highly trained participants had a greater adaptive response across acclimation 

(Chapter.4: 4.3.1). 

     

5.2.7 Data analysis 

This research addressed the relationship between indices of hydration at rest 

and during exercise in the heat, with variable rehydration and environmental 

conditions.  The relationships between variables were calculated using Pearson 

Product Moment Correlation and generally expressed as r
2
, p-value and r with 95% 

confidence limits (95%CL).  The general symptoms and local sensations of thirst 

before and end of bout, on day one and five of acclimation were analysed using one-

way analysis of variance (ANOVA).  Sources of significant difference were isolated 

using Tukey‟s post-hoc test.  The relationships of the general symptoms and local 
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sensations of thirst across acclimation were analysed using Pearson Product Moment 

Correlation and reported as r with p-value. 

 

5.3 Results 

Baseline reliabilities were variable between measures; [osm]p 1.5%; [AVP]p 

2.2%, [aldo]p 25.8%, [ Na ]p 0.8%, [TP]p 0.9%, thirst 15.9% and SGu 0.1%.   The 

minimum and maximum indices are shown in table 5-23. 

 

Table 5-23: Minimum and maximum measures of hydration indices. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.3.1 Linear relations between hydration-related indices 

As no criterion marker of hydration currently exists the linear relations 

between hydration-related indices include the relationships between changes in the 

functional, physiological and field measures of hydration with variable hydration. 

 

Hydration indices (min : max) 
 

 body mass (-2.8 : 0.9%) 

PV (-20.7 : 1.0%) 

[osm]p (270 : 305 mOsmo
.
kg

-1
) 

[AVP]p (1 : 26 pg
.
mL

-1
) 

[aldo]p (20 : 993 pg
.
mL

-1
) 

[ Na ]p (136 : 149 mmol
.
L

-1
) 

[TP]p (61 : 113 mg
.
mL

-1
) 

SGU (1.000 : 1.033 units) 

Thirst (0 : 9 units) 
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5.3.1.1 Relationship between relative  body mass and relative PV and 

[osm]p 

Relative  body mass had weak relationships between the functional indices 

of hydration; relative PV (0.14, p=0.02; Figure 5-57: upper panel) and [osm]p (0.28, 

p=0.05; Figure 5-57: lower panel). 
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Figure 5-57:  Relationship between relative  body mass and relative PV (upper 

panel) and [osm]p (lower panel) during exercise in the heat, with variable rehydration.  

Significant relationships are shown in bold.  
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5.3.1.2 Relationship between relative  body mass and [AVP]p and 

[aldo]p 

There was a weak association between  body mass and [AVP]p (0.15, 

p=0.03; Figure 5-58: upper panel) and a strong relationship between  body mass 

and [aldo]p (0.94, p=0.001; Figure 5-58: lower panel). 
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Figure 5-58:  Relationship between relative  body mass and [AVP]p (upper panel) 

and [aldo]p (lower panel) during exercise in the heat, with variable rehydration.  

Significant relationships are shown in bold.  
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5.3.1.3 Relationship between relative  body mass and [ Na ]p and [TP]p 

There was a strong association between  body mass and [ Na ]p (0.69, 

p=0.001; Figure 5-59 upper panel) and a weak relationship between  body mass and 

[TP]p (0.16, p=0.001; Figure 5-59: lower panel). 
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Figure 5-59:  Relationship between relative  body mass and [ Na ]p (upper panel) 

and [TP]p (lower panel) during exercise in the heat, with variable rehydration.  

Significant relationships are shown in bold.  
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5.3.1.4 Relationship between relative  PV and [ Na ]p and [TP]p 

There was a weak association between relative  PV and [ Na ]p (0.18, 

p=0.01; Figure 5-60: upper panel).  There was no relationship between relative  PV 

and [TP]p (0.09, p=0.08; Figure 5-60: lower panel). 

 

 

 
138

140

142

144

146

148

150

[N
a

+
] p

 (
m

m
o
l.
L

-1
)

 

 

50

60

70

80

90

100

110

120

-22 -20 -18 -16 -14 -12 -10 -8 -6 -4 -2 0 2

∆ PV (%)

[T
P

] p
 (

m
g

.m
L

-1
)

 

 

Figure 5-60:  Relationship between relative  PV and [ Na ]p (upper panel) and 

[TP]p (lower panel) during exercise in the heat, with variable rehydration.  Significant 

relationships are shown in bold.  
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5.3.1.5 Relationship between SGu and colouru and osmu 

There was a moderate association between SGu and the other urinary indices 

of hydration; colouru (0.35, p=0.001; Figure 5-61: upper panel) and osmu (0.36, 

p=0.001; Figure 5-61: lower panel). 
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Figure 5-61:  Relationship between SGu and colouru (upper panel) and osmu (lower 

panel) during exercise in the heat, with variable rehydration.  Significant relationships 

are shown in bold.  
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5.3.1.6 Relationship between SGu and [AVP]p and [aldo]p 

There was a weak association between SGu and the plasma indices of 

hydration; [AVP]p (0.12, p=0.02; Figure 5-62: upper panel) and [aldo]p (0.11, p=0.02; 

Figure 5-62: lower panel). 
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Figure 5-62:  Relationship between SGu and [AVP]p (upper panel) and [aldo]p (lower 

panel) during exercise in the heat, with variable rehydration.  Significant relationships 

are shown in bold.  
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5.3.1.7 Relationship between relative  body mass and SGu 

There was a lack of association between relative  body mass and the urinary 

indice of hydration; SGu (0.03 p=0.24; Figure 5-63).  
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Figure 5-63:  The relationship between relative  body mass and SGu during exercise 

in the heat, with variable rehydration.  

 

 

 

5.3.1.8 Relationship between relative  body mass and thirst 

There was a strong association between  body mass and thirst (0.81, 

p=0.001; Figure 5-64) during exercise in the heat at variable rehydration.  

 

 

5.3.1.9 Relationship between [osm]p and thirst 

There was a lack of association between the functional measure of [osm]p and 

thirst (0.06, p=0.66; Figure 5-65). 
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Figure 5-64:  The relationship between relative  body mass and thirst during 

exercise in the heat, with variable rehydration.  Significant relationships are shown in 

bold.  
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Figure 5-65:  The relationship between [osm]p and thirst during exercise in the heat, 

with variable rehydration.  
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5.3.1.10 Relationship between [osm]p and relative PV 

There was a lack of association between the functional indices of hydration 

[osm]p and PV (0.10, p=0.44; Figure 5-66). 
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Figure 5-66:  The relationship between [osm]p and relative PV during exercise in 

the heat, with variable rehydration.  

 

 

5.3.2 Thirst sensation as a marker of hydration 

General symptoms (Figure 5-67) and local sensations (Figure 5-68) of thirst 

were measured before and end of bout, on days one and five of dehydration 

acclimation, with eight highly trained participants (Chapter.4; Table 4-20).  All the 

general symptoms and local sensations of thirst under investigation were significantly 

greater before and end of bout, on days one and five of dehydration acclimation 

(p<0.01).  

A correlation matrix was generated on day one and day five, before and end of 

bout with dehydration acclimation for each sensation of general symptoms (Figure 5-

67), local sensations (Figure 5-68) and fluid intake (Chapter.4: Table 4-21).  On day  
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Figure 5-67:  Intensities of representative general symptoms associated with thirst reported by participants on the first day (1) and last day (5) of 

dehydration acclimation.  Intensities of each sensation were expressed by participants on a category scale marked “not at all” (0) to “severe” (9).  

Data are means ±SE for eight highly trained males.  Statistically significant difference before versus end of bout on day one and five of 

acclimation (* P<0.01), using one-way analysis of variance (ANOVA) and Tukey‟s post-hoc test.
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Figure 5-68:  Intensities of representative local sensations of thirst reported by participants on the first day (1) and last day (5) of dehydration 

acclimation.  Intensities of each sensation were expressed by participants on a category scale marked “not at all” (0) to “severe” (9).  Data are 

means ±SE for eight highly trained males.  Statistically significant difference before versus end of bout on day one and five of acclimation        

(* P<0.01), using one-way analysis of variance (ANOVA) and Tukey‟s post-hoc test.  
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one significant relationships were reported at the end of bout, for “feel tired” and 

“feel weak” (r=0.97, p=0.001); “feel light-headed” and “feel weary” (r=0.74, p=0.05). 

There was a non-significant but moderate relationship between “feel thirsty” and 

“tired” (r=0.70, p=0.08).  On day five significant relationships before bout were 

reported for fluid intake and “feel weary” (r=0.76, p=0.04).  At the end bout the 

following significant relationships were reported: “feel weak” and “feel light-headed” 

(r=0.75, p=0.05); “feel weak” and “feel weary” (r=0.87, p=0.01); “feel weary” and 

“feel dizzy” (r=0.77, p=0.04).  There was a non-significant but moderate relationship 

between “feel thirsty” and “feel dizzy” (r=0.70, p=0.08). 

The local sensations of thirst at end of bout for day one and day five had 

moderate to strong relationships.  On day one relationships at end of bout ranged 

from the sensations of “bad taste in mouth” and “throat feels dry” (r=0.67, p=0.09) to 

“dry mouth” and “throat feels dry” (r=0.96, p=0.001).  On day five the range of 

relationships at end of bout were from the sensations of “bad taste in mouth” and 

“chalk like taste in mouth” (r=0.56, p=0.19) to “mouth feels irritated” and “chalk like 

taste in mouth” (r=0.87, p=0.001).   
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5.4 Discussion 

The current study is an examination of the potential indices of hydration, 

especially field measures based on data obtained under various heat acclimations.  

Much existing hydration index data is not from variable circumstances of time and 

stress and therefore limited validity in acute field settings.  Therefore, reliable and 

valid markers of hydration provide an important starting point for hydration research 

that can be used in an applied field setting.  

 

5.4.1 Relationship between hydration-related indices  

In the present work significant associations were evident between most pairs 

of hydration-related measures under conditions of dynamic exercise and ambient heat 

stress with varied rehydration. However, most associations were weak, and plasma 

osmolality, which is considered the most criterion measure, showed only a weak 

relation with change in body mass and little association with other functional or field 

measures of hydration.  Despite the limitations of the scope in this work such as 

limited range of heat stress, extent of hypohydration and a male only participant 

sample, there is very limited agreement between different measures and thirst was no 

worse than more intrusive and less practical indices.  

The change in body mass is the traditional index of hydration (Casa et al., 

2000; Kavouras, 2002; Shirreffs, 2000), given its functional role in determining body 

water deficit and ease of use in a field setting.  In the present study, the functional 

indices of hydration demonstrated a weak association with each other both acutely 

and across acclimation.  There was only a weak relation between change in body 

mass with change in plasma volume and plasma osmolality (Figure 5-57).  This is 

surprising as plasma osmolality is considered the most criterion measure of hydration, 
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as it has a clear functional significance in free water exchange by directly mediating 

fluid-balance control (Armstrong et al., 1997; Candas et al., 1986).  Further, relations 

between the functional indices of hydration have previously been reported.  For 

example, during dehydration from insufficient fluid intake plasma osmolality and 

plasma sodium concentration are significantly elevated (Mack & Nadel, 1996) and 

plasma osmolality has been shown to rise with dehydration as low as 1% change in 

body mass (Popowksi et al., 2001).  However, the responsiveness of plasma 

osmolality at dehydration of less than 3% body mass has been debated (Oppliger & 

Bartok, 2002).  For example, no relation between plasma osmolality and change in 

body mass was observed by Bartok and colleagues (2004).  They used twenty-five, 

male collegiate wrestlers who had there hydration assessed under well-controlled 

conditions of euhydration and dehydration.  The dehydration phase occurred on the 

same day as euhydration after participants acutely dehydrated 2-6% of body mass 

through fluid/food restriction and exercise in a hot environment (Bartok, Schoeller, 

Sullivan, Randall Clark, & Landry, 2004).  It has been demonstrated that blood-borne 

indices of hydration including plasma osmolality are not as sensitive in determining 

dehydration as more highly concentrated urine parameters (Francesconi et al., 1987).  

This view was supported by Armstrong and colleagues (1994) study on mild 

hypohydration.  They found no relation between blood indices (plasma osmolality, 

plasma sodium and haematocrit) and urinary indices of hydration (SGu, colouru and 

osmu).  Further, they reported that despite the participants being dehydrated, blood 

indices remained normal but urine indices detected the dehydration.  In summary, the 

weak association between plasma osmolality and change in body mass with no 

relation to change in plasma volume may reflect its unresponsiveness under mild 

hypohydration.  It may also be because changes in body mass and plasma volume 
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reflect factors other than body water balance.  For example, whilst changes in body 

mass and plasma volume are used to determine the effect of body water deficit on 

exercise performance (Sawka, 1992), the change in body mass may reflect initial 

body mass, breakdown of energy substrates and therefore, not closely relate to 

exercise tolerance.  Change in plasma volume can reflect changes in posture, 

temperature and exercise intensity.  However, a limitation in the present study is that 

the measure of plasma osmolality was only made on day one and five of dehydration 

acclimation only.  Furthermore, there were only eight participants, hence, the 

relationship with changes in body mass and plasma volume had limited participant 

numbers.  

The usefulness of field measures as markers of hydration are dictated by the 

relationship between the extent field measures actually reflects the underlying 

corrective mechanisms of fluid-balance control.  Therefore, given its ease of use in a 

field setting and the determination of the effect of body water deficit on exercise 

performance (Sawka, 1992) change in body mass is considered the traditional marker 

of hydration (Casa et al., 2000; Kavouras, 2002; Shirreffs, 2000).  In the present 

study, there was a weak association between change in body mass and plasma AVP 

concentration (Figure 5-58, upper panel), and a very strong association with plasma 

aldosterone concentration (Figure 5-58, lower panel).  Furthermore, a strong 

association between change in body mass and plasma Na  concentration was 

observed (Figure 5-59, upper panel).  These plasma measurements are important 

indices of hydration, as the kidney and renal water secretion is the primary controller 

of water balance, which is primarily mediated by AVP and the renin-angiotensin-

aldosterone system (Brandenberger et al., 1986).  Therefore, the relations in the 

present work are unsurprising as under conditions of fluid deficit and water loss the 
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fluid-regulatory hormones; AVP and aldosterone are highly active and respond to 

maintain fluid balance by retention of Na  and water respectively (Brandenberger et 

al., 1989; Brandenberger et al., 1986).  However, whilst the measurements of AVP 

and aldosterone offer substantial information on hydration status (Stachenfield et al., 

1999), they require sophisticated laboratory expertise.  Therefore, this work indicates 

that given its ease of use in a field setting, change in body mass may be a useful 

alternative to AVP and aldosterone, as a marker of hydration when the accuracy using 

these plasma indices are not required.    

Change in SGu, colouru and osmu are field measures of hydration and they 

reflect AVP response to dehydration (Kavouras, 2002).  Further, in contrast to the 

sophisticated laboratory expertise required for AVP analysis, the urinary indices are 

relatively easy to measure.  Therefore, the urinary indices of hydration are readily 

used as field markers of hydration (Armstrong et al., 1998; Armstrong et al., 1994).  

In the present study, SGu had a weak relation with plasma AVP (Figure 5-62: upper 

panel) and aldosterone concentration (Figure 5-62: lower panel).  There was no 

relation between SGu and the plasma indices of Na  and osmolality.  Similarly, 

Armstrong and colleagues (1994) reported no relation between SGu and the plasma 

indices of Na  and osmolality.  They suggested that plasma measurements were not 

as sensitive to mild hypohydration as urinary measures.  Furthermore, Shirreffs 

(2000) reported that during moderate levels of hypohydration the urinary measures of 

SGu, colouru and osmu have been shown to have greater sensitivity than blood 

measurements of serum Na  and osmolality.  In the present work, SGu observed 

moderate associations with colouru (r=0.59; Figure 5-61: upper panel) and osmu 

(r=0.60; Figure 5-61: lower panel).  Armstrong and colleagues (1994) had similar 

findings but they recorded stronger associations between SGu with colouru (r=0.80) 
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and osmu (r=0.97).  Self-reported colouru has been demonstrated as a useful addition 

to change in body mass for evaluating an individual‟s hydration status in a field 

setting (Dabinett et al., 2001).  However, Armstrong and colleagues (1998) suggested 

that colouru, osmu and SGu are less accurate as meaningful measures of hydration 

during periods of high water turnover (i.e. prolonged summer training or 

competition).  This may occur because circulating hormones and the kidneys require 

several hours to restore fluid-electrolyte balance after severe body water change 

(Shirreffs et al., 1996).  While urine measures can be used to detect the presence of 

dehydration they lack the precision to meaningfully predict the extent of dehydration 

(Armstrong et al., 1997).  Therefore, this study indicates that while urinary indices 

provide a valid marker of hydration in athletic, industrial and field settings they may 

not have the precision and accuracy required for use as criterion markers of hydration 

in laboratory investigations or use with high performance athletes.   

There was a strong association between  body mass and thirst (Figure 5-64) 

but this was not reflected by other functional indices of hydration that stimulate thirst.  

There was no association observed between plasma osmolality and change in plasma 

volume (Figure 5-66) or thirst (Figure 5-65).  This lack of a relationship is somewhat 

surprising, as relations between these functional indices of hydration and thirst have 

previously been reported.  For example, a 2-3% increase in plasma osmolality (Zerbe 

& Robertson, 1983) and an approximate 10% decrease in plasma volume (Sagawa et 

al., 1992), works as an emergency mechanism of fluid balance, stimulating an 

increased perception of thirst (Greenleaf, 1992).  Furthermore, it has been 

demonstrated that thirst sensation decreases in response to plasma volume and 

osmolality restoration, mouth wetness, and oral-pharygeal stimulation but the 

homeostatic regulation of fluid intake remains unresolved (McKinley & Johnson, 
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2004).  Therefore, this study indicates that whilst the strong association between 

change in body mass and thirst has functional value as a marker of hydration in a field 

setting.  The lack of association of thirst and the functional indices of hydration that 

stimulate thirst requires further investigation. 

In summary, the weak or lack of association between most pairs of hydration-

related indices in this study demonstrates that no single measure of hydration can be 

described as the criterion marker of hydration in a dynamic-acute state (i.e. 

immediately before and during the exercise itself, under variable hydration and 

environmental conditions).  However, the association of change in body mass across 

functional, physiological and field measures indicates it may provide useful 

information as a marker of hydration in a practical setting.  

   

5.4.2 Thirst sensation as a marker of hydration 

The information provided by the thirst sensation scale (TSS) used in the 

present study was effective as a marker of hydration.  The highly trained athletes‟ 

general symptoms (Figure 5-67) and local sensations (Figure 5-68) of thirst were 

significantly greater at the end of acclimation bout versus before, on day one and day 

five of dehydration acclimation respectively.  This presumably reflects a residual 

hypohydration, as this study reported decreased body mass with increased SGu, and 

colouru at the end of an acclimation bout versus before, on day one and day five of 

dehydration acclimation (Chapter.4: Figure 4-46).  Further, in this study there was a 

strong relationship between the traditional marker of hydration; change in body mass 

and thirst, during exercise in the heat with dehydration acclimation (0.81, p=0.001; 

Figure 5-64).  Therefore, using thirst sensation as a marker of hydration illustrates 

that there has been increased sensations of thirst at the end of acclimation bout versus 
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before, on day one and day five of acclimation, in response to the experimental 

manipulation (fluid restriction) of the dehydration acclimation regime.  Engell and 

colleagues (1987) validated the thirst sensation scale by demonstrating that graded 

thirst sensations were associated with graded hypohydration levels.  In summary, the 

thirst sensation scale provided useful information on the hydration status of highly 

trained athletes, undergoing hypohydration in ambient heat stress.  This indicates that 

thirst sensation is a useful field marker of hydration that is easy to apply in a practical 

setting.  The subjective feelings of thirst have been demonstrated as indicators of the 

need for rehydration (Nadel et al., 1993) and more recently the potential benefit of 

using thirst sensation as a marker of hydration has received attention in the literature 

(Noakes, 2006a, 2006b). Noakes (2006) presents the notion of  that health and 

performance during exercise are optimised by drinking according to the dictates of 

thirst (“ad libitum”).  However, the physiological regulation of thirst and fluid 

remains to be clearly identified (McKinley & Johnson, 2004).      

 

5.5 Conclusions 

Based on our data there was not one measure accurate enough that could be 

used on it‟s own for assessing hydration in the dynamic-acute state (i.e. immediately 

before and during the exercise itself), under variable hydration and environmental 

conditions. There was an association between most pairs of hydration-related 

measures but the relationships tended to be weak with the only exceptions, the strong 

association between the functional and field measure of change in body mass with 

plasma aldosterone, plasma Na  and thirst.  Therefore, our data suggests that 

because of the association of change in body mass across functional, physiological 
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and field indices of hydration, it may provide a useful field marker of hydration but 

not have the accuracy required for laboratory based work.   

Plasma osmolality had a weak relationship with change in body mass but no 

association with other functional, physiological or field measures of hydration.  The 

close relation of thirst and change in body mass has functional value but this was not 

reflected by similar relation for factors that stimulate thirst.  However, it should be 

acknowledged that plasma osmolality was measured during dehydration acclimation 

only and this reduced the number of participants used in the relations with other 

measures of hydration.    

  Thirst sensation was effective as a field marker of hydration for highly 

trained athletes, undergoing mild hypohydration in ambient heat stress.  This provides 

useful information on thirst sensation as a marker of hydration, as there is the current 

notion that health and performance during exercise are optimised by drinking 

according to the dictates of thirst.  However, the physiological regulation of thirst and 

fluid intake remains unresolved. 
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Chapter Six: Conclusions and recommendations 

 

6.1 Conclusions 

 The physiological benefits of heat acclimation are well established, and 

include a greater cardiovascular stability during exercise in the heat (Sawka, Young, 

Caderette et al., 1985; Senay et al., 1976; Strydom & Williams, 1969; Wyndham et 

al., 1968).  Increased cardiovascular stability is indicated by decreased cardiac 

frequency ( cf ) and increased Q  at the same relative intensity enhancing exercise 

performance in the heat (Harrison, 1985).  The physiological adaptations 

characteristic of heat acclimation include increased cardiovascular stability, 

attenuated body core temperature (Armstrong & Maresh, 1991), a more dilute sweat, 

earlier onset of sweating, and plasma volume (PV) expansion (Mack & Nadel, 1996).  

However, several notions of adaptation to the heat remain unresolved, one being the 

nature of stimulus for adaptation. 

The current investigation had six major aims, the first was to determine that 

short-term (5-day) heat acclimation is effective for adaptation to the heat and the 

strain experienced by the cardiovascular system may have an important role in the 

stimulus of the adaptive responses to exercise in the heat;  Second, to assess whether 

permissive dehydration independently facilitates adaptation to the heat during short-

term heat acclimation;  Third, to determine the effectiveness of short-term heat 

acclimation on the adaptive response for highly trained athletes, as most previous 

work has used untrained or moderately trained participants;  Fourth, to investigate the 

decay of the physiological and performance adaptations associated with short-term 

(5-day) heat acclimation and the role of blood volume (BV) in cardiovascular stability 

with acclimation;  Fifth, investigate whether heat shock protein response will be 
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impacted by the relatively brief submaximal stress nature of short-term heat 

acclimation.  Finally, the nature of these studies and the dependent measures allowed 

another key issue to be examined; that of the relationship between markers of 

hydration under variable and acute exertional heat stress. 

  Most research on adaptation to heat stress has tended to use longer-term 

acclimation protocols (Cheung & McLellan, 1998; Houmard et al., 1990; Nielsen et 

al., 1993; Nielsen et al., 1997; Shapiro et al., 1981).  However, many of the important 

adaptations to heat stress are cardiovascular, and these occur relatively rapidly.  

Therefore, in order to maximise the physiological benefits of heat acclimation, the 

design of the current work differed from commonly employed heat acclimation 

regimes in three ways.  First, a short-term heat acclimation protocol of five days 

duration was adopted, as there is clear evidence that the effects of heat acclimation 

can be induced by such a regime (Cotter et al., 1997; Patterson et al., 2004b; Turk & 

Worsley, 1974).  Second, while most heat acclimation protocols maintain a constant 

work rate (Greenleaf & Greenleaf, 1970; Pandolf, Sawka, & Gonzalez, 1988), the 

current investigation employed a controlled hyperthermia technique (Taylor, 2000).  

This technique ensures equal thermal strain is placed upon participants, as it involves 

elevating and maintaining a steady-state body temperature above the sweating 

threshold using exercise.  Consequently, the total work increases during each heat 

exposure, as acclimation progresses, for a more complete adaptation (Taylor & 

Cotter, 2006).  Third, it has been established that fluid regulatory adaptations are an 

important factor in heat acclimation (Bass et al., 1955; Patterson et al., 2004b; 

Wyndham et al., 1968) and a key premise of the present work was that by stressing 

fluid homeostasis thermal adaptation will be optimised (Taylor & Cotter, 2006).  

Therefore, this work used a regime of permissive dehydration during short-term heat 
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acclimation, to independently (of core temperature) facilitate acclimation by 

increased fluid-electrolyte retention, PV expansion and cardiovascular response to 

heat stress. 

The current investigation demonstrated significant physiological adaptations 

and work capacity after short-term (5-day) heat acclimation using the controlled 

hyperthermia technique.  The resting PV expansion and increased RCV across short-

term (5-day) heat acclimation make an important contribution to the literature as 

plasma and erythrocyte volume expansion after heat acclimation have been shown to 

enhance heat dissipation and attenuate physiological strain in the heat (Francesconi et 

al., 1988; Patterson et al., 1995; Sawka et al., 1987; Sawka et al., 1988).  

Furthermore, many of the adaptations after short-term (5-day) heat acclimation, 

including resting PV expansion, were generally more pronounced when acclimation 

bouts were undertaken with permissive dehydration.   

The present work demonstrated significant physiological adaptations to heat 

stress for highly trained athletes and this concurs with previous reports, who have 

used similar acclimation protocols with untrained (Turk & Worsley, 1974; Weller & 

Harrison, 2001) and moderately trained individuals (Creasy, 2002; Patterson et al., 

2004b; Regan et al., 1996; Taylor, 2000; Taylor et al., 1995).  Endurance-trained 

athletes appear physiologically as if they were already heat acclimatised (Taylor, 

2000) and the higher the background adaptation, the lower the adaptation response 

(Taylor & Cotter, 2006).  Therefore, highly trained athletes have a lesser adaptive 

potential in comparison with untrained or moderately trained participants.  This work 

demonstrated endurance performance capacity was improved by dehydration 

acclimation with highly trained participants.  Specifically, the greater endurance 

performance capacity was consistent with the lower strain during fixed-load exercise.  
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This was indicated by decreased end-exercise cf , reT  and increased resting PV.  The 

increased resting PV expansion with highly trained athletes is a unique contribution to 

the literature, especially as six of the highly trained athletes had already demonstrated 

high basal levels of resting PV in an earlier unpublished study (Creasy, 2002).  

Furthermore, the physiological and performance adaptations of the highly trained 

individuals concur with similar findings of lesser trained participants reported in 

Chapter.2 of this thesis. 

Research on heat acclimation has focused almost exclusively on its induction, 

such that there is less information available on the time course for the decay of 

adaptation to the heat.  This work established that short-term (5-day) heat 

acclimation, using controlled hyperthermia, effectively attenuated thermal strain and 

enhanced exercise capacity in the heat (Chapters 2 and 4).  This was reflected by the 

characteristic features of acclimation; increased cardiovascular stability by decreased 

end-exercise cf , reduced reT  and PV expansion.  These adaptations generally 

persisted for one, but not two weeks following acclimation, as did the increased 

performance capacity.  However, the exception was PV expansion, recording pre-

acclimation levels one week following acclimation.  Therefore, if hypervolaemia 

were largely responsible for the attenuation of cardiovascular stability, indicated by 

decreased exercise cf , then this attenuation would be expected to track the induction 

and decay of hypervolaemia during and after acclimation.  The lack of association 

between the PV and exercise cf  response during the decay of acclimation, suggests 

that the improved cardiovascular stability with heat acclimation, may not be solely 

mediated by hypervolaemic responses per se but more centrally controlled (Horowitz 

& Meiri, 1993).  Furthermore, this study has demonstrated that the carbon monoxide 

dilution technique (Burge & Skinner, 1995) with moderately trained participants was 
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a reliable measure of blood volume repeated after seven days but showed some 

increase in measurement error with increasing time between trials thereafter (Gore et 

al., 2005). 

There are two main thermo-protective pathways to combat the effects of heat 

stress; heat shock protein response (HSR) and acclimation (Horowitz, 2002).  

However, the interrelationship between HSR and acclimation in the human model 

remains unclear in the literature.  The most inducible heat shock protein is the 70 kDa 

family (HSP70) and it has demonstrated a major role in protecting cells from stress 

and preparing them to survive environmental challenges (Kee-Bum et al., 2004).  

Longer-term systemic protective adaptation occurs after repeated exposure to heat 

stress and is referred to as acclimation  (Sawka et al., 1996).  In the present work, if 

circulating HSP70 reflects cellular HSP70 concentrations, short-term (5-day) heat 

acclimation resulted in a protective adaptive change to the heat stress (Moseley, 1997, 

2000) for moderate to highly trained participants (Selkirk et al., 2006).  Inducible 

plasma HSP70 increased at rest and there was a reduction in the stress-induced 

increase, such that the concentrations achieved at end exercise were equivalent before 

compared with after acclimation.  Therefore, the thermotolerant state of humans 

observed in this study, allowing the ability to work at lower core temperatures 

suggests that the cellular mechanisms of adaptation related to HSR may be at work.  

This may indicate an interrelationship between the thermo-protective pathways to 

combat the effects of heat stress; immediate HSP70 response in the cells and systemic 

adaptation from heat acclimation.  Further, it may infer that short-term heat 

acclimation with dehydration, may impact on the heat shock protein molecular 

machinery to respond faster and increase the circulating levels of the protein 

(Horowitz, 2002), as an adaptive response to heat stress in trained participants (Liu et 
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al., 2000; Liu et al., 2004; Liu et al., 1999).  However, a limitation of the present 

study was the plasma HSP70 in the systemic circulation may merely reflect its 

synthesis and function intracellularly in the various tissues.  Thus, we were not able to 

determine where the HSP70 was from and thus which cells were developing 

thermotolerance.  Therefore, the source and mechanisms of HSP70 expression were 

not investigated in the present work and require further investigation.   

Most research on the relationship between indices of hydration has taken 

place in a semi-acute state i.e. quantification made hours after dehydration stimulus; 

hence, the relationships may reflect equilibrated state that differs substantially from 

the acute situation when exercise performance or illness is occurring.  This study 

provides a useful contribution to the literature, as it was carried out in a dynamic-

acute state i.e. immediately before and during the exercise itself, under variable 

hydration and environmental conditions.  Therefore, in the present work significant 

associations were evident between most pairs of hydration-related measures under 

conditions of dynamic exercise and ambient heat stress with varied rehydration.  

However, there was very limited agreement between different measures and thirst 

was no worse than more intrusive and less practical indices.  Further, plasma 

osmolality, which is considered the most criterion measure, showed only a weak 

relation with change in body mass and little association with other functional or field 

measures of hydration in acute circumstances with variable rehydration.  However, 

the responsiveness of plasma osmolality to mild hypohydration of less than 3% body 

mass has been debated (Oppliger & Bartok, 2002) and no relation between plasma 

osmolality and change in body mass has been demonstrated under these conditions of 

hydration (Bartok et al., 2004).  Therefore, this work indicates that no single measure 

can be described as the criterion marker of hydration under conditions of dynamic 



262 

 

exercise and ambient heat stress with varied rehydration.  However, the association of 

change in body mass across functional, physiological and field indices of hydration 

may provide a useful practical marker of hydration (Casa et al., 2000; Kavouras, 

2002; Shirreffs, 2000).  However, it is important to acknowledge the limitations in the 

scope of this work such as limited range of heat stress, extent of hypohydration and a 

male only participant sample.      

In summary, this research project has resulted in eight contributions to the 

scientific literature.  First, short-term (5-day) heat acclimation with euhydration, 

using the controlled hyperthermia technique, is effective for physiological function 

and increasing exercise capacity in the heat;  Second, the increased RCV after short-

term (5-day) heat acclimation will have supported the increased exercise capacity that 

was evident;  Third, permissive dehydration compared with a euhydration regime 

during short-term (5-day) heat acclimation, independently facilitates acclimation by 

increased fluid-electrolyte retention, PV expansion and cardiovascular response to 

heat stress;  Fourth, short-term (5-day) heat acclimation enhanced physiological 

function and exercise performance for highly trained athletes and this included further 

resting PV expansion in these athletes;  Fifth, blood volume response during the 

decay of acclimation indicates that some of the reduced cardiovascular strain 

associated with heat acclimation seems not to be mediated by the loss of 

hypervolaemia per se;  Sixth, the carbon monoxide dilution technique (Burge & 

Skinner, 1995) used in the present study was a reliable measure of blood volume, 

repeated after seven days with moderately trained participants; Seventh, short-term 

(5-day) heat acclimation reduced the stress-induced increase in plasma HSP70 

concentration in moderately to highly trained athletes, indicating a protective adaptive 

response to repeated heat exposure;  Finally, the relationship between indices of 
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hydration examined in a dynamic-acute state (i.e. immediately before and during the 

exercise itself, under variable hydration and environmental conditions) indicated that 

no single marker of hydration can be used as the criterion measure of hydration. 

   

6.2 Recommendations 

 In the current investigation, the adaptation to the heat during short-term (5-

day) heat acclimation, using controlled hyperthermia, with permissive dehydration 

compared with a euhydration regime, presented a novel and seemingly effective 

approach for adaptation to the heat.  Thus, it appears that mild, permissive 

dehydration (~2%) during acclimation elicits favourable fluid-regulatory responses.  

However, further research is required to determine the role of dehydration 

acclimation.  For instance, manipulating rehydration levels, acclimation duration, 

exercise intensities, environmental conditions and posture may result in quite 

different facilitation of acclimation by increased fluid-electrolyte regulatory hormone 

levels, protein dynamics, PV expansion and cardiovascular stability.  For example, 

the short-term acclimation regime used in this work involved 90 min exposure for 5-

day‟s in 40
o
C 60% RH, using controlled hyperthermia.  It is suggested that increasing 

dose: response relation of time and/or intensity of heat acclimation regimes will result 

in greater thermal stress.  Therefore, this may result in greater facilitation of 

acclimation by increased fluid-electrolyte retention, PV expansion and cardiovascular 

response to heat stress.  However, this rationale was used in Chapter.2 and indicated 

that much of the fluid-regulatory response was reasonably rapid but this requires 

further definitive investigation.        

It was observed in the present work that short-term heat acclimation per se 

using the controlled hyperthermia technique may have resulted in a stimulus for 
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increased erythrocyte production.  A robust expansion of red cell volume via a short-

term heat acclimation regime is a very important but an inconclusive finding of this 

study.  Therefore, in support of this notion, it would have been interesting to have 

measured the response of erythropoietin (EPO) in short-term heat acclimation.  

Further, it is suggested increasing the dose: response relation of time and/or intensity 

of heat acclimation regimes may result in greater red cell volume, facilitated by 

increased EPO response.  

If the increased circulating HSP70 reflects cellular HSP70 concentrations, this 

work has demonstrated that short-term (5-day) heat acclimation may have resulted in 

a protective adaptive change to heat stress in humans.  However, to verify our 

indicative results more definitive knowledge is required in humans, on validating how 

much of the HSP70 induced intracellularly is actually released into the systemic 

circulation.  For example, the practical requirements of this study dictated that HSP70 

was measured in the plasma.  It is suggested that valuable information on the 

mechanisms of HSP70 would be derived from muscle mRNA HSP70 and leukocyte 

mRNA HSP70 in humans undergoing heat stress.  Therefore, if it can be established 

where the HSP70 synthesis is occurring, it may be possible to determine which cells 

have become thermotolerant.  Furthermore, the effectiveness of short-term (5-day) 

heat acclimation may be the result of not only the participants‟ ability to dissipate 

heat more effectively but block or tolerate gut-associated endotoxin translocation, 

downregulate cytokine production or develop an increased tolerance to cytokine 

exposure.  Therefore, as a means to confer heat tolerance in the human model, the 

notion that heat shock protein response may play an important role in attenuating gut-

associated endotoxin translocation, cytokine response or cytokine exposure requires 

further investigation.       
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The induction and decay of heat acclimation 

 

INFORMATION SHEET FOR PARTICIPANTS 

 

Thank you for showing an interest in this project.  Please read this information sheet carefully 

before deciding whether or not to participate.  If you decide to participate we thank you.  If 

you decide not to take part there will be no disadvantage to you of any kind and we thank you 

for considering our request.   

 

What is the Aim of the Project? 

The focus of this project is to investigate the role of increasing the cardiovascular strain on 

adapting to the heat, and to observe the de-acclimation process.  The major practical 

applications are to provide information on the most effective way to acclimatise to the heat 

and determine the rate of subsequent loss of acclimation.  This study forms part of a PhD 

degree.  It will be carried out in the environmental chamber at the School of Physical 

Education, Dunedin. 

 

What Type of Participant is being sought? 

 Apparently healthy and physically-active males 

 Between the ages of 18 and 36 

 Interested in exercise performance in the heat 

 

Although participants do not need to be highly trained they must be participating in aerobic 

exercise on a regular basis and be classified as moderately fit.  They will also have no known 

illnesses or injuries that may affect their health during performance.  In particular, people 

who have known cardiovascular disease or risk factors will not be able to participate in the 

project, as it may involve an unacceptable risk. 

What will Participants be asked to do? 

 

Questions 1+2 

Should you agree to participate in this project, you will be asked to initially complete a 

medically orientated, screening questionnaire.  This is to help ensure that the overall risks to 

you, during participation of this project will be minimised.  After screening you will be asked 

to participate in a familiarisation session, so that you may become accustomed to the 

equipment and procedures to be used.  During this session you will be asked to complete a 

VO2peak test under normal laboratory temperature.  A stationary exercise cycle will be utilised 

for all of the exercise protocols. 

After familiarisation and the VO2peak test, you will complete a total of two, six-day; periods 

(one session per day) of heat acclimation (Acc) and seven heat stress tests (HT).  The Acc and 

HT trials will be set in relatively moderate, heat stressful conditions of 39
0
C 60% relative 

humidity. 

 

The details of each of the exercise protocols are as follows: - 

VO2peak test (VO2peak):  You will be asked to participate in an incremental test to volitional 

exhaustion on a stationary exercise cycle in temperate conditions.  After an initial warm-up of 

5 minutes, you will exercise for 2½ minutes whilst workload increases up to a power output 

that will elicit 65-70% VO2peak.  The workload is then increased every 2½ minutes until you 

can no longer keep pedalling.  Throughout the exercise you breathe through a mouthpiece and 

your expired air is sampled continuously, to allow the analysis of your maximal rate of 

oxygen consumption.  Heart rate is also measured to determine how hard the heart is working 

during the exercise.  
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Acclimation (Acc):  Using a stationary exercise cycle you will be asked to exercise in the heat 

chamber set at 39
0
C and 60% relative humidity.  You will cycle at a work rate that elicits an 

elevation of body core temperature to 38.5
0
C for a period of ninety minutes.  You will have a 

two-minute rest after each thirty minutes.  The intensity and duration of exercise is set to 

allow adaptation to the hot conditions.  Body core temperature will be measured continuously 

throughout this period.   

 

Heat stress test (HST):  You will be asked to complete ninety minutes of cycling in 39
0
C and 

60% relative humidity, on a stationary exercise cycle, at 30% of your maximal work rate.  

This will be determined from the initial VO2peak test.  You will then rest for two minutes 

before cycling on an incremental test to volitional exhaustion.  Body core temperature, 

oxygen consumption and heart rate are measured continuously throughout the exercise test. 

The overall project will run within a four-month period during the 8
th

 July –29
th

 September 

2002.  Each of the trials will be spaced approximately one week apart to allow for adequate 

recovery.  A conservative estimate of time involvement in hours (h), during the data 

collection period, for each individual will be as follows: - 

 

VO2peaktest (VO2peak):  2 x 1 h     = 2 h 

Blood volume measurement: 2 x 1.5 h   = 7.5 h  

Acclimation (Acc):  12 (2x6 blocks) x 2.5 h = 30 h 

Heat Stress Tests (HT): 7 x 4 h    = 28 h 

Echocardiograph (Hospital) 2 x 1.5    = 6 h 

          __________ 

        

Total:  = 73.5 hours 

        __________ 

 

It should be noted that the proposed study timetable has been planned around the University 

year to prevent, as much as possible, an overlap with holidays and examination periods.  

Figure 1 illustrates the timetable for the project experimental work from 8
th

 July-29
th

 

September 2002. 
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Question 1:  What is the affect of hydration status on fluid regulation during heat acclimation? 

Question 2:  What is the time course of the decay of acclimation to the heat? 

 
_________________________________ 1. Acclimation __________________________________ 

  

2. De-acclimation 

 

 

VO2 

peak 

 

HT 

1 

 

Acc 

 

 

HT 

2 

 

HT 

3 

 

HT 

4 

 

HT 

5 

 

UH 

1 

 

VO2 

peak 

 

HT 

6 

 

Acc 

 

 

HT 

7 

1 2 3 4 5 6 7 

 

 8 9 10 11 

8/7 

14/7 

15/7 

21/7 

22/7 

28/7 

29/7 

4/8 

5/8 

11/8 

12/8 

18/8 

19/8 

25/8 

26/8 

1/9 

2/9 

8/9 

9/9 

15/9 

16/9 

22/9 

23/9 

29/9 

 

Key: VO2peak Familiarisation and preliminary testing  

HT (1 – 7) Heat stress test and number 

UH  University holiday and number of weeks 

Acc  Acclimation period  

 1 to 11  Number of experimental week 

 

Figure 1:  Provisional timetable for doctoral experimental work from 8
th

 July-29
th

 September 2002. 
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The specific details of each of the two interrelated doctoral questions are shown 

below: - 

Question 1: The affect of hydration status on fluid regulation during heat acclimation. 

This will investigate the role of hydration status during the acclimation process on 

fluid expansion and resultant cardiovascular strain in the heat.  Participants will be 

acclimated twice, once with full fluid replacement (euhydration) and with partial fluid 

replacement (hypohydration), during Acc sessions held on 6 consecutive days.  On 

each occasion the subjects will be asked to consume 250 ml of fluid, approximately 

thirty minutes prior to commencing an acclimation session to ensure they are 

adequately hydrated at the start of each session.  In the euhydration sessions, subjects 

will consume a further 250 ml of carbohydrate/electrolyte solution every fifteen-

minutes.  In the hypohydration sessions, there will be minimal fluid replenishment 

until the loss in body water has amounted to 3% of body weight.  HT trials will be 

carried out pre- and post acclimation, to investigate the affect of manipulating 

hydration status on fluid regulation.   During all the HT trials there will be minimal 

consumption of fluid. 

 

Question 2:  The time course of the decay of acclimation to the heat. 

This will investigate the time course of the decay of heat acclimation characteristic 

parameters, using weekly HT trials until three weeks after finishing the Acc process. 

It should be noted that at the cessation of each HT and daily Acc trials you will be 

given adequate carbohydrate and electrolyte fluid to replace the losses incurred by 

exercise.  

 

Benefits and potential risks of the project 

Should you choose to participate in this project you will gain the following benefits: - 

 

 Knowledge of your current level of aerobic fitness.  This will also be 

monitored throughout the project. 

 Gain a greater understanding into your physiological responses, as you prepare 

and acclimate to exercise in the heat. 

 An opportunity to learn more about the different acclimation methods 

employed, to get the best possible performance in the heat. 

 A sizeable food voucher for participating in the project. 

 

 

 

The potential risks of the study are as follows: - 

Exercise:  There are risks associated with any type of exercise: - 

Musculoskeletal injury (e.g. strained muscles, tendons or ligaments) is possible, but 

the risk is low due to the nature of the exercise and participants. 

Cardiovascular injury is possible due to blockage of blood vessels in the heart (heart 

attack) or brain (stroke). However, the risk of a fatal episode in maximal exercise tests 

across all age and fitness levels is ~1 in 30,000 tests. Thus, the risk should be lower 

for participants in this study because of the extent to which higher-risk individuals are 

screened out before participation. 

 

Recording Equipment: 
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There may be some initial discomfort associated with measurement of core 

temperature by the rectal thermistor.  It should, however, not be painful, and any 

initial feeling of discomfort should disappear immediately upon completion of 

insertion. 

 

A suitably qualified individual will fit the catheter.  There may be some discomfort 

with its insertion but the blood sampling should not cause discomfort.  The needle 

will be located in a vein on the back of your hand or immediately below the elbow, 

depending on the suitability of surface veins in these sites.  A possible side effect is 

that a small bruise may develop around the site of the needle insertion.  There is 

virtually no risk of venous thromboses (mobile blood clots in the veins) from the 

blood sampling procedure because veins in the lower arm are not prone to this 

problem, only narrow bore needles and healthy, young subjects are being used, and 

the needle will be flushed of blood immediately after each sample is taken.  

 

Inclusion and exclusion criteria 

Prospective participants will be required to complete a medical questionnaire called 

the Physical Activity Readiness Questionnaire (PAR-Q), prior to the start of the study.  

Any participant with a known history of medical disorders such as cardiovascular or 

metabolic disease will be excluded from the study. 

 

Only males will be used, since effects of the menstrual cycle on body temperature and 

thermoregulatory function would make this study extremely difficult to conduct in 

view of the number and pattern of experimental sessions involved.  Participants in the 

age range 30-36 years old will only be used if they are highly endurance trained (in 

upper 5% of distribution of aerobic fitness for young adult male population) and are 

experienced in participating as subjects in heat stress testing. 

 

If you feel unwell at any stage during the 48 hours before a laboratory session, please 

let us know and we will arrange with you another mutually convenient time for the 

trial.  Similarly, let us know if you fell unwell in the 48 hours following a trial. 

 

What happens if there are any ill effects from the trial? 

In the unlikely event of a physical injury resulting from your participation in this 

project, you will be covered by accident compensation legislation, with its limitations.  

If you have any questions about ACC please feel free to ask us for more information 

before you agree to take part in this trial. 

 

Can Participants Change their Mind and Withdraw from the Project? 

You may withdraw from participation in any part or the entire project at any time and 

without any disadvantage to yourself of any kind. 

 

What Data or Information will be Collected and What Use will be made 

of it? 

The data will be collected and used to investigate the effects of increasing 

cardiovascular strain on the human body during the process of acclimation, and 
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observing the rate of decay of acclimation. The data will only be available to the 

researchers involved, who are Mr. Andrew Garrett, Dr. Jim Cotter, Dr. Mark 

Patterson and Dr. Nancy Rehrer.  Data may be published in a scientific journal and 

will be presented in a PhD thesis, however data will generally be presented as group 

data and will in no way be linked to any specific participant. 

 

You are most welcome to request a copy of the results of the project should you wish.  

There will be a delay between data collection and publication but we will be more 

than happy to discuss the outcomes of the study before the information is published.  

A summary information sheet will be provided to the participants at the completion of 

the study. 

 

The data collected will be securely stored in such a way that only those mentioned 

above will be able to gain access to it.  At the end of the project any personal 

information will be destroyed immediately, except that, as required by the 

University‟s research policy, any raw data on which the results of the project depend 

will be retained in secure storage for five years, after which they will be destroyed. 

 

What if Participants have any Questions? 

If you have any questions about our project, either now or in the future, please feel 

free to contact either: - 

 

 

Andrew Garrett     Dr Jim Cotter 

Department: Physical Education   Department: Physical Education  

University telephone number: -   University telephone number: -  

(03) 479 7685      (03) 479 9109 

agarrett@pooka.otago.ac.nz    jcotter@pooka.otago.ac.nz 

  

 

This project has been reviewed and approved by the Ethics Committee 

of the University of Otago 
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The induction and decay of heat acclimation 

 

INFORMED CONSENT FOR PARTICIPANTS 

 

I have read the Information Sheet concerning this project and understand what it is 

about.  All my questions have been answered to my satisfaction.  I understand that I 

am free to request further information at any stage. 

I know that: - 

 

My participation in the project investigating the most effective way of 

acclimating to the heat is entirely voluntary; 

 

I am free to withdraw from the project at any time without any disadvantage; 

The data will be destroyed at the conclusion of the project but any raw data on which 

the results of the project depend will be retained in secure storage for five years, after 

which they will be destroyed; 

 

I understand that the study involves heat exposures with endurance exercise; 

 

I understand that physiological monitoring will include measurement of skin, and core 

temperatures, measurements of cardiovascular function, including skin blood flow, 

cardiac output, heart rate, and blood pressure, measurements of sweat rate, and also 

measurements aimed at deriving blood volume and concentration of certain hormones 

and electrolytes in the blood; 

 

I understand that there will also be monitoring of perceived strain associated with 

exercise in the heat, including perceived exertion, thermal sensation and thermal 

discomfort; 

 

I agree to abide by all instructions concerning the conduct of all tests in this study;   

 

The results of the project may be published but my anonymity will be preserved. 

 

 

I agree to take part in this project. 

 

 

 

____________________________  _________________ 

(Signature of Participant)   (Date) 

 

 

This project has been reviewed and approved by the Ethics Committee 

of the University of Otago. 
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Physical-Activity Readiness Questionnaire (PAR-Q)
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Physical Activity Safety & Informed Consent 
 

 

Name: ____________________________________________________ 

 

Please answer the following questions by circling the correct response. 

 
Has a doctor ever said that you have a heart condition and 
recommended only medically supervised activity?   YES  NO 
 
Do you have chest pain brought on by physical activity?  YES  NO 
 

Have you developed chest pain in the past month?   YES  NO 

 
Have you on one or more occasions lost consciousness or fallen   
over as a result of dizziness?      YES  NO 
 
Do you have a bone or joint problem that could be aggravated? 
by any physical activity?      YES  NO 

 
Has a doctor ever recommended medication for blood pressure?  
or heart conditions?       YES  NO 
 
Is there any other reason, personal experience or doctor‟s advice? 
that would stop you from exercising without medical supervision? YES  NO 
 
Do you smoke cigarettes?      YES  NO 
   

Do you have a family history of conditions such as Heart Disease? YES  NO

  

If „YES‟ please specify. 

_____________________________________________________________________ 
 
Do you suffer from or take medication for any other ailments? 
(e.g. Asthma - ventolin, Diabetes, arthritis etc).   YES  NO 

_____________________________________________________________________ 

 
I understand that persons with underlying cardiovascular anomalies or significant 
cardiovascular disease risk factors may be at risk of suffering a cardiovascular 
accident during exercise. 
 
I understand that I have the freedom to refuse to participate, and the right to withdraw 
from or discontinue exercise at any time. I agree that any information that I provide 
will remain confidential between my exercise advisor, the project supervisors, and 
myself. This information will be used solely for the purposes of designing my 
exercise programme and for evaluating the programme. I reserve the right to withdraw 
this consent at any time. 

 

I have read this form and understand the information that it contains. 

 

Signed:     Date:  
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Appendix C 

 

The Open And Closed Carbon Monoxide Rebreathing (Burge & Skinner, 1995) 

Circuit With Calculations For The Measurement Of Blood And  

Plasma Volume
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nCO =  1000 x  [ PB x COV  ] 

   [ 760  ] 

   [ _________________] 

   [0.08206* x (273 + T)] 

 

n Hb  =   nCO x 25** 

      HbCO   

 

   [644*** x Hct ] 

VRBC =    ____________________ x n Hb   

   [       [ Hb ]        ] 

 

BV =   VRBC x 100_____ 

   Hct   x  Fcell ratio 

 

PV =   BV - VRBC 
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where: 

nCO    = molar amount of carbon monoxide added to the circuit 

(mmol) 

PB  = barometric pressure (mmHg) 

COV   = volume of carbon monoxide added to the circuit {Burge, 

1995 #204} 

* = molecular mass to volume of CO correction factor 

T    = room temperature ( C ) 

n Hb    = haemoglobin mass (mmol) 

** = 100 x 0.25 to account for HbCO (%) and to covert 

monomeric Hb  to tetrameric Hb  

HbCO    = change in carboxyhaemoglobin levels before and after 

rebreathing carbon monoxide (%) 

VRBC   = volume of red blood cells (ml) 

*** = 1000/100 x 64.4 to correct for Hct (%), express in VRBC ml 

and convert [ Hb ] from g/l to mmol.l
-1 

(i.e. 16.1 x 4) 

Hct  = haematocrit corrected for trapped plasma (%) (Burge & 

Skinner, 1995) 

[ Hb ]   = haemoglobin content (g/l) 

BV   = blood volume (ml) 

PV  = plasma volume (ml) 

Fcell ratio = venous to body haematocrit correction factor, with a ratio v

   alue of 0.91 (Chaplin, Mollison, & Vetter, 1953) 

 

 



14 

 

                       

 

 

 

 

 

 

 

 

 

 

 

Appendix D 

 

Thermal Sensation, Comfort And Perceived Exertion Scales
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THERMAL SENSATION 

 

“How does the temperature of your 

body feel?” 

 

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 
 

 

THERMAL DISCOMFORT SCALE 

  

 “How comfortable do you feel with the 

temperature of your body?” 
 

 

 

 

 

 

 

 

 

 

 

 

 

1 Com   Extremely comfortable 

2 Slightly uncomfortable 

3 Comfortable 

4 Very  Uncomfortable 

5 Extremely uncomfortable 
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PERCEIVED EXERTION SCALE 

 

“How hard do you feel you are exercising?” 

 
 

6  

7 Very, very light 

8  

9 Very light 

10  

11 Fairly light 

12  

13 Somewhat hard 

14  

15 Hard 

   16  

17 Very hard 

18  

19 Very, very hard 

20  
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Supplementary Information And Informed Consent Of The Measurement Of 2D 

Vascular Doppler On Blood Vessels After Heat Exposure 
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Supplementary information for participants: 

Non-invasive assessment of effects of heat acclimation on blood vessel function 

 

Overview: Some of the beneficial effects of exercise training on cardiovascular function 

are more pronounced when exercise is performed in the heat. The ability of blood vessels 

to transmit blood efficiently and respond well to dilating stimuli are both indicative of 

positive health status. However, it is unknown whether heat acclimation has any effect on 

these aspects of cardiovascular function. They can be assessed by echocardiography, 

which uses high-frequency sound waves (ultrasound) to measure blood vessel size and 

the change in response to specific dilating or constricting stimuli.  Therefore, the purpose 

of this aspect of the overall heat accimation project is to determine whether acclimation 

improves the responsiveness of blood vessels. The non-invasive procedures will be 

performed on blood vessels in the upper limb, before and after heat acclimation, using the 

hospital‟s echocardiographic facilities. 

 

Study procedures: If you agree to take part in this study we will arrange a mutually 

convenient time, once before and once immediately after acclimation, for you to go to the 

Cardiology Department to have the ultrasound test. We will ask you to have a light 

breakfast before coming to the department for the measurement. The procedure will be 

performed by an experienced cardiology technician. Each of the two sessions will take 

approximately 90 minutes. You will be asked initially to lie down on a bed and after 

about 10 minutes we will do a sound-wave study of the blood flow through a vessel in the 

arm. The images are obtained by moving a probe over the skin of your arm and recording 

them on videotape. There is no discomfort associated with this procedure. After the initial 

images are obtained we will inflate a blood pressure cuff around your arm in the same 

way as when you have your blood pressure taken. The cuff is left inflated for 4 1/2 

minutes. You will experience some discomfort whilst the cuff is inflated and at the time it 

is released. We will obtain further images of the vessel during the cuff inflation and the 

10 minutes after de-inflation to determine how well the vessel responds to the temporary 

occlusion. We will obtain further images, then give you one Nitrolingual spray under 

your tongue to dilate the vessel. Images will be obtained until the dilating effect of the 

Nitrolingual spray wears off (3-5 minutes). The temporary occlusion and the Nitrolingual 

spray procedures will then be repeated after you perform a short period of moderate 

exercise on a stationery bicycle. The purpose of this is to assess the effects of exercise on 

the vessel‟s responsiveness. 

 

Risks and Discomfort: The methods by which blood vessel function may be measured in 

this study do not involve measurable risk: The echocardiographic procedure is a standard 

clinical procedure, the exercise is not strenuous, and people undertaking the exercise are 

already screened for exercise-related risk factors by virtue of the screening prior to 

entering the overall heat acclimation project. Nevertheless, Nitrolingual spray, the drug 

used to dilate the arm artery (whilst lying down) has some possible side effects. These 

may involve a decrease in blood pressure, flushing or headache. The low dose of drug 

used in this study means that any side effects are short lasting (<10 minutes). 

 

Confidentiality: As per the overall project, all data obtained from these procedures will 

be kept strictly confidential: your data will be identified only by a code number, and no 

person other than those involved in the study will have access to your information. 
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The induction and decay of heat acclimation 
CONSENT FORM FOR   

PARTICIPANTS  
 

I have read the Information Sheet concerning this project and understand what it is 
about.  All my questions have been answered to my satisfaction.  I understand that I 

am free to request further information at any stage. 
I know that: - 

1. My participation in the project investigating the most effective way of acclimating to 
the heat is entirely voluntary; 

 
2. I am free to withdraw from the project at any time without any disadvantage; 

 
3. The data will be destroyed at the conclusion of the project but any raw data on 

which the results of the project depend will be retained in secure storage for five 
years, after which they will be destroyed; 

 
4. I understand that the study involves heat exposures with endurance exercise; 
 
5. I understand that physiological monitoring will include measurement of sweat rate, 

skin and core temperatures, measurements of cardiovascular function, including 
skin blood flow, cardiac output, heart rate and blood pressure.  Echocardiograph 
assessment will take place at Dunedin Hospital.  Measurements aimed at deriving 
blood volume and concentration of certain hormones and electrolytes in the blood; 

 
6. I understand that there will also be monitoring of perceived strain associated with 

exercise in the heat, including perceived exertion, thermal sensation and thermal 
discomfort; 

 
7. I agree to abide by all instructions concerning the conduct of all tests in this study;   

 
8. The results of the project may be published but my anonymity will be preserved. 

 
I have read and understood the Information Sheet ‘Supplementary information for 
participants on the measurement of echocardiography on blood vessels after heat 
exposure’. 
 
I agree to take part in this project. 
 
..........................................................................  ............................. 
 (Signature of Participant)     (Date) 

 

This project has been reviewed and approved by the Ethics Committee of the University of 

Otago 
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Appendix F 

 

Supplementary Information And Informed Consent Of The Effect Of Short-Term Heat 

Acclimation On Highly-Trained Athletes
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18th August 2003 
 

The induction of short-term heat acclimation 

 

INFORMATION SHEET FOR PARTICIPANTS 
 

Thank you for showing an interest in this project.  Please read this information sheet carefully before deciding 

whether or not to participate.  If you decide to participate we thank you.  If you decide not to take part there will 

be no disadvantage to you of any kind and we thank you for considering our request.   

 

What is the Aim of the Project? 

The focus of this project is to investigate the role of increasing the 

cardiovascular strain on adapting to the heat.  The major practical applications are to 

provide information on the most effective way to acclimatise to the heat.  This study 

forms part of a PhD degree.  It will be carried out in the environmental chamber at 

the School of Physical Education, Dunedin. 

What Type of Participants are being sought? 

 Apparently healthy and physically-active males 

 Between the ages of 18 and 36 

 Interested in exercise performance in the heat 

Participants need to be well-trained and participating in aerobic exercise on a 

regular basis.  They will also have no known illnesses or injuries that may affect 

their health during performance.  In particular, people who have known 

cardiovascular disease or risk factors will not be able to participate in the project, as 

it may involve an unacceptable risk. 

What will Participants be asked to do? 

Should you agree to take part in this project, you will be asked to initially complete a 
medically orientated, screening questionnaire (Appendix A).  This is to help ensure 
that the overall risks to you, during participation of this project will be minimised.  
After screening you will be asked to participate in a familiarisation session, so that 
you may become accustomed to the equipment and procedures to be used.  During 

this session you will be asked to complete a peak 2OV test ( peak 2OV ) under normal 

laboratory temperature.  A rowing ergometer will be utilised for all of the exercise 
protocols except the heat acclimation sessions, which will use stationary cycle 
ergometers. 
 

After familiarisation and the peak 2OV test, you will complete one, five-day period (one 

session per day) of heat acclimation (Acc) with a pre- and post acclimation heat 
stress test (HST).  The Acc will be in heat stressful conditions of 39.50C 60% relative 
humidity.  The HST trials will be set in a relatively moderate temperature of 350C 
60% relative humidity.  The details of each of these protocols are as follows: - 
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peak 2OV test ( peak 2OV ) 

You will be asked to participate in an incremental test to volitional exhaustion on a 
rowing ergometer in temperate conditions.  This involves an initial warm-up of 5-10 
minutes against 100 Watts.  Ratings are chosen from 18-22 to suit the rower.  You 
may wish to stretch after the warm-up.  The step start power is 150 Watts and the 
step increase is 25 Watts per minute.  The test should be completed between 6-14 
minutes.  Throughout the exercise you breathe through a mouthpiece and your 
expired air is sampled continuously, to allow the analysis of your maximal rate of 
oxygen consumption.  Heart rate is also measured to determine how hard the heart 
is working during the exercise.  
 
Acclimation (Acc) 
Using a stationary exercise cycle you will be asked to exercise in the heat chamber set 
at 39.50C and 60% relative humidity.  You will cycle at a work rate that elicits an 
elevation of body core temperature to 38.50C for a period of ninety minutes.  The 
intensity and duration of exercise is set to allow adaptation to the hot conditions.  
Body core temperature will be measured continuously throughout this period.  On 
days one and five of Acc blood samples will be taken pre- and post the acclimation 
session to analyse for plasma volume and fluid-regulatory hormone response.  This 
will provide information on adaptation to the heat.  
 
Heat stress test (HST) 
You will be asked to complete 20 minutes of rowing in 350C and 60% relative 
humidity, on a rowing ergometer, at 30% of your maximal work rate for 10 minutes 
and 60% maximal work rate for 10 minutes.  This will be determined from the initial 

peak 2OV test.  You will then rest for five minutes before a 2000m rowing performance 

test.  The HST has been designed to mimic race conditions as much as possible.  
Body core temperature and heart rate are measured continuously throughout the 
exercise test. 
 
The overall project will run from 31st August – 6th September 2003.  A conservative 
estimate of time involvement in hours (h), during the data collection period, for each 
individual will be as follows: - 
 

peak 2OV test ( peak 2OV ): 1 x 1 h     = 1 h 

Acclimation (Acc):  5 x 2.5 h   = 12.5 h 
Heat stress test (HST): 2 x 1 h    = 2 h 
          _________ 
      Total:  = 15.5 hours 
 
It should be noted that the proposed study timetable has been planned around your final 
training camp in Dunedin before embarking for competition in Taiwan. 
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The specific details of the doctoral questions derived from this work are shown below: 

- 

Question 1: The effectiveness of short-term heat acclimation on a well-trained population 
group. 
This will determine the level of adaptation from short-term heat acclimation on a 
well-trained population, using the controlled-hyperthermia technique. 
 

Question 2: The effect of short-term heat acclimation on resting plasma 

volume of a well-trained population group. 

This will investigate the role of hydration status during the acclimation process on 
fluid expansion and resultant cardiovascular strain in the heat.  Subjects will be 
acclimated with no fluid replacement (hypohydration), during acclimation sessions 
(Acc) held on 5-consecutive days.   HST trials will be carried out pre- and post 
acclimation, to investigate the effectiveness of the short-term heat acclimation 
regime.  On each occasion the subjects will be asked to consume 250 ml of fluid 
immediately prior to the HST to ensure they begin the trial in a euhydrated state.  
 
Benefits and potential risks of the project 

Should you choose to participate in this project you will gain the following benefits: - 

 Knowledge of your current level of aerobic fitness.   

 Gain a greater understanding into your physiological responses, as 
you prepare and acclimate to exercise in the heat. 

 An opportunity to learn more about the short-term acclimation 
method employed, to get the best possible performance in the heat. 

 
The potential risks of the study are as follows: - 
Exercise:  There are risks associated with any type of exercise: - 

 Musculoskeletal injury (e.g. strained muscles, tendons or ligaments) is 
possible, but the risk is low due to the nature of the exercise and 
participants. 

 Cardiovascular injury is possible due to blockage of blood vessels in 
the heart (heart attack) or brain (stroke). However, the risk of a fatal 
episode in maximal exercise tests across all age and fitness levels is ~1 
in 30,000 tests. Thus, the risk should be lower for participants in this 
study because of the extent to which higher-risk individuals are 
screened out before participation. 

Recording Equipment: 
 There may be some initial discomfort associated with measurement of 

core temperature by the rectal thermistor.  It should, however, not be 
painful, and any initial feeling of discomfort should disappear 
immediately upon completion of insertion. 

 The blood samples will be taken from a suitably qualified individual 
and should not cause discomfort.  The needle will be located in a vein 
immediately below the elbow, depending on the suitability of surface 
veins.  A possible side effect is that a small bruise may develop around 
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the site of the needle insertion.  There is virtually no risk of venous 
thromboses (mobile blood clots in the veins) from the blood sampling 
procedure because veins in the lower arm are not prone to this 
problem, only narrow bore needles and healthy, young subjects are 
being used, and the needle will be flushed of blood immediately after 
each sample is taken.  

 

Inclusion and exclusion criteria 

Prospective subjects will be required to complete a medical questionnaire 
called the Physical Activity Readiness Questionnaire (PAR-Q), prior to the 
start of the study (Appendix A).  Any subject with a known history of medical 
disorders such as cardiovascular or metabolic disease will be excluded from 
the study. 

 

Only males will be used, since effects of the menstrual cycle on body 

temperature and thermoregulatory function would make this study 

extremely difficult to conduct in view of the number and pattern of 

experimental sessions involved.  Subjects in the age range 30-36 years old will 

only be used if they are highly endurance trained (in upper 5% of distribution 

of aerobic fitness for young adult male population) and are experienced in 

participating as subjects in heat stress testing. 

If you feel unwell at any stage during the 48 hours before a laboratory 

session, please let us know and we will arrange with you another mutually 

convenient time for the trial.  Similarly, let us know if you fell unwell in the 

48 hours following a trial. 

What happens if there are any ill effects from the trial? 

In the unlikely event of a physical injury resulting from your 

participation in this project, you will be covered by accident compensation 

legislation, with its limitations.  If you have any questions about ACC please 

feel free to ask us for more information before you agree to take part in this 

trial. 

Can Participants Change their Mind and Withdraw from the Project? 

You may withdraw from participation in any part or the entire project at any 
time and without any disadvantage to yourself of any kind. 
 

What Data or Information will be Collected and What Use will be Made of it? 

The data will be collected and used to investigate the effects of 

increasing cardiovascular strain on the human body during the process of 

acclimation.  The data will only be available to the researchers involved, who 

are Mr. Andrew Garrett, Mr. Rob Creasy, Dr. Jim Cotter, Dr. Mark Patterson 
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and Dr. Nancy Rehrer.  Data may be published in a scientific journal and will 

be presented in a PhD thesis, however data will generally be presented as 

group data and will in no way be linked to any specific participant. 

You are most welcome to request a copy of the results of the project 

should you wish.  There will be a delay between data collection and 

publication but we will be more than happy to discuss the outcomes of the 

study before the information is published.  A summary information sheet will 

be provided to the participants at the completion of the study. 

The data collected will be securely stored in such a way that only those 

mentioned above will be able to gain access to it.  At the end of the project 

any personal information will be destroyed immediately, except that, as 

required by the University's research policy, any raw data on which the 

results of the project depend will be retained in secure storage for five years, 

after which they will be destroyed. 

What if Participants have any Questions? 

If you have any questions about our project, either now or in the future, please feel free to contact 

either: - 

 

Mr Andrew Garrett  Dr Jim Cotter 

Department of Physical Education Department of Physical Education  

University telephone number:   University telephone number:  

(03) 479 7685     (03) 479 9109  

[Home contact details of student researchers should not be included 

unless a special case is been made to, and approved by, the Ethics 

Committee] 
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The induction of short-term heat acclimation 
CONSENT FORM FOR   

PARTICIPANTS  
 
I have read the Information Sheet concerning this project and understand 
what it is about.  All my questions have been answered to my satisfaction.  I 
understand that I am free to request further information at any stage. 
 

3. My participation in the project investigating the most effective way of 
acclimating to the heat is entirely voluntary; 

 
4. I am free to withdraw from the project at any time without any disadvantage; 

 
4. The data will be destroyed at the conclusion of the project but any raw data 

on which the results of the project depend will be retained in secure storage 
for five years, after which they will be destroyed; 

 
9. I understand that the study involves heat exposures with endurance exercise; 
 
10. I understand that physiological monitoring will include measurement of core 

temperature, heart rate and also measurements aimed at deriving plasma 
volume and concentration of the fluid-regulatory hormone (aldosterone) in 
the blood; 

 
11. I understand that there will also be monitoring of perceived strain associated 

with exercise in the heat, including perceived exertion, thermal sensation and 
thermal discomfort; 

 
12. I agree to abide by all instructions concerning the conduct of all tests in this 

study;   
 

13. The results of the project may be published but my anonymity will be 
preserved. 

 
I agree to take part in this project. 
 
............................................................................   
 ............................... 
       (Signature of Participant)      

 (Date) 
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Appendix G 

 

Abstract Accepted For Poster Presentation At The 2003 ACSM Annual Meeting In 

San Francisco, California, USA, May 2003.  
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THE INDUCTION AND DECAY OF SHORT-TERM HEAT ACCLIMATION 

A.T. Garrett, N.G. Goossens, N.J. Rehrer, FACSM, M.J. Patterson and J.D. Cotter. 

School of Physical Education, University of Otago, Dunedin, New Zealand and Defence 

Science and Technology Organisation (DSTO), Melbourne, Australia. 

 

Heat acclimation studies have focused mainly on its induction, such that there is very limited 

information on the decay of physiological and performance adaptations.  PURPOSE: To investigate 

adaptation to and decay from short-term heat acclimation.  METHODS: Ten moderately trained males 

(mean ±SD age 27.7 ±7.1 yrs, mass 75.0 ±4.0 kg, maximal oxygen uptake 4.2 ±0.4 L·min-1 and peak 

power output 329 ±42 W) underwent heat acclimation for 90-min on five consecutive days (Ta = 

39.5°C, 60% relative humidity), under controlled hyperthermia (rectal temperature 38.5°C). 

Participants completed a standardised, exercising heat stress test (HST) one wk before acclimation 

(Acc), then on the 2nd and 8th day (1 wk) following Acc (Ta = 35°C, 60% relative humidity). Seven 

participants further completed HSTs at 2 and 3 wks after Acc.  HST consisted of 90-min cycling at 

40% peak power output (PPO) before an incremental performance test (2% PPO: 30 s intervals) to 

volitional exhaustion.  RESULTS: Rectal temperature at rest (37.1 ±0.4°C) was not lowered by Acc 

(95%CI: -0.3 to 0.2°C), but after 90-min exercise (38.6 ±0.5°C) it was reduced 0.3°C (-0.5 to -0.1°C) 

by Acc, and remained at this level one wk later (-0.5 to -0.05°C), but not two (0.1°C: -0.4 to 0.5°C for 

n=7) or three wks.  Similarly, heart rate after 90-min exercise (146±21 b·min-1) was reduced (-13: -6 to 

–20 b·min-1) and remained at this level after one wk (-13: -6 to –20 b·min-1) but not two (-9: 6 to –23 

b·min-1 for n=7) or three wks.  Performance (746 s) increased by 106 s: 59 to 152 s after Acc and 

remained higher after one (76 s: 31 to 122) but not two (15 s: -88 to 142 s) or three (24 s: -23 to 97 s) 

wks.  CONCLUSION: Short-term (5-day) heat Acclimation induced adaptations permitting increased 

heat loss rather than lower resting body temperature. This adaptation persisted one wk but not two wks 

following Acc, as did the increased performance capacity. 

   Supported by research grants from University of Otago and DSTO. 
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Abstracts Accepted For Oral Communications At The 2003 New Zealand Sports 

Medicine And Science Conference In Nelson, New Zealand,  

Nov 2003.  
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SHORT-TERM HEAT ACCLIMATION IS EFFECTIVE; MORE SO WITH DEHYDRATION 

A.T. Garrett1*, N.G. Goossens1, N.J. Rehrer1, M.J. Patterson2 and J.D. Cotter1. 
1School of Physical Education, University of Otago, Dunedin, New Zealand and 2Defence 

Science and Technology Organisation (DSTO), Melbourne, Australia. 

 

Andrew Garrett is a PhD student at the University of Otago with a special research interest in 

thermoregulation and exercise performance. 

 

PURPOSE: Time and financial restrictions often limit people‟s preparation for physical activity in 

heat-stressful locations.  However, most heat acclimation research has been on longer-term acclimation 

regimes (  10 days).  The purposes of this study were therefore to determine the impact of short-term 

(5-day) heat acclimation, and the role of hydration on its induction. 

 

METHODS: Ten moderately trained males (mean ±SD age 27.8 ±7.1 yrs, mass 74.0 ±4.1 kg, maximal 

oxygen uptake 4.3 ±0.4 L·min-1 and peak power output 327 ±40 W) were heat acclimated under 

controlled hyperthermia (rectal temperature [Tre] 38.5°C) for 90-min on five consecutive days (Ta = 

39.5°C, 60% relative humidity), on two occasions separated by a five-week washout. One acclimation 

was undertaken with euhydration (fluid replenishment; EUH) and one with dehydration (no fluid 

intake; DEH) during daily acclimation bouts.  Participants completed a standardised, exercising heat 

stress test (HST) one week before, then on the 2nd day following each acclimation (Ta = 35°C, 60% 

relative humidity) for both regimes.  The HST consisted of 90-min cycling at 40% peak power output 

(PPO) before an incremental test (2% PPO · 30 s-1) to volitional exhaustion, without feedback cues.  

Participants received 900 ml fluid (4% carbohydrate; osmolality 240-270 mmol·kg-1) during HSTs. 

 

RESULTS: Resting Tre was not lowered by acclimation but exercising Tre was lowered substantially.  

Resting HR was lowered 5-6 b·min-1
 by acclimation, whereas exercising HR was reduced 10 and 19 

b·min-1 by EUH and DEH respectively.  Forearm blood flow (FBF; from venous occlusion 

plethysmography) was increased only in DEH, at rest.  Thermal sensation (TS) at 90-min tended to be 

lower following acclimation but more pronounced for DEH.  Performance time was improved after 

acclimation, more so for DEH (by 36 s). 

 

CONCLUSIONS: Short-term (5-day) heat acclimation conferred meaningful improvements in 

physiological responses and performance capacity during exercise in moderate heat.  The nature of 

these adaptations was of increased heat loss during exercise rather than reduced resting body 

temperature.  Furthermore, the physiological adaptations and performance enhancement were generally 

more pronounced when the participants were dehydrated during acclimation bouts.  

   

  Supported by research grants from University of Otago and DSTO. 

 

 

EUH vs DEH

Pre- Post p-value Pre- Post p-value p-value

Tre rest (°C) 37.0 ±0.3 36.9 ±0.3 0.20 37.0 ±0.4 37.0 ±0.2 0.76 0.14

Tre 90-min 38.6 ±0.6 38.3 ±0.4 0.08 38.6 ±0.6 38.1 ±0.4 0.01 0.56

HR rest (b.min
-1

) 64 ±14 58 ±11 0.04 64 ±12 59 ±8 0.19 0.75

HR 90-min 143 ±23 133 ±20 0.02 147 ±24 128 ±16 0.00 0.06

FBF rest* 7.5 ±4.6 6.0 ±2.8 0.15 8.4 ±2.0 12.3 ±5.2 0.02 0.04

FBF 90-min 23.5 ±13.4 21 ±11.6 0.27 26.3 ±9.1 27.8 ±9.1 0.19 0.13

TS rest (units) 7.7 ±0.5 7.2 ±0.1 0.07 7.8 ±0.6 7.5 ±1.0 0.38 0.90

TS 90-min 9.3 ±0.9 8.9 ±0.7 0.32 9.3 ±0.7 8.5 ±1.2 0.04 0.32

Performance (s) 723 ±71 821 ±84 0.00 734 ±183 868 ±180 0.00 0.04

* ml.100ml tissue
-1

.min
-1

.mmHg
-1

DEH acclimationEUH acclimation
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SHORT-TERM HEAT ACCLIMATION IS EFFECTIVE FOR HIGHLY TRAINED ATHLETES 

A.T. Garrett1*, R.Creasy1, N.J. Rehrer1, M.J. Patterson2 and J.D. Cotter1. 
1School of Physical Education, University of Otago, Dunedin, New Zealand and 2Defence 

Science and Technology Organisation (DSTO), Melbourne, Australia. 

 

Andrew Garrett is a PhD student at the University of Otago with a special research interest in 

thermoregulation and exercise performance. 

 

PURPOSE: Highly trained athletes often use short-term heat acclimation regimes due to time and 

financial restrictions.  Most research on the effects of short-term acclimation has been undertaken using 

untrained or moderately trained participants, who have higher capacity for adaptation.  The purpose of 

this study was therefore to determine the impact of short-term (5-day) heat acclimation on highly 

trained athletes. The study was undertaken with an international student rowing team, during their 

training camp immediately prior to an invitational collegiate regatta in the tropics. 

 

METHODS: Eight highly trained males (mean ±SD age 21.8 ±2.1 yrs, mass 75.2 ±4.6 kg, maximal 

oxygen uptake 4.9 ±0.2 L·min-1 and power output 400 ±27 W) were heat acclimated under controlled 

hyperthermia (rectal temperature [Tre] 38.5°C) for 90-min on five consecutive days (Ta = 39.5°C, 60% 

relative humidity).  Acclimation was undertaken with dehydration (no fluid intake) during daily 

acclimation bouts.  Participants completed a rowing specific, exercising heat stress test (HST) one day 

before and one day following acclimation (Ta = 35°C, 60% relative humidity).  The HST consisted of 

10-min rowing at 30% peak power output (PPO), 10-min at 60% PPO, and 5-min rest before a 2-km 

performance test, without feedback cues.  Participants received 250 ml fluid (4% carbohydrate; 

osmolality 240-270 mmol·kg-1) before the performance test. 

 

RESULTS: Body mass loss during acclimation bouts was 1.6 ±0.3 kg (2.1%) on day one and 2.3 ±0.4 

kg (3.0%) on day five.  In contrast, resting plasma volume increased by 4.5 ±4.5% from day one to five 

(estimated from [Hb] & Hct).  Resting Tre and heart rate (HR) were not consistently lowered by 

acclimation, but were lowered by 0.3°C and 13 b·min-1 after 20-min exercise during the HST. 

Perceived body temperature (TS) and thermal comfort (TC) tended to be lower following acclimation.  

The 2-km performance time (6.52.7 min) was improved by 8.5 s. 

 

CONCLUSIONS: Meaningful physiological and performance improvements occurred for these highly 

trained athletes in response to short-term (5-day) heat acclimation with dehydration.  Both the nature 

and extent of the physiological adaptations were similar to those observed for less trained individuals 

using this acclimation regime, reflecting increased heat loss during exercise rather than reduced resting 

body temperature. 

 

Acknowledgements 

Pre- Post p-value

Tre rest (°C) 37.3 ±0.2 37.3 ±0.3 0.64

Tre 20-min 38.0 ±0.2 37.7 ±0.2 0.01

HR rest (b.min
-1

) 63 ±9 59 ±4 0.38

HR 20-min 172 ±6 159 ±7 0.00

TS rest (units) 8.1 ±1.9 7.0 ±1.7 0.04

TC rest (units) 3.1 ±1.8 2.5 ±0.8 0.34

Performance (mins) 6.52.7 ±24.7 6.44.2 ±10.8 0.02

Data are expressed as mean ±SD for n=8 rowers.

Short-term heat acclimation



32 

 

We thank Robyn Bell for her technical expertise, Kurt Olsen for assistance with data collection, and Dr 

Chris Button of the Human Performance Centre, University of Otago for administrative support.   

 

 

 

 

 

 

 

 

 

 

 

Appendix I 

 

Abstract Accepted For Oral Communication At The 2004 ACSM Annual Meeting In 

Indianapolis, Indiana, Usa, June 2004.  
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THE ROLE OF DEHYDRATION IN SHORT-TERM HEAT ACCLIMATION 

A.T. Garrett, N.G. Goossens, N.J. Rehrer, FACSM, M.J. Patterson and J.D. Cotter. 

School of Physical Education, University of Otago, Dunedin, New Zealand and Defence 

Science and Technology Organisation (DSTO), Melbourne, Australia. 

 

Most advice for improving performance in the heat includes maintaining hydration levels.  Yet, it may 

be that the response to fluid deficit during acclimation plays an important role for adaptation to heat 

stress. PURPOSE: It is proposed that dehydration facilitates adaptation to heat stress primarily via 

cardiovascular responses. METHODS: Ten moderately trained males (mean ±SD age 27.8 ±7.1 yrs, 

mass 74.0 ±4.1 kg, maximal oxygen uptake 4.3 ±0.4 L.min-1 and peak power output 327 ±40 W) were 

heat acclimated (Acc) under controlled hyperthermia (rectal temperature 38.5°C) for 90-min on five 

consecutive days (Ta = 39.5°C, 60% relative humidity), on two occasions separated by a five-week 

washout, in a cross over design.  One Acc was undertaken with euhydration (fluid replenishment; 

EUH) and one with dehydration (no fluid intake; DEH) during daily Acc bouts.  Participants completed 

a standardised, exercising heat stress test (HST) one week before, then on the 2nd day following Acc (Ta 

= 35°C, 60% relative humidity) for both regimes.  The HST consisted of 90-min cycling at 40% peak 

power output (PPO) before an incremental test (2% PPO.30 s-1) to volitional exhaustion, without 

feedback cues.  Participants received 900 ml fluid (4% carbohydrate; osmolality 240-270 mmol.kg-1) 

during HSTs.  Cardiac output ( Q ) and Plasma volume (PV) were analysed using CO2 and CO 

rebreathing respectively. RESULTS: The table expresses results as means and standard deviations. 

 

  EUH acclimation DEH acclimation 

EUH vs 

DEH 

  Pre- Post p-value Pre- Post p-value p-value 

PV (L) 3.4±0.3 3.4±0.4 0.73 3.3±0.4 3.4±0.5 0.14 0.53 

HR 90-min (b·min-1) 143 ±23 133 ±20 0.02 147 ±24 128 ±16 0.00 0.06 

Q 85-min (L.min-1) 19.2±4.4 17.1±2.5 0.18 15.7±5.0 19.6±2.2 0.09 0.02 

Stroke volume 85-min (mL)  136.2±29.9 132.6±38.0 0.75 113.2±45.5 157.2±19.7 0.04 0.01 

Performance (s) 722 ±71 821 ±84 0.00 734 ±183 868 ±180 0.00 0.04 

 

CONCLUSIONS: Short-term (5-day) heat acclimation induced cardiovascular adaptations and 

enhanced exercise performance, generally more so when dehydration was permitted.  

  Supported by research grants from DSTO and University of Otago. 
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Society Annual Meeting In Canberra, Australia,  

September 2005.  
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Hydration indices in exertional heat stress 
A.T. Garrett 1, 2, N.G. Goossens 1, N.J. Rehrer 1, M.J. Patterson 3 and J.D. Cotter 1; 

1School of Physical Education, University of Otago, Dunedin, New Zealand. 2College of 

Education, University of Canterbury, Christchurch, New Zealand. 3Defence Science and 

Technology Organisation (DSTO), Melbourne, Australia. 
 

Introduction: Hydration is a multi-factorial and dynamic phenomenon relating to the volume 

and composition of bodily fluid compartments. Nonetheless hypohydration (lower than 

normal body water content) can be associated with reduced cognition and endurance exercise 

performance especially in the heat, and possibly with increased propensity or severity of heat 

illnesses. In regard to heat illness and performance, functionally relevant measures of 

hydration may be most validly measured during or immediately after the dehydrating stress. 

The reduction in body mass (%∆) is a traditional index of hydration, but plasma volume (PV) 

and plasma osmolality (Osmop) might be viewed as having a more functional role in 

maintaining homeostasis under prolonged exertional heat stress. Purpose: To examine the 

relationship between indices of hydration during dehydrating exercise in the heat, with 

variable rehydration. Methods: Eighteen males (mean ±SD age 25 ±6 y, mass 74.9 ±4.4 kg, 

cycling peak oxygen uptake 4.7 ±0.3 L min-1) undertook two to six 90-min heat exposures 

involving intermittent exercise in hot humid conditions (39.5°C, 60% r.h.) or continuous 

exercise in warm, moderately-humid conditions (35°C, 60% r.h.), with rehydration varying 

from none to full water replacement orally. Hydration-related indices measured before, during 

and after exposures included plasma indices (AVP, Aldosterone, Na+, Osmolality, ∆PV), 

thirst, urine (specific gravity (SGU), colour, osmolality), and body mass. Results: Baseline 

reliabilities (mean difference) were variable between measures; AVPp 2.2%, Aldosteronep 

25.8%, Na+
p 0.3%, Osmop 1.5%, thirst 15.9% and SGU 0.1%. Linear relations between 

hydration-related indices are shown in the Table. 

 

Measure 1 (min – max)         Measure 2 (min – max)         r2            P 

      

 body mass (-2.8 - 0.9%)  PV (-20.7 - 1.0%) 14%  0.02 

  Osmop (275 - 319 mOsmo kg-1) 4%  0.36 

  AVPp (1 - 26 pg mL-1) 15%  0.03 

  Aldosteronep (20 - 993 pg mL-1) 94%  0.00 

  Na+
p (136 - 149 mmol L-1) 69%  0.00 

  Proteinp (61 - 113 mg mL-1) 16%  0.00 

  SGU (1.000 - 1.030 units) 3%  0.24 

Thirst (4 - 9 units)  %  body mass  81%  0.00 

  PV 13%  0.22 

  Osmop 7%  0.45 

  Na+
p 6%  0.36 

  Proteinp 46%  0.00 

PV  Osmop
   14%  0.11 

      

Conclusions: Statistically-significant associations were evident between most pairs of 

hydration-related measures under conditions of dynamic exercise and ambient heat 

stress with varied rehydration. However, most associations were weak, and plasma 

osmolality, which is considered the most criterion measure, showed little association 

with other functional measures or with fieldable measures. The close relation between 

thirst and change in body mass has functional value but, oddly, was not reflective of a 

similarly close relation for factors that stimulate thirst. 

  Supported by research grants from DSTO and University of Otago.  


